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Summary

Indica-japonica hybridization is an important approach for developing superior performing hybrids in rice (Oryza
sativa L.). In view of the scanty information available on cooking quality characters in indica-japonica crosses, an
investigation was undertaken to estimate genetic and genotype x environment variance and covariance components
of amylose content, gel consistency and alkali digestion value, and to determine the relative importance of direct
genetic effects, maternal genetic effects and cytoplasmic effects in the genetic variations of the three quality
characters. Two indica photo-sensitive genic male sterile (PGMS) lines and four japonica varieties were used
as parents to make crosses. Genetic model with genotype x environment interactions for triploid endosperm was
used for genetic studies of the three cooking quality characters. Variance component analysis revealed that genetic
variations of the three characters were mainly attributable to direct additive and maternal additive effects, and the
three traits had significant direct and maternal heritabilities. Genotype x environment interactions were mainly
dominance x environment (including direct dominance x environment and maternal dominance x environment)
and cytoplasm x environment interactions. Environment factors could only affect the expression extent of domin-
ant genes, without changing their directions. Predicted values of genetic effects indicated that the parental lines,
"V1-70" and "H9304-1", appeared to be best for amylose content, “T 1950" and ‘Suxuan’ appeared to be best for
gel consistency and alkali digestion value.

Introduction Several investigators have reported on the inherit-

ance of amylose content and gelatinization temperat-

The emphasis on breeding for quality rice has assumed
great significance in recent years. Consumer’s accept-
ance of a variety depends primarily on its cooking
quality (Kumer & Khush, 1986). Amylose content,
gelatinization temperature and gel consistency are the
major cooking quality components of milled rice.
Although different regions of the world prefer rice
varieties with different cooking characteristics, vari-
eties with intermediate amylose content, intermediate
gelatinization temperature and softer gel consistency
are preferred in most of the rice-growing areas (Khush
et al., 1979). In the breeding program, gelatiniza-
tion temperature is estimated with the alkali digestion
value.

ure. Some reports indicated that high amylose content
seemed to be incompletely dominant to low amylose
content and controlled by one major gene with several
modifiers (Chang & Li, 1981; Mckenzie & Rutger,
1983; Kumar & Khush, 1986, 1987). The role of two
complementary genes was also indicated (Mckenzie &
Rutger, 1983; Heda & Reddy, 1986). Other reports
supported the rationale of complex nature of inher-
itance of amylose content (Bollich & Webb, 1973;
Singh & Singh, 1977; Pooni et al., 1993). Earlier ge-
netic studies reported that gelatinization temperature,
as measured by alkali digestion value, seemed to be
simply inherited (Stansel, 1966; Mckenzie & Rutger,
1983), while the more recent studies tended to offer
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complex nature (Singh & Singh, 1977; Heda & Reddy,
1986). Only a few reports covered the inheritance of
gel consistency. The monogenic control and modi-
fiers affection for the expression of gel consistency
were reported by Chang & Li (1981) and Tang et al.
(1989), and the multigenic control of additive effects
was suggested by Zaman et al. (1985).

The complex inheritance of quality characters of
rice lies in the fact that they may be contributed by sev-
eral genetic systems (e.g., nuclear genes of maternal
plants, nuclear genes of endosperms. and cytoplas-
mic genes), because the grain of rice is composed of
diploid maternal tissues (pericarp and testa), diploid
hybrid tissues (embryo), and triploid hybrid tissues
(endosperm). Most of the above reports did not take
these different genetic systems into account simultan-
eously for shortage of analysis methods. Foolad &
Jones (1992) and Pooni et al. (1992) developed ge-
netic models for the estimation of genetic effects of
endosperm characters. But these models cannot yield
unbiased estimates of the different effects, because
linear correlation exists among the genetic paramet-
ers. And these methods cannot estimate the genetic
variance and covanance components. Therefore, fur-
ther information on other genetic properties of quality
traits, such as heritability, genetic correlation and
selection response cannot be obtained. Furthermore,
the above models cannot analyze genotype x en-
vironment interactions in quality traits. Zhu & Weir
(1994b) and Zhu (1996) recently proposed a series of
models for quantitative traits controlled by triploid en-
dosperm nuclear genes, maternal plant nuclear genes
and cytoplasmic genes. These models can be used for
the estimation of variance and covariance compon-
ents and genotype x environment interaction effects
of different genetic systems.

