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Abstract:    Brix weight per stool (BW) of sugarcane is a complex trait, which is the final product of a combination of many 
components. Diallel cross experiments were conducted during a period of two years for BW and its five component traits, in-
cluding stalk diameter (SD), stalk length (SL), stalk number (SN), stalk weight (SW), and brix scale (BS) of sugarcane. Phenotypic 
data of all the six traits were analyzed by mixed linear model and their phenotype variances were portioned into additive (A), 
dominance (D), additive×environment interaction (AE) and dominance×environment interaction (DE) effects, and the correlations 
of A, D, AE and DE effects between BW and its components were estimated. Conditional analysis was employed to investigate the 
contribution of the components traits to the variances of A, D, AE and DE effects of BW. It was observed that the heritabilities of 
BW were significantly attributed to A, D and DE by 23.9%, 30.9% and 28.5%, respectively. The variance of A effect for BW was 
significantly affected by SL, SN and BS by 25.3%, 93.7% and 17.4%, respectively. The variances of D and DE effects for BW 
were also significantly influenced by all the five components by 5.1%∼85.5%. These determinants might be helpful in sugarcane 
breeding and provide valuable information for multiple-trait improvement of BW. 
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INTRODUCTION 
 

For plant breeders, yield in crops is one of the 
most important and complex traits. Continued im-
provement of yield remains the top priority in most 
breeding programs (Cox et al., 1994). Brix weight per 
plant in sugarcane depends on various growth and 
component traits, which is the final outcome of a 
combination of different yield components, such as 
stalk diameter (SD), stalk length (SL), stalk number 
per stool (SN), stalk weight (SW) and brix scale (BS) 
(Hogarth, 1971b). Many component analyses have 

been performed for complex traits based on mor-
phological and physiological characterizations (Zhou 
et al., 1984; Bull et al., 1992; Luo et al., 2004). It 
could be more effective that yield components were 
selected to increase yield because of lower heritability 
for yield and higher heritability for yield components 
(Hogarth, 1971a). However, yield is correlated with 
yield components in complicated ways (Risch, 2000; 
Darvasi and Pisanté-Shalom, 2002). Therefore, it is 
imperative to reveal the genetic relationship between 
yield and its component traits, and their interaction to 
various environments. 

Traditionally, multiple linear regression and 
path analysis techniques are applied for analyzing the 
relationship between the complex trait and its com-
ponent traits (Samonte et al., 1998; Wu et al., 2004). 
However, partial regression and path coefficients 
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depend on the selected variables in a model, and all 
these approaches were with limitations due to the 
disturbance of the other related variables (Wen and 
Zhu, 2005). Subsequently, several approaches based 
on the normal conditional distribution theory were 
proposed for analyzing a complex trait and its multi-
plicative component traits (Jobson, 1991; Sparnaaij 
and Bos, 1993; Piepho, 1995). However, these ap-
proaches only can analyze the data from single envi-
ronment and do not take into account the phenotypic 
data of multiple environments simultaneously; in 
addition to partition the phenotypic variances due to 
different components (Wu et al., 2004). Zhu (1994; 
1995) proposed several methods in a framework of 
mixed linear model for analyzing quantitative traits. 
The unconditional methods can analyze the data de-
rived from multiple environments and partition the 
phenotypic variance into various genetic components 
(Zhu, 1994), and can deal with complex traits ex-
cluding the disturbance of related traits (Zhu, 1995). 
These methods have been employed to study the ge-
netic basis of quantitative traits in mice, rice and 
cotton (Zhu and Weir, 1996; Yan et al., 1998a; 1998b; 
Ye et al., 2003). In previous studies, conditional 
analysis method was mainly used to measure the 
epigenetic effects of the causal components on the 
dynamic variability of developmental behavior 
(Atchley and Zhu, 1997; Cao et al., 2001). Recently, 
this approach was extended to make inference on 
contribution of multiple components to a complex 
target trait (Wu et al., 2004; Wen and Zhu, 2005). 

