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Abstract

The genetic relationships between amylose content (AC) and appearance quality traits of indica rice (Oryza sativa L.)
were investigated using conditional analysis and unconditional analysis in present experiment. The results from the
unconditional analysis indicated that AC of rice positively correlated with brown rice (BR, i.e., dehulled but unmilled
rice) length (BRL), width (BRW) and thickness (BRT), but was negatively correlated with the ratio of length to width
(RLW). The conditional analysis showed that weight of brown rice (WBR) negatively affected the genetic relation-
ships between AC and the appearance quality traits of rice except between AC and BRW, while the genetic relation-
ships between AC and most appearance quality traits were negatively affected by protein content (PC). However,
these influences were not apparent due to the impact of WBR or PC on the most covariance components of the differ-
ent genetic systems between AC and the appearance quality traits. The conditional analysis showed that it was pos-
sible to improve AC while significantly reduce BRL and BRT under maintaining WBR. Furthermore, AC could be
improved when BRL was reduced under maintaining PC, but BRW and BRT could be significantly increased.
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Introduction

Rice (Oryza sativa L.) is one of the major staple

foods, with amylose content (AC) being considered to be

one of the most important traits related to the cooking qual-

ity of rice. Rice grain shape traits related to the appearance

quality of rice are very important in the international mar-

ket, which usually include length, width, thickness, length

to width ratio and length to thickness ratio. Hence, under-

standing the gene expression and the genetic relationships

between AC and the appearance quality traits (AQT) of rice

under different environments is necessary for improving

both the cooking quality and the appearance quality of rice.

The relationships between the cooking quality and the

appearance quality of rice has been well documented, with

some studies having shown a negative correlation between

AC and AQT (Sood and Siddiq, 1986; Chauhan et al.,

1995; Zhao and Xu, 1998; Feng, 1998), while other studies

have reported positive correlations between these pairwise

traits in rice (Guo et al., 1985; Wang et al., 1992; Chen et

al., 1997; Yang et al., 2001). Hussain et al. (1987) reported

that the correlation coefficient between protein content

(PC) and grain width was r = -0.881 (p = 0.05) while be-

tween PC and the ratio of grain length to grain width

r = -0.344 (p = 0.05). Shi and Zhu (1994a) pointed out that

in indica rice the endosperm and maternal plant genetic ef-

fect components were significant between AC and rice

width or the ratio of length to width in indica rice. The rela-

tionships between AC and AQT of rice might be influenced

by the weight of brown rice (WBR) and PC, since AC of

rice could be affected as PC or WBR increased (Guo et al.,

1985; Hussain et al., 1987; Wang et al., 2005).

Although rice quality traits could be affected by the

genes of the triploid endosperm, the rice grain is a new gen-

eration that differs from its diploid maternal plant which

provides the nutrients for the grain development, and, as

such, cytoplasmic effect from cytoplasmic genes and ma-

ternal effects from the diploid maternal plant nuclear genes

are important components of genetic effects for the perfor-

mance of rice quality traits. Shi and Zhu (1993, 1994b,

1996) found that rice quality traits were subject to signifi-

cant seed and maternal genetic effects, while Lin et al.

(2005) reported that the AC of japonica rice was not only

greatly influenced by the genetic main effects from endo-

sperm, cytoplasm and maternal plant genes but was also af-

fected by genotype environment (GE) interaction effects,

because the diversification of gene expression occurred in
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different environments (Bao and Xia, 1999; Shi et al.,

1997, 1999). However, genetic effects and relationships be-

tween rice quality traits are complex but in the studies dis-

cussed above were all directly analyzed using methods

based on unconditional analysis, which could not eliminate

additional influences from other correlative traits which

could affect the relationship between the pairwise traits.

For example, the genetic correlations between AC and

AQT of rice might be influenced by WBR or PC, but until

now little information has been reported on these factors.

In present experiment, the unconditional analysis and

the conditional analysis techniques were used to examine

the genetic relationships from different genetic factors (tri-

ploid endosperm genes, cytoplasmic genes and diploid ma-

ternal plant genes) between AC and AQT for indica rice.