This study investigated the inheritance of amylose
content, alkali digestion value and gel consistency in
indica-japonica crosses of rice, using genetic model
with genotype x environment interactions for triploid
endosperm developed by Zhu (1996). The object-
ives were to (1) estimate genetic and genotype X
environment variances and covariances for deriving
statistics, such as heritability, and (2) determine the
relative importance of direct genetic effects, maternal
genetic effects and cytoplasmic effects in the genetic
variations of the three quality characters.

Table 1. Parental varieties and mean values for quality

characters
Parental Amylose  Gel Alkali
varieties content consistency  digestion
(%) (mm) value
Peiai6ds”  22.8 28.4 23
316857 24.5 51.3 2.8
T1950 18.6 69.0 6.1
VI-70 15.4 68.5 5.6
Suxuan 19.6 74.0 6.5
HY9304-1 13.7 79.8 4.2

* Photo-sensitive genic male sterile (PGMS) lines.

Materials and methods

Plant material

Two indica photo-sensitive genic male sterile (PGMS)
lines (Peiai64s, 3168s) were used as maternal parents
and four japonica varieties (T1950, V1-70, Suxuan
and H9304-1) were used as paternal parents in cross-
ing. The grain quality characteristics of the parents
are presented in Table 1. Crossed (F;) and selfed-
seeds were obtained from the same plants. Individuals
of these Fis and selfed parents were grown at two
locations (Lianyungang city in Jiangsu province and
Linsui county in Hainan province) during 1994 and
1995. Seeds of parents, F;’s and F;’s were obtained
by self/cross-pollination from entries in two replicates
with randomized complete block design.

Trait evaluation

The seeds obtained were evaluated for amylose con-
tent, alkali digestion value and gel consistency. Amyl-
ose content was estimated using the methods de-
veloped by Juliano (1971). The analysis was repeated
two times. Alkali digestion value was estimated by
use of the alkali digestion test and spreading scores of
Little et al. (1958). There were two samples for each
replicate. Test was conducted based on 30 grains per
sample. Gel consistency determinations were made in
duplicate using the procedure outlined by Cagampang
et al. (1973).

Statistical analysis

The genetic model for quantitative traits of triploid en-
dosperm developed by Zhu (1996) was used for the



analysis of inheritance. The model used for the ana-
lysis is

Ynijii = i+ En+ Giji + GEpjji + B
+enijkt

where Y, i1, = the phenotypic mean of the kth mat-
ing type of the cross of maternal parent / and paternal
parent j in the /th block within the Ath location; u =
population mean; £, = the environment effect at loc-
ation h; G;j; = the total genetic effect; G Ey;jr = the
total genotype x environment effect; By = the effect
of Ith block within location /: ep;;x; = the residual
error.

The partitioning of genetic effect G;;; and geno-
type x environment interaction effect G £,;;x depends
on specific genetic entry. In this study, seed materials
of three generations were used, hence the components
of the genetic and genotype x environment effects are
as follows:

For parent P; (k = 0):

Giio=3A; +3Dj; + C; +2Am;
+Dmii
GEpiio =3AEp +3DEp; + CEpi +2AmEy,;
+DmEp;;

For F],‘_,‘ (P; x P_,‘) (k=1):

Gij1 =2A; +A; + D;; +2Di; + C;
+2Am; + Dmjj
GEpjji =2AEp + AEp; + DEp;j +2DEy;;
+CEp +2AmER + DmEy;;

For Fp;; (k =2):

Gij» =15A; +1.5A; + Dj; + Dj; + D;;
+Ci + Am; + Amj + Dmy;
GEpijp =1.5AEp + 1.5AE,; + DEy;; + DEyj;
+DEjij + CEp + AmEp; + AmE);
+DmEy;;

where, A; is the direct additive effect of endosperm
genes from parent i; D;; is the direct dominance ef-
fect of endosperm genes from parent i and j; C; is
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the cytoplasm effect of parent i; Am; is the maternal
additive effect of plant nuclear genes from parent i;
Dmj; is the maternal dominance effect of plant nuc-
lear genes from parent i and j; AEy; is the A; x
E), interaction effect; DEy;; is the D;; x Ej inter-
action effect; CEyp; is the C; x Ej, interaction effect;
AmEp; is the Am; x Ej interaction effect; DmEy,;;
is the Dm;; x Ej interaction effect. These are ran-
d(:m eff?ects, \:/ith vz;riancesﬁori, (73), GZC, ‘7}21/;1' 02[),”,
Oar OpEs OCE Oame: O i TeSPectively. As two
thirds of the endosperm genes come from the maternal
plant, the direct genetic effects are correlated with the
maternal genetic effects, with covariance components
Cov(A, Am)=0a A _aym and Cov(D, Dm) =0 p_pm, which
are the covariance between the direct and maternal ad-
ditive effects, and that between the direct and maternal
dominance effects, respectively. Similarly, the direct
genotype x environment effects are correlated with
the maternal genotype x environment effects, with co-
variance components Cov(AE, AmE) = o sp. amr and
Cov(DE, DmE) =0 pE.pmE-