In this study, we analyzed two-year data for brix 
weight per stool (BW) and its five component traits 
from an incomplete diallel cross of 5×6 in sugarcane 
using Zhu (1994; 1995)’s methodologies. Uncondi-
tional analysis method was employed to investigate 
the genetic basis of inheritance and genetic correla-
tions among these traits, and the conditional analysis 
approach was used to measure the contribution ratios 
for various component traits to BW in sugarcane. Our 
findings may provide a better understanding of ge-
netic inheritance and the relationship among these 
traits in sugarcane.  

 
 
MATERIALS AND METHODS 
 
Materials and field experiment 

Five female parents: (1) Yuetang 81/3254, (2) 

Yuetang 85/177, (3) Yuetang 72/426, (4) Yuetang 
79/177 and (5) Yuetang 80/101, and six male parents: 
(6) ROC16, (7) ROC20, (8) ROC22, (9) ROC23, (10) 
ROC24 and (11) ROC25, were used to generate 30 
crosses of F1 population. These parents and their F1s 
were planted at the experimental station of Zhanjiang 
Sugarcane Research Center, Guangdong, China in 
2000 and 2001, respectively. All the materials were 
evaluated in a randomized complete block design 
with three replicates. Plot size was three rows 4 m in 
length with a between-row spacing of 1 m and an 
intra-row spacing of 0.2 m. Standard cultural prac-
tices were followed throughout the growing season. A 
20-plant sample was collected from each plot before 
harvest to measure the stalk diameter (SD, cm), stalk 
length (SL, cm), stalk number per stool (SN), stalk 
weight (SW, kg) and brix scale (BS, %). Brix weight 
per stool (BW, kg) was calculated by BW=SN× 
SW×BS. 

 
Statistical analysis 

The genetic model for agronomic traits with 
genotype×environment (GE) interaction effects (Zhu, 
1994; 1995) was employed to study the inheritance of 
each trait investigated. Unconditional genetic analysis 
(Zhu, 1994) was conducted based on phenotypic 
values, which can be partitioned in a matrix form of 
mixed linear model as: 
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where y is the vector (n×1) of phenotypic values with 
mean Xb and variance V; b is the vector (p×1) of 
fixed effects; X is the known incidence matrix (n×p) 
relating to the fixed effects; eu (u=1,2,3,4,5) is the 
vector (qu×1) of the u-th random factor, eu~(0, 2

uσ I ); 
eA, eD, eAE, and eDE refer to additive, dominance, ad-
ditive×environment interaction and dominance×  
environment effects, respectively; Uu is the known 
coefficient matrix relating to the random vector eu, 

T
uU  is the transpose matrix of Uu; eε is the vector (n×1) 

of the residuals random effects with eε~N(0, 2
εσ I ). 

The covariance between two traits y1 and y2 can be 
expressed by 
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The estimates of fixed effects (b) were obtained 

by the generalized least squares estimation method. 
The random genetic effects (eu) were predicted by the 
adjusted unbiased prediction (AUP) method (Zhu and 
Weir, 1996). 

Considering that a trait yC is one component of a 
target complex trait yT, the conditional variable yT|C 
for the phenotypic value of the target trait yT condi-
tioned upon the phenotypic value of component trait 
yC can also be partitioned as (Zhu, 1995): 
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with all the parameters and variables defined similar 
to those in Eq.(1). 

Both unconditional and conditional variances 
and covariances were estimated by a minimum norm 
quadratic unbiased estimation (MINQUE) method 
(Zhu and Weir, 1994). The Jackknife resampling 
method was used to estimate the standard errors of 
genetic variances and correlation coefficients (Miller, 
1974; Zhu and Weir, 1994). For data analysis, all of 
these methods were implemented in the quantitative 
genetic analysis software package QGA Station 1.0 
(http://ibi.zju.edu.cn/software/QGA.htm). 