The influences from WBR or PC of rice to the genetic rela-

tionships between AC and AQT could be disclosed, which

could be helpful in understanding the complex relation-

ships between AC and AQT of indica rice.

Materials and Methods

Field experiment

We used a factorial mating design involving 12 Oryza

sativa (L.) indica rice lines consisting of 7 cytoplasm male

sterile (CMS, or A) lines (Zhexie 2, Xieqingzao, Zhenan 3,

Zhenshan 97, Gangchao 1, V 20 and Zuo 5) used as females

and 5 restorer (R) lines (T 49, Cezao 2-2, 26715, 102 and

1391) used as males. The lines were a random sample of

parents for a reference population of indica rice, all seed

material coming from paddy field in Hangzhou, China. All

CMS female parent lines were crossed to five restorer lines

to produce F1 seeds in 1997. The derived F1 hybrids, to-

gether with their parents, were grown in randomized com-

plete plots with two replications at the experimental farm

(120°11'27" E, 30°16'28" N, altitude 12.5 m, semitropical

climate, silt loam soil) of Zhejiang University, Hangzhou,

China in 1998 and 1999, respectively. In both years, the

seeds were sown on 30 March after germination and the

31-day old seedlings were transplanted with a single plant

per round and spaced at 20 cm within a row. Each plot con-

sisted of 6 rows with 36 plants. The agricultural practices

including the prevention of diseases and insects were fol-

lowed as other standard paddy fields during the course of

the experiments. F1 seeds from A × R crosses used in the

analysis were produced by pollinating CMS lines with re-

storers during the same flowering season. Seeds of both

parents and the F2 offsprings from F1 plants were sampled

from a batch of 16 mature plants in the middle of each plot.

All brown rice was gained from rice grain, which was

de-hulled using a sample dehusker (model JLGJ4.5, Tai-

zhou Liangyi Company, China) and milled by sample

miller (Model JNMJ3, Taizhou Liangyi Company, China)

before grinding to 100-mesh in a model 3010-019 cyclone

grinder (Fort Collins, Colorado, USA). The AC and PC of

the rice were measured by near-infrared reflectance

spectroscopy using a model 5000 monochromator (NIR

Systems Inc, Silver Spring, MD, USA) and 3 g of ground

brown rice in a 3.6 cm ring cup (Wu et al., 2002), all sam-

ples being duplicated. The weight of brown rice (WBR),

the brown rice length (BRL), the brown rice width (BRW),

the brown rice thickness (BRT), the ratio of brown rice

length to width (RLW) and the ratio of brown rice length to

thickness (RLT) were measured using mature de-husked

brown rice, all samples being triplicated.

Statistical methods

The estimated unconditional phenotypic covariance

(CP (T1)) components between AC and AQT of brown rice

consisted of the unconditional genetic main covariances

(CG (T1)) and their unconditional GE interaction covariances

(CGE (T1)) and also the unconditional residual covariance (Ce

(T1)), which were estimated by the genetic models and statis-

tical methods for quantitative traits of endosperm in cereal

crops (Zhu and Weir, 1994). The CG (T1) has the components

of the unconditional endosperm additive main covariance

(CAe (T1)), the unconditional endosperm dominance main

covariance (CDe (T1)), the unconditional cytoplasmic main

covariance (CC (T1)), the unconditional maternal additive

main covariance (CAm (T1)), the unconditional maternal do-

minance main covariance (CDm (T1)), the unconditional co-

variance between endosperm and maternal additive effects

(CAe.Am (T1)), the unconditional covariance between endo-

sperm and maternal dominance effects (CDe.Dm(T1)). CGE (T1)

has the components of CAeE (T1), CDeE (T1), CCE (T1), CAmE (T1),

CDmE (T1), CAeE.AmE (T1) and CDeE.DmE (T1).

The mixed model approach of conditional genetic

analysis for quantitative traits (Zhu, 1995) was used to ob-

tain the conditional phenotypic covariances (CP (T1| T2)) be-

tween AC|WBR or AC|PC and the AQT of brown rice.