Variance and covariance components were estim-
ated by MINQUE (0/1) method (Zhu & Weir, 1994a),
and then the heritability components were calculated.
For the model of seed traits in this study, the pheno-
typic variance Vp can be partitioned as

VP = (VA + VD) + VC + (VAm + VDm)
+Vae +Vpe) + Vee + (Vame + Vome)
+2(CA.A/71 + CD.Dm) + Z(CAEAINE
+CpE.pmE) + Ve

where, V4 = 4.502 is the direct additive variance;
Vp = 3(712) is the direct dominance variance; V¢ =
(Tg is the cytoplasm variance; Vy,, = 20;;,” is the
maternal additive variance; Vp,, = rr[z)m is the mater-
nal dominance variance; Vaog = 4.5(73”:- is the direct
additive x environment interaction variance; Vpg =
3opg is the direct dominance x environment in-
teraction variance; Vg = agE is the cytoplasm x
environment interaction variance; Van g = 2(7/2\”15 is
the maternal additive x environment interaction vari-
ance; Vpme = Glz)mE is the maternal dominance x
environment interaction variance; C4 am = 304 am 1S
the covariance between the direct and maternal addit-
ive effects; Cp pm = op_pm 18 the covariance between
the direct and maternal dominance effects; Car amE =
30AFE. AmE 1S the covariance between the direct and
maternal additive x environment effects; Cpg pmre =
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opE.pmE 18 the covariance between the direct and ma-
. . . 3
ternal dominance x environment effects; and V, = o
is the residual variance. Components of the total herit-
ega e ol ol
abilities .(hz = hy + /12C + h7‘f’ + hZOE + 112CE + h%w:‘)
were estimated by the following method:

hey = (Va4 Caam)/ Ve hi = Ve /Vp by, =
(Vam + CAAm)/ Vp

ho e = (Vag + Cac.ame)/ Ve,

hz.y = Veg/ Ve,

hME = (vAmE + CAE.AmE)/VP

where, hZ2, is the direct component of heritability; h.
is the cytoplasm component of heritability; hﬁ/, is the
maternal component of heritability; hz()E is the dir-
ect x environment component of heritability; hZCE is
the cytoplasmic x environment component of heritab-
ility, h%,,E is the maternal x environment component
of heritability.

Genetic effects were predicted by the adjusted un-
biased prediction (AUP) method (Zhu & Weir, 1996).
The potential value of parental lines were then evalu-
ated, and the standardized direction index of domin-
ance effects were calculated as

n
A=—3 Dji/\/noj

i=1

which can be used for the prediction of heterosis (Zhu
& Weir, 1996).

Standard errors of the statistics were obtained by
the jackknife procedures (Miller, 1974), and r-tests
were performed for testing null hypothesis of zero
parameters.

Results

Genetic variance and covariance components
analysis

Significant variances were observed for the three char-
acters, indicating the importance of both direct and
maternal genetic effects (Table 2). The variance com-
ponents indicated a preponderance of both the direct
and maternal additive effects for amylose content and
gel consistency, and the direct additive effects for
alkali digestion value. For amylose content and gel

Tuble 2. Estimates of genetic variances and covariances
of cooking quality characters

Parameters ~ Amylose  Gel Alkali
content consistency  digestion
value
Va 56.49*  2297.83** 7.27%*
Vp 8.27%* 693.32%* 0.96**
Ve 0.00 486.89** 0.00
Vam 85.46™"  6401.04** 0.00
Vom 3.78%* 434,59 0.77%*
Ca Am 1645 1220.32%* 0.00
Cp.pm 4.39%* -0.08 -0.94**
VaE 0.00 0.00 0.00
Vpge 11.52%* 538.35%* 1.92%*
Ve 10.66%* 0.00 1.57**
VamE 0.00 0.00 0.00
VomE 8.31%* 417.80* 0.57**
CAE. AmE 0.00 0.00 0.00
CpE.DmE -0.04 —45.52* 1.37%*
Ve 0.78 24.30* 0.02