 
 
RESULTS 
 
Trait performances 

The performances of two types of parents, fe-
male and male, and their F1s for each of the studied 
traits are summarized in Table 1. Females had larger 
SD and SW but smaller SN and BW than males, and 
showed approximately the same SL and BS as males. 
Means of F1s were no larger than those of parents for 
most of the traits, but similar to the best parent for SN. 
The trait performances indicated that variations of 
these traits should be affected by genotypic effects. In 
addition, means of each trait were different across the 

two years (2000 and 2001), indicating that the varia-
tions of these traits should be affected by genotype× 
environment interaction effects. 

 
 
 
 
 
 
 
 
 
 
 

Components of heritability 
For the genetic model with GE interaction ef-

fects, the total heritability h2=(VG+VGE)/VP can be 
partitioned into the general genetic heritability 

2 /G G Ph V V=  and the GE interaction heritability 
2 /GE GE Ph V V=  (Zhu, 1997). The general heritability, 

which is applicable to multiple environments, is the 
ratio of variances accumulated heritable general 
genotypic effects (VG) to the phenotypic variance (VP). 
The GE interaction heritability, which is only appli-
cable to specific environment, is the ratio of variances 
accumulated heritable GE interaction effects (VGE) to 
the phenotypic variance (VP). The estimated compo-
nents of heritability for the six traits are presented in 
Table 2. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
The results revealed that all these traits in sug-

arcane might be influenced by three factors i.e. gen-
eral genetic effects, GE interaction effects and the 
residual effects. For the genetic factors, SN was 
mainly controlled by general genetic effect, while the 

Table 1  Means of two types of parents and their F1s for 
each trait 

Year Genotype SD
(cm)

SL
(cm) SN SW 

(kg) 
BS
(%)

BW
(kg)

2000 Females 2.53 247.53 2.73 1.24 0.1964 0.6613
Males 2.40 237.44 3.15 1.08 0.2076 0.7051
F1s 2.37 230.53 3.19 1.00 0.2021 0.6416

        

2001 Females 2.65 244.00 2.63 1.32 0.1889 0.6518
Males 2.50 248.00 3.03 1.21 0.1968 0.7139
F1s 2.43 235.29 3.01 1.06 0.1973 0.6253

Table 2  Estimated proportion of variance component to 
phenotypic variance for each trait 

Proportion SD
(cm)

SL 
(cm) SN SW 

(kg) 
BS 
(%) 

BW
(kg)

VA/VP 0.145** 0.093** 0.437** 0.114** 0.250** 0.239**

VD/VP 0.358** 0.444** 0.240** 0.527** 0.199** 0.309**

VAE/VP 0.052* 0.030 0.009 0.000 0.070* 0.000
VDE/VP 0.273** 0.342** 0.000 0.233** 0.366** 0.285**

Vε/VP 0.172* 0.091** 0.314** 0.126** 0.115** 0.167**

* and ** indicate that the proportions of variance are detected at the 
significance levels of 0.05 and 0.01, respectively. VA, VD, VAE, VDE, Vε
and VP are the variances of additive, dominance, addi-
tive×environment interaction, dominance×environment interaction, 
residual and phenotypic effects, respectively 
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other five traits were controlled by both general ge-
netic and GE interaction effects. These results indi-
cated that SN could stably inherit, but the genetic 
effects of the remaining traits were sensitive to the 
environments. As for the genetic components, the 
variance of dominance effects was larger than that of 
additive effects for all traits except for SN. In breed-
ing practice, it is possible to increase SN in sugarcane 
by selection in early generations, while the remaining 
traits could be improved through heterosis in hybrid 
sugarcane by selection in later generations. 
 