Here, T1|T2 denotes trait 1 conditioned on trait 2, which

means the conditional phenotypic value of traits 1, when

excluded the impacts of trait 2 on trait 1, AC|WBR or

AC|PC means, hence, AC conditioned on WBR or PC, re-

spectively. The conditional phenotypic covariance

(CP(T1|T2)) components including the conditional endosperm

additive main covariance of trait 1 conditioned on trait 2

(CAe (T1|T2)), the conditional endosperm dominance main

covariance of trait 1 conditioned on trait 2 (CDe (T1|T2)), the

conditional cytoplasm main covariance of trait 1 condi-

tioned on trait 2 (CC (T1|T2)), the conditional maternal addi-

tive main covariance of trait 1 conditioned on trait 2 (CAm

(T1|T2)), the conditional maternal dominance main cova-

riance of trait 1 conditioned on trait 2 (CDm (T1|T2)), the con-

ditional covariance between endosperm and maternal

additive effects of trait 1 conditioned on trait 2 (CAe.Am

(T1|T2)), the conditional covariance between endosperm and

maternal dominance effects of trait 1 conditioned on trait 2

(CDe.Dm (T1|T2)), and their conditional GE interaction cova-

riances CAeE (T1|T2), CDeE (T1|T2), CCE (T1|T2), CAmE (T1|T2), CDmE
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(T1|T2), CAeE.AmE (T1|T2), CDeE.DmE (T1|T2). And the conditional

phenotypic covariance (CP (T1|T2)) also including the condi-

tional residual covariance of trait 1 conditioned on trait 2

(Ce (TI|T2)). The Jackknife re-sampling method was used

with sampling generation means of entries to derive the

standard errors of estimated components of unconditional

or conditional covariances.

Results and Discussion

Covariance analysis between AC and WBR or PC

All the phenotypic covariances (CP) and genotypic

covariances (CG) between AC and WBR or AC and PC

were significant (Figure 1), indicating that there was true

genetic association between AC and WBR or PC because

the magnitude of genetic covariance for all the pairwise

traits was similar to or larger than the phenotypic covari-

ance between AC and WBR or AC and PC. None of the es-

timated residual covariances (Ce) were significant, so the

influences from the sampling errors and microenviron-

mental factors were not important for the genetic relation-

ships between AC and WBR or AC and PC. Hence, WBR

or PC had a close genetic relationship with the AC of indica

rice, and the conditional analysis method could be used for

analyzing the conditional genetic relationship between AC

and other traits of indica rice.

Phenotypic and genotypic covariances between AC
and AQT

For the unconditional analysis, CP(AC) and CG(AC) val-

ues for most of AQT were significantly positive or nega-

tive, except for the covariances between AC and BRL or

RLT (Table 1). For example, CG(AC) value was 18.09

(p = 0.05) for BRW, 8.58 (p = 0.05) for BRT and -16.13

(p = 0.05) for RLW. Although the CP(AC) for BRL was not

significant (CP(AC) = 6.32), CG (AC) was significantly posi-

tive for BRL (CG (AC) = 8.53, p = 0.05) and the genotypic re-

lationship between this pair of traits was clear. It was

obvious that AC was positively correlated to most of AQT

of rice, except for the RLW and RLT traits. The estimated

Ce(AC) values for BRL and BRW both significant, indicating

that the relationship between AC and both these traits was

also influenced by the sampling errors or factors related to

the microenvironment. The small Ce(AC) values for these

pairwise traits indicated that the correlations between AC

and other AQT were mainly controlled by the genetic ef-

fects. This suggests that improving AC could simulta-

neously increase BRL, BRW and BRT.

Since the relationships between AC and AQT could

be significantly influenced by WBR or PC (Figure 1), the

conditional analysis method was used to further detect the

genetic correlations between the pairwise traits between

AC and AQT. When AC was conditional on WBR

(AC|WBR), the conditional phenotypic covariance

(CP(AC|WBR)) and the conditional genotypic covariance

(CG(AC|WBR)) between AC|WBR and BRL or AC|WBR and

BRT changed to significantly negative (Table 1). CP(AC|WBR)

and CG(AC|WBR) between AC|WBR and BRW ceased to be

significantly positive as compared to the significantly posi-

tive CP(AC) and CG(AC) values produced by unconditional

analysis. CP(AC|WBR) and (CG(AC|WBR)) between AC|WBR and

RLW or RLT were significantly negative and the values

were larger than those produced by unconditional analysis.