** and * indicate significant at the 0.01 and 0.05 levels,
respectively.

consistency, the maternal additive variance (V4,,) was
larger than the direct additive variance (V4). Domin-
ance (direct and maternal) variances were significant
for the three traits, but cytoplasm variance was only
significant for gel consistency. Estimates of Ca 4,
the covariance between direct and maternal additive
effects, were also highly significant for amylose con-
tent and gel consistency; and estimates of Cp_p,,, the
covariance of direct and maternal dominance effects
were significant for amylose content and alkali diges-
tion value. For the three characters, the variances of
additive (direct and maternal) x environment interac-
tion effects and the covariance of additive x environ-
ment effects were not significant, but the variances of
dominance (direct and maternal) x environment inter-
action effects were highly significant. The covariance
of dominance x environment effects were significant
for gel consistency and alkali digestion value, and
the cytoplasm x environment variances were highly
significant for amylose content and alkali digestion
value.

The variance of residual error of gel consistency
was significant, implying that there might exist other
factors (such as epistasis) in the genetic control of this
trait.



Table 3. Heritabilitics of cooking quality characters in
indica-japonica crosses

Parameters " Amylose  Gel Alkali
content consistency  digestion

value

h, 0.25%  0.26%* 0.52%*

h. 0.00 0.04* 0.00

3 043 0.56% 0.00

/’%)E 0.00 0.00 0.00

IIE.E 0.07 0.00 0.11%*

% e 0.00 0.00 0.00

Table 4. Directions ot dominant gene effects for cooking
quality characters in indica-japonica crosses

Parameters”  Amylose  Gel Alkali
content consistency  digestion
value
Ao -0.14* 0.07 =2.04**
Ay —0.41* 0.78* -0.48*
AoE -0.78* 0.23* -0.29*
ApmE 0.00 0.66%* -0.82%*

" Ao = Direct dominance, Ay = Maternal domin-
ance, A g g = Direct dominance x environment, Ay g =
Maternal dominance x environment.

Heritabilities

Heritability estimates are presented in Table 3. The
total heritability consists of the sum of general and
interactive heritability component each can be fur-
ther partitioned in terms of the direct, maternal and
cytoplasmic components.

Heritabilities were mainly composed of general
components for the three traits, indicating that se-
lections for these traits would be generally effective
for various environments. For amylose content and
gel consistency, the estimates of the maternal herit-
ability component were more important than those of
the direct heritability component, therefore, selection
could be effectively performed based on the mater-
nal plant. For alkali digestion value, only the general
direct and the interactive cytoplasmic heritability com-
ponents were significant, indicating that this trait could
be selected based on single seed performance and at-
tention should be paid to the influence of cytoplasm in
specific environments.

Direction of dominance effects

In amylose content, estimates of all the significant dir-
ection indices of dominance effects (Ag, Ay, and
Aor) were negative (Table 4). In gel consistency,
estimates of all the significant direction indices of
dominance effects (Ay, Ao and Ay ) were pos-
itive. The direction indices of dominance effects for
alkali digestion value were negative, indicating that
lower alkali digestion value would be dominant over
higher alkali digestion value. The preponderance of
direct dominance in alkali digestion value indicated
that parents with similar alkali digestion value should
be used in hybrid rice breeding to avoid severe se-
gregation of this trait in the Fa seeds caused by direct
heterosis.

For the three traits, general dominance effects (in-
cluding direct and maternal dominance effects) had
the same direction as their respective interaction effect
(Table 4). For example, Ay and A g were both neg-
ative for amylose content, Ap and Apg, as well as
Ay and Ay g were positive for gel consistency, but
negative for alkali digestion value. This implied that
environmental factors would affect the expression of
dominant genes without changing their direction.

Evaluation of genetic effects in parents

The two indica PGMS lines (Peiai64s, 3168s) had sig-
nificant positive direct and maternal additive effects
for amylose content, negative direct and maternal ad-
ditive effects for gel consistency, and negative direct
additive effects for alkali digestion value (Table 5).
Therefore, these two lines were not suitable for a
breeding project aimed at improving the cooking qual-
ity of indica-japonica hybrids. Among the four japon-
ica parents, V1-70 and H9304-1 exhibited negative
direct and maternal additive effects for amylose con-
tent; T1950 and Suxuan exhibited positive direct and
maternal additive effects for gel consistency and pos-
itive direct additive effects for alkali digestion value.
Therefore V1-70 and H9304-1 might be used to lower
amylose content; T1950 and Suxuan might be used to
get higher alkali digestion value (lower gelatinization
temperature) and softer gel consistency.