Phenotypic correlation and its components 

Since the phenotypic variance (VP) and covari-
ance (CP) can be partitioned into components of G, 
GE and residual effects, phenotypic correlation be-
tween two traits (1 and 2) can also be partitioned into 
the corresponding components of correlation: 
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where (1) (2)/ ,P P P Pr C V V= (1) (2)/ ,G G G Gr C V V=  

(1) (2)/GE GE GE GEr C V V=  and (1) (2)/r C V Vε ε ε ε=  are 

the phenotypic, the general genotypic, the GE inter-
action genotypic and the residual correlation coeffi-
cient between two traits, respectively (Zhu, 1997). All 
estimated correlation coefficients of various genetic 
effects among six traits are listed in Table 3. 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

All the phenotypic and genetic correlations 
among these traits, except for genetic correlation 
between SL and SN, were at both the 5% and 1% 
levels of significance. Therefore, it would be a feasi-
ble way to improve one trait through improving its 
related trait. The BW would be improved by in-
creasing its five component traits due to the positive 
genetic correlations between BW and them. However, 
simple phenotypic correlation coefficient cannot 
measure the direct relationship between two traits due 
to the presence of residual effect. For example, re-
sidual correlation coefficients between three compo-
nent traits (SD, SN and BS) and BW were significant, 
which indicated that larger values on the three traits 
would accompany with higher BW due to the residual 
effects. 

Genetic correlations exclude the residual effect 
and all were significant except for those between SL 
and SN. The results showed that the genetic correla-
tion coefficients were similar to the corresponding 
phenotypic correlation coefficients. It was implied 
that the phenotypic correlation mainly attributed to 
the genetic correlation between two traits. All the 
genetic correlation coefficients were in the same sign 
but higher in magnitude than the corresponding 
phenotypic correlations. Thus, the heritable amount 
of correlation between two traits would be provided 
by genetic correlation coefficients. However, genetic 
correlation coefficients were affected by the GE in-
teraction effects, which were unstable across the en-
vironments. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 3  Estimated correlation coefficients among six traits investigated in sugarcane 
Pairs of traits rP rG+GE rε rA  rD  rAE  rDE  

SD-SL 0.598** 0.599** 0.622** 0.244* 0.761** –0.686** 0.705** 
SD-SN –0.470** –0.409** –0.695** –0.933** –0.512** 0.589** 0.000 
SD-SW 0.883** 0.886** 0.876** 1.000** 0.924** 0.000 0.820** 
SD-BS –0.210** –0.250** 0.032 –1.000** 0.118 0.190 –0.113 
SD-BW 0.254** 0.346** 0.195+ –0.971** 0.644** 0.000 0.838** 
SL-SN –0.146** –0.073 –0.520** 0.482** –0.538** –0.648** 0.000 
SL-SW 0.759** 0.777** 0.620** 0.338** 0.892** 0.000 0.850** 
SL-BS –0.141** –0.155** –0.020 –0.580** –0.068 –0.875** 0.026 
SL-BW 0.495** 0.591** –0.164 0.591** 0.558** 0.000 0.838** 
SN-SW –0.415** –0.372** –0.638** –0.737** –0.497** 0.000 0.000 
SN-BS 0.246* 0.315* 0.001 0.481* 0.353* –0.297* 0.000 
SN-BW 0.577** 0.538** 0.744** 0.983** 0.278* 0.000 0.000 
SW-BS –0.192** –0.224** 0.045 –0.922** –0.088 0.000 –0.042 
SW-BW 0.404** 0.476** –0.013 –0.651** 0.666** 0.000 1.000** 
BS-BW 0.364** 0.383** 0.253* 0.431** 0.403** 0.000 0.385+ 