It therefore appears that the influence of WBR on the rela-

tionships between AC and AQT was complex in that WBR

could positively affect the relationship between AC and
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Figure 1 - The unconditional analysis covariance components between

amylose content (AC) and weight of brown rice (WBR) or AC and protein

content (PC). Figure shows phenotypic covariance (CP), genotypic cova-

riance (CG) and residual covariance (Ce).

Table 1 - Estimated phenotypic and genotypic covariance components

from the unconditional and conditional analysis between amylose content

(AC) and the appearance quality traits (AQT), including brown rice length

(BRL), brown rice width (BRW), brown rice width (BRT), ratio of brown

rice length to width (RLW) and ratio of brown rice length to thickness

(RLT).

Covariance

parameters†

Appearance quality traits

BRL BRW BRT RLW RLT

CP(AC) 6.32 17.53* 8.41* -16.38* -12.69

CP(AC|WBR) -65.19** 5.68 -6.43* -33.20** -22.65**

CP(AC|PC) -27.97* 28.25** 8.34** -42.53** -31.16**

CG(AC) 8.53* 18.09* 8.58* -16.13* -11.78

CG(AC|WBR) -63.70** 5.94 -6.44* -32.90** -21.82**

CG(AC|PC) -25.85* 28.94** 8.60** -42.46** -30.48**

Ce(AC) -2.22** -0.56** -0.17 -0.26 -0.91

Ce(AC|WBR) -1.49 -0.25 0.01 -0.30 -0.84

Ce(AC|PC) -2.12 -0.69 -0.27 -0.07 -0.68

†WBR, weight of brown rice; PC, protein content; CP(AC), unconditional

covariance between AC and the appearance quality traits; CP(AC|WBR), con-

ditional phenotypic covariance between AC|WBR and the appearance

quality traits; CP(AC|PC), conditional phenotypic covariance between

AC|PC and the appearance quality traits; CG(AC), unconditional genotypic

covariance between AC and the appearance quality traits; CG(AC|WBR), con-

ditional genotypic covariance between AC|WBR and the appearance qual-

ity traits; CG(AC|PC), conditional genotypic covariance between AC|PC and

the appearance quality traits; Ce(AC), unconditional residual covariance be-

tween AC and the appearance quality traits; Ce(AC|WBR), conditional resid-

ual covariance between AC|WBR and the appearance quality traits;

Ce(AC|PC), conditional residual covariance between AC|PC and the appear-

ance quality traits.

*Significant at the p = 0.05 by the t-test.

**Significant at the p = 0.01 by the t-test.



BRW but negatively affect the relationship between AC

and the other appearance quality traits. While AC was con-

ditional on PC (AC|PC), all CP(AC|PC) and CG(AC|PC) between

AC|PC and AQT were significantly positive or negative

(Table 1). Among them, CP(AC|PC) and (CG(AC|PC) between

AC|PC and BRL became significantly negative, while

those between AC|PC and BRW, BRT, RLW, RLT were all

significantly positive or negative by conditional analysis.

However, the conditional analysis values were generally

notably larger than those produced by unconditional analy-

sis, the exception being the pairwise traits between AC|PC

and BRT, which were similar to the unconditional analysis

values. It was found that PC could negatively affect most of

the genetic relationships between AC and the appearance

quality traits, especially for the relationship between AC

and BRL. Since none of the small Ce(AC|WBR) or Ce(AC|PC) val-

ues from the conditional analysis were significant, the con-

ditional genetic correlations between AC and AQT were

not influenced by sampling errors or microenvironmental

factors when AC was conditioned on WBR or PC.

Analysis of AC and AQT covariance components
from different genetic systems

Since rice quality traits were simultaneously con-

trolled by the genes from the triploid endosperm, cytoplasm

and diploid maternal plant, the genetic main effects as well

as their GE interaction effects were important for the per-

formance of rice quality. The covariance components from

the different genetic systems between AC and AQT could

be evaluated by the unconditional analysis method and con-

ditional analysis method (Table 2).