Discussion

Indica-japonica hybridization is an important ap-
proach for developing superior performing hybrids.
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Table 5. Predicted genetic effects of cooking quality characters in parents

Traits Effects”  Parental varieties®
P, P> P3 Py Ps Pg
Amylose content A 6.37% 12517 427 =331 5.69% —5.60**
Am 10.01%* 0.72%* 12,04 -19.86* 3.69* —-6.59**
Gel consistency A ~-66.40* -80.05* 46.89* -9.48%*  41.22* 55.82%
Am -26.52%*  -33.69** 16.22** 30.73** 14.64**  —19.38**
Alkali digestion value A —2.94%* —2.47** 1.89** 2.20%* R0 ~1.88%*

.
¥

Whereas information about the inheritance of the qual-
ity characters in indica-japonica crosses is scanty.
Thus, estimates of genetic and genotype X envir-
onment interaction parameters for quality characters
are useful to developing selection plans that optim-
ize available resources derived from indica-japonica
crosses. The result of this study revealed that the
genetic control of cooking quality characters in indica-
Japonica hybrids involved the direct genetic effects
of endosperm genes, the maternal genetic effects,
and the cytoplasm effects. In summary, direct and
maternal additive effects contributed much to the ge-
netic variances of the three cooking quality characters.
Therefore, selection for these traits would be effective
in progenies of indica-japonica crosses.

Roach & Wulff (1987) considered three different
effects as maternal effects: cytoplasmic genetic, endo-
sperm nuclear and maternal phenotypic effects. This
may increase the complexity of the interpretation and
design of genetic studies for seed traits. For the cook-
ing quality characters in the present study, maternal
effects are defined as the genetic effects on seed traits
of the nuclear genes of the maternal plant, which bear
the seeds. The dosage effects of the endosperm nuc-
lear genes in Roach & Wulff’s (1987) can be regarded
as the direct additive genetic effects of the seed. The
cooking quality characters either pertain to the major
constituents of rice endosperm (e.g., amylose content),
or are associated with the physicochemical character-
istics of starch in the endosperm (e.g., gel consistency
and alkali digestion value). Therefore, it is reasonable
that they are under the control of nuclear genes of
the endosperm. Whereas, the development of endo-
sperm depends on the sink capacity and the assimilates
supplied by maternal plants, and the filling rate is con-
trolled by maternal genotypes. Therefore, it can be
expected that maternal genetic effects be also involved
in the genetic control of cooking quality characters.

A = direct additive effect, Am = maternal additive effect.
+ Py ~Pg represented Peiai64s. 3168s, T1950, V1-70, Suxuan and H9304-1 respectively.

Cytoplasm influences could be useful for plant
breeding, even when the effects come from specific
nicking of cytoplasm and nuclear genomes. In our
study, only 4% of the variation for gel consistency
can be attributed to cytoplasmic effect, 7% for amyl-
ose content and 1 1% for alkali digestion value can be
attributed to cytoplasm x environment interaction ef-
fects (Tables 2 and 3). This indicated that cytoplasmic
effect was not very important for amylose content and
alkali digestion value, but might be rather important
for gel consistency in certain environments.

The existence of interactions between genotypes
and environments has long been recognized. But the
observed components of genotype x environment in-
teractions could not be considered in terms of the para-
meters of biometrical genetics (Freeman, 1973). The
results of this study showed that genetic parameters

-were influenced by genotype x environment interac-

tions. The direct additive x environment variances and
the maternal additive x environment variances were
nonsignificant for all the three traits. This indicated
that the additive effects were comparatively stable over
environments, hence selection for cooking quality
traits in indica-japonica crosses could be effectively
performed in various environments. The genotype x
environment interactions for cooking quality charac-
ters were operated mainly via dominance (including
direct and maternal dominance) effects. Therefore het-
erosis of these traits might vary with environments.
These results indicated that the partitioning of geno-
type x environment interactions of the quality traits
into different components in terms of the different ge-
netic effects was significant for the prediction of the
usefulness of these traits in a breeding program.
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