+, * and ** indicate that the correlation coefficients are detected at the significant levels of 0.10, 0.05 and 0.01, respectively. rP, rG+GE, rε, rA, 
rD, rAE and rDE  are the correlation of phenotypic, genotypic, residual, additive, dominance, additive×environment interaction, domi-
nance×environment interaction, respectively 
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General genetic correlations do not take into 
account the GE interaction effect, which is heritable 
and can be expected in various environments. General 
genetic correlation consists of additive correlation 
and dominance correlation. It was found that all the 
additive correlation coefficients were significant at 
5% significance level. Two traits, SD and SW, 
showed negative additive correlations with BW, in-
dicating that larger additive effect values on SD or 
SW could be accomplished by lower additive effect 
values on BW. For the remaining three component 
traits, larger values could be accomplished by higher 
BW due to positive additive correlation coefficients. 
Significant positive dominance correlations between 
BW and its component traits were detected, suggest-
ing that simultaneous improvement of BW and its 
components could be obtained by their hybrids. 

The GE interaction correlation was heritable but 
unstable, which could be applied for specific envi-
ronment. All additive×environment interaction cor-
relation coefficients between BW and its component 
traits were zero, indicating that all additive correla-
tions were stable across environments. All dominance 
×environment interaction correlations except for that 
between SN and BW were significant, indicating that 
these dominance correlations were sensitive to the 
environments. Although there existed negative addi-
tive correlations between SD (or SW) and BW, the 
indirect selections in early generations could be in-
fluenced by positive dominance correlations. Sig-
nificant dominance correlations between BW and its 
component traits were recorded, suggesting that high 
BW and its components could be obtained by hybrids. 

 
Contribution ratios of conditional traits 

Since, simple correlation cannot exclude the 
disturbance effect of other related traits, the condi-
tional variance analyzing approach was employed to 
study the effects of closely related traits for dissecting 
the complex relationships and to reveal the net con-
tribution of each causal trait to the resultant trait (Wu 
et al., 2004; Wen and Zhu, 2005). Since conditional 
variable yT|C is independent of yC, conditional random 
effects 

T|Cue  contain extra genetic variation without 

the influence of the given component trait yC on the 
target trait yT. The proportion of 

T|C T

2 2/u uσ σ  could 

uncover the contribution of genetic effects without 

the influence of the given component trait yC on the 
target trait yT. Define 

T|C T

2 21.0 /u u uCR σ σ= −  as the 

contribution ratio measuring the contribution propor-
tion of the u-th genetic variation of the given com-
ponent trait yC to the target trait yT. The estimates of 
contribution ratios for phenotypic values per each 
component trait to various genetic effects on BW in 
sugarcane are presented in Table 4. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Most contribution ratios were at 1% significance 

level, indicating that these effects on the resultant 
traits were influenced by phenotypic values on given 
casual traits in some extent. For example, the phe-
notypic variation of BW was affected by the pheno-
typic variation of SD with the contribution ratio of 
22.4%. Some contribution ratios were not significant, 
indicating that these variations of BW were not af-
fected by the casual traits. For example, the CRAE for 
SD to BW was zero, indicating that the AE interaction 
variation of BW was slightly influenced by SD. There 
were two contribution ratios, CRA for SD to BW and 
CRA for SW to BW, with negative values because the 
conditional variance was larger than the uncondi-
tional variance of BW. It was suggested that the ad-
ditive variation of BW could be larger when the in-
fluence of SD or SW are excluded. 

As regard to the additive variance of BW, the 
contribution of SN (93.7%) was the largest among all 
the five component traits. Three traits, SL, SN and BS, 
showed positive contributions to BW, while the re-
maining two traits displayed negative contributions. 
The variances of D and DE effects of BW were 
largely contributed by SD, SW, SL and BS, but 
slightly contributed by SN with CRA at 5.1% and 

Table 4  Estimated contribution ratios for each com-
ponent trait to BW in sugarcane 
Component

traits 
SD 

(cm)
SL 

(cm) SN SW 
(kg) 

BS 
(%) 