The unconditional analysis results in Table 2 shows

that CAe (AC) between AC and BRL or AC and RLW was sig-

nificantly negative, while CC (AC) between AC and BRL or

AC and BRW and CAe.Am (AC) between AC and BRL were

significantly positive. For the GE interaction covariance,

only CDeE (AC) and CDeE.DmE (AC) between AC and RLT were

significantly negative. Since other covariance parameters

from different genetic systems between AC and AQT were

not significant, the genetic relationships from endosperm,

cytoplasmic and maternal plant effects were not visible for

most of the pairwise traits between AC and AQT.

For the conditional analysis, when AC was condi-

tional on WBR (AC|WBR) almost all the covariance com-

ponents from the different genetic systems between

AC|WBR and AQT were not significant, except for the sig-

nificant positive CAeE(AC|WBR) and significant negative

CDeE(AC|WBR) between AC|WBR and RLT (Table 2.). For

AC conditional on PC (AC|PC), the GE interaction covari-

ances including CDmE(AC|PC), CDeE-DmE(AC|PC) between AC|PC

and BRT or CDeE-DmE(AC|PC) between AC|PC and RLT were

significantly correlated. The influence of WBR or PC on

the covariances from different genetic system was not lar-

ge, because only small endosperm, cytoplasmic or maternal

covariance parameters were detected significant between

AC and AQT by conditional analysis method.

Most rice quality traits are complex quantitative

traits, which are not only controlled by genetic main ef-

fects, GE interaction effects and environmental conditions

but can also be influenced by other traits. Hence, analyzing

the genetic correlations for pairwise quality traits of rice

should consider these factors. In general, the quantitative

traits can affect each other in the developmental period of

rice, which also can interfere with the genetic relationships

between the quality traits. To understand the true genetic

correlations between rice quality traits, it is better to ex-

clude the extra factors which can affect the relationship be-

tween pairwise traits. Although some genetic models and

statistical analysis methods have been proposed for analyz-

ing the genetic correlations between complex quantitative

traits they do not effectively exclude the influences of the

other trait(s) on the relationship between two quantitative

traits (Mo, 1985; Zhu, 1992; Zhu and Weir, 1994). Hence,

the choice of genetic models and statistical analysis meth-

ods are very important when researching quantitative traits.

Zhu (1995) proposed a new statistical method for analyzing

conditional genetic effects and conditional genetic variance

components based on the genetic models for quantitative

traits with contribution measure for each component to the

complex traits. By using this conditional analysis method,

the causal influences from the extra trait which affected the

genetic relationships between AC and AQT of rice can be

excluded and the actual genetic correlation between the

pairwise traits can be found. This conditional analysis me-

thod can also estimate the genetic main effects as well as

their GE interaction effects from the triploid endosperm,

cytoplasm and diploid maternal plants.

Our results presented in present experiment indicate

that under the influenced of WBR or PC, AC was positively

correlated to BRL, BRW or BRT, but was negatively corre-

lated to RLW or RLT. The results of conditional analysis

revealed that WBR could positively affect the relationship

between AC and BRW, but negatively affect the relation-

ships for other pairwise traits, while PC could negatively

affect the relationships between AC and most of the appear-

ance quality traits. Among the genetic correlations from

different genetic systems including endosperm, cytoplas-

mic and maternal effects for the pairwise quantitative traits,

only some significant covariance components were de-

tected between AC and AQT of rice analyzed by both the

unconditional or conditional methods, with WBR or PC

having little impact on the covariance components of dif-

ferent genetic systems between the pairwise traits of indica

rice.

Comparing the results from the unconditional and

conditional analysis, it appears that, for the same brown

rice weight, it is possible to improve the amylose content

and simultaneously noticeably reduce the brown rice length

and brown rice thickness. Furthermore, if breeders improve
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the rice amylose content while maintaining the same pro-

tein content, the brown rice length could be reduced while

simultaneously increasing the brown rice width and the

brown rice thickness.

The mixed model approaches of conditional genetics

analysis for quantitative traits described in present paper

provides a new analysis method and strategy for research

on the relationship between quantitative traits and might be

useful not only for rice but for other cereal crops.
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