CRA –0.219** 0.253** 0.937** –0.308** 0.174**

CRD 0.422** 0.290** 0.051** 0.381** 0.153**

CRAE 0.000 0.000 0.000 0.000 0.000 
CRDE 0.520** 0.608** 0.074** 0.855** 0.149**

CRε 0.038** 0.027** 0.553** 0.000 0.064**

CRP 0.224** 0.293** 0.346** 0.270** 0.133**

** indicates that significant contribution is detected at the level of 
0.01. CRA, CRD, CRAE, CRDE, CRε, and CRP are the contribution 
ratios of causal trait to additive, dominance, additive×environment, 
dominance×environment, residual and phenotypic effects of BW, 
respectively 
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7.4%, respectively. The variance of AE effect of BW 
was independent of all five component traits. Among 
phenotypic variations on BW, 22.4%, 29.3%, 34.6%, 
27.0% and 13.4% were explained by the five com-
ponent traits, respectively. 

 
 

DISCUSSION 
 

Sugarcane is one of important crops. Breeders 
are now paying much more attention to improve BW 
in sugarcane than before. However, the understanding 
of genetic basis of BW and its related traits remains 
unsolved. Although the genetic parameters for most 
characters in sugarcane were estimated in previous 
studies but most of these estimates lacked precision 
due to the limitation of statistical methods (Hogarth, 
1971a; 1971b; Lin et al., 1993; Gallacher, 1997). In 
this study, the genetic variance components of BW 
and its five component traits of sugarcane were esti-
mated by mixed linear model approaches (Zhu, 1994; 
Zhu and Weir, 1996). We found that BW and its five 
components were mainly influenced by additive, 
dominance, and dominance×environment interaction 
effects. Additive effect was more prominent than 
dominance effect on SN, which was reversed on the 
remaining five traits. In breeding practice, additive 
effect could be a useful practice in early generations 
while dominance effect could be used in hybrid sug-
arcane, for selection of traits.  

Genotype×environment interaction is an impor-
tant component affecting quantitative traits and de-
termines the stability of crop varieties across different 
locations and years (Yan et al., 1998b). Understand-
ing the genetic mechanism of complex traits across 
various environments is crucial to identify the genetic 
basis of these traits, and is also of great significance to 
biologists and breeders for trait selection. In the pre-
sent investigations, it was observed that all the traits 
except SN were affected by dominance×environment 
interaction effects, suggesting that hybrid heterosis 
could be expected in special environments. More 
studies in special environments can reveal the genetic 
bases of these traits in sugarcane. 

In crop breeding, genetic correlation is consid-
ered to be a general theoretical method for indirect 
selection (Ram et al., 1997). Although genetic cor-
relations can be used in measuring the relationship 

between pair-wise traits, they can provide informa-
tion about the additive and dominance correlations 
only (Zhou et al., 1984; Luo et al., 2004). Our results 
showed that additive, dominance, additive×envi- 
ronment, and dominance×environment correlations 
existed extensively among BW and its component 
traits in sugarcane. Additive correlations between 
BW and its two component traits (SD and SN) were 
more important than other genetic correlation com-
ponents, suggesting that indirect selections of SD or 
SN might improve BW in sugarcane breeding. 
Dominance correlations were also important among 
BW and its component traits, so breeding for hybrid 
sugarcane could be expected to improve BW and its 
component traits. In addition, dominance×environ- 
ment interaction correlations between BW and its all 
component traits except for SN were positive, sug-
gesting that simultaneously improving BW and its 
related component traits could be obtained in sugar-
cane hybrid crosses in special environments. There-
fore, we may conclude that indirect selection could be 
effectively applied in sugarcane breeding in regard to 
the understanding of correlation of different genetic 
components. Breeders could simultaneously improve 
pair-wise traits possessing high additive correlation 
coefficient. Dominance correlation could be used in 
hybrid sugarcane breeding to improve related 
trait-pairs. In summary, it may be helpful for breeders 
to understand the mechanisms of genetic correlation 
among various complex quantitative traits. 

BW of sugarcane is the final outcome of a com-
bination of different component traits. Although the 
relationships between BW and its component traits in 
sugarcane have been extensively explored (Hogarth, 
1971b), little has been reported about the genetic 
basis of these traits due to the lake of sophisticated 
analytical tools. We applied a simple approach of 
correlation analysis to evaluate the relationships be-
tween BW and its five component traits. It was de-
termined that BW was significantly correlated with its 
five component traits. However, simple correlation 
analysis between two traits may confound the effects 
of other related traits and thus provide biased esti-
mates of the true correlations (Wen and Zhu, 2005). 
To dissect the complex relationships and to reveal the 
net contributions of single component trait to BW in 
sugarcane, the conditional analyzing approach was 
applied (Wen and Zhu, 2005) in the present study. 
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This method is considered to be a properly statistical 
approach to account for dependencies among vari-
ables, and measure the direct influence of one trait to 
another. Our findings revealed that each component 
trait of BW in sugarcane contributed more than 13.3% 
to the phenotypic variation, i.e. 5.1%~42.2% of 
dominance variation, and 7.4%~85.5% of domi-
nance× environment interaction variation on BW. 
Similarly, 25.3%, 93.7% and 17.4% of additive 
variations on BW were explained by SL, SN and BS, 
respectively. These genetic correlation mechanisms 
of quantitative traits may provide information to im-
prove effectively BW by means of enhancing its 
component traits in sugarcane. 
 
References 
Atchley, W.R., Zhu, J., 1997. Developmental quantitative 

genetics, conditional epigenetical variability and growth 
in mice. Genetics, 147(2):765-776. 

Bull, J.K., Hogarth, D.M., Basford, K.E., 1992. Impact of 
genotype×environment interaction on response to selec-
tion in sugarcane. Aust. J. Exp. Agric., 32(6):731-737.  
[doi:10.1071/EA9920731] 

Cao, G.Q., Zhu, J., He, C.X., Gao, Y.M., Yan, J.Q., Wu, P., 
2001. Impacts of epistasis and QTL×environment inter-
action for developmental behavior of plant height in rice 
(Oryza sativa L.). Theor. Appl. Genet., 103(1):153-160.  
[doi:10.1007/s001220100536] 

Cox, M.C., Hogarth, D.M., Hansen, P.B., 1994. Breeding and 
selection for high early season sugar content in a sugar-
cane (Saccharum spp. hybrids) improvement program. 
Aust. J. Agric. Res., 45(7):1569-1575.  [doi:10.1071/AR 
9941569] 

Darvasi, A., Pisanté-Shalom, A., 2002. Complexities in the 
genetic dissection of quantitative trait loci. Trends Genet., 
18(10):489-491.  [doi:10.1016/S0168-9525(02)02767-1] 

Gallacher, D.J., 1997. Evaluation of sugarcane morphological 
descriptors using variance component analysis. Aust. J. 
Agric. Res., 48(6):769-774.  [doi:10.1071/A96062] 

Hogarth, D.M., 1971a. Quantitative inheritance studies in 
sugarcane. I. Estimation of variance components. Aust. J. 
Agric. Res., 22(1):93-102.  [doi:10.1071/AR9710093] 

Hogarth, D.M., 1971b. Quantitative inheritance studies in 
sugar-cane: II. Correlations and predicted responses to 
selection. Aust. J. Agric. Res., 22(1):103-109.  [doi:10. 
1071/AR9710103] 

Jobson, J.D., 1991. Applied Multivariate Data Analysis 
Volume. II: Categorical and Multivariate Methods. 
Springer-Verlag, New York. 

Lin, J.F., Chen, R.K., Lin, Y.Q., l993. The inheritance of sugar 
characters in sugarcane. J. Fujian Agric. Coll., 22(4): 
392-397 (in Chinese).  

Luo, J., Zhou, H., Zhang, M.Q., 2004. Genetic analysis of main 
economic and photosynthetic traits in energy sugarcane. 
China J. Appl. Environ. Biol., 10(3):268-273 (in Chi-
nese). 

Miller, R.G., 1974. The Jackknife: a review. Biometrika, 
61(1):1-15.  [doi:10.2307/2334280] 

Piepho, H.P., 1995. A simple procedure for yield component 
analysis. Euphytica, 84(1):43-48.  [doi:10.1007/BF01677 
555] 

Ram, B., Chaudhary, B.S., Singh, S., 1997. Response to indi-
rect selection in ratoon of sugarcane seedlings. Aust. J. 
Agric. Res., 48(2):207-213.  [doi:10.1071/A96011] 

Risch, N.J., 2000. Searching for genetic determinants in the 
new millennium. Nature, 405(6788):847-856.  [doi:10. 
1038/35015718] 

Samonte, S.O.P., Wilson, L.T., McClung, A.M., 1998. Path 
analyses of yield and yield-related traits of fifteen diverse 
rice genotypes. Crop Sci., 38(4):1130-1136. 

Sparnaaij, L.D., Bos, I., 1993. Component analysis of complex 
characters in plant breeding. I. Proposed method for 
quantifying the relative contribution of individual com-
ponents to variation of the complex character. Euphytica, 
70(3):225-235.  [doi:10.1007/BF00023763] 

Wen, Y.X., Zhu, J., 2005. Multivariable conditional analysis 
for complex trait and its components. Acta Genetica 
Sinica, 32(3):289-296. 

Wu, J.X., Jenkins, J.N., McCarty, J.C., Zhu, J., 2004. Genetic 
association of yield with its component traits in a recom-
binant inbred line population of cotton. Euphytica, 
140(3):171-179.  [doi:10.1007/s10681-004-2897-5] 

Yan, J.Q., Zhu, J., He, C.X., Benmoussa, M., Wu, P., 1998a. 
Quantitative trait loci analysis for the developmental be-
havior of tiller number in rice (Oryza sativa L.). Theor. 
Appl. Genet., 97(1-2):267-274.  [doi:10.1007/s001220050 
895] 

Yan, J.Q., Zhu, J., He, C.X., Benmoussa, M., Wu, P., 1998b. 
Molecular dissection of developmental behavior of plant 
height in rice (Oryza sativa L.). Genetics, 150(3): 
1257-1265. 

Ye, Z.H., Lu, Z.Z., Zhu, J., 2003. Genetic analysis for devel-
opmental behavior of some seed quality traits in upland 
cotton (Gossypum hirsutum L.). Euphytica, 129(2): 
183-191.  [doi:10.1023/A:1021974901501] 

Zhou, K.Y., Chen, R.K., Xue, Q.Q., 1984. A study on the 
quantitative genetic characters of sugarcane. I. Genetic 
variation, genetic correlation and selection response in 
separate generations of sugarcane. J. Fujian Agric. Coll., 
13(2):89-95 (in Chinese). 

Zhu, J., 1994. General genetic models and new analysis 
methods for quantitative traits. J. Zhejiang Agric. Univ., 
20(6):551-559 (in Chinese). 

Zhu, J., 1995. Analysis of conditional genetic effects and 
variance components in developmental genetics. Genetics, 
141(4):1633-1639. 

Zhu, J., 1997. Analysis Method for Genetic Models. China 
Agric. Press, Beijing, p.151-162 (in Chinese). 

Zhu, J., Weir, B.S., 1994. Analysis of cytoplasm and maternal 
effects: I. A genetic models for diploid plant seeds and 
animals. Theor. Appl. Genet., 89(2-3):153-159.  [doi:10. 
1007/BF00225135] 

Zhu, J., Weir, B.S., 1996. Diallel analysis for sex-linked and 
maternal effects. Theor. Appl. Genet., 92(1):1-9.  [doi:10. 
1007/BF00222944] 


