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The genetic law of maize leaf spacing was studied via mixed inheritance model of major genes plus 
polygenes in spring and summer sowing environment, taking the six generations (P1, P2, F1, B1, B2, and 
F2)  of 2 crosses, PH4CV/Chang 7-2 (Cross I) and PH6WC/7873 (cross II) as subjects. The aim in this 
paper is to provide some genetic information for maize breeders. The results showed that the optimum 
model of leaf spacing in Cross I was E-1 with the existence of 2 pairs of major genes in spring sowing 
environment, and was C-0 without any major gene detected in summer sowing environment. One pair of 
major genes was detected in leaf spacing of cross II under both environments. The optimum model of 
leaf spacing in Cross II was D-4 and D-2 in spring sowing environment and in summer sowing 
environment, respectively. The major genes heritability of leaf spacing in Cross I was 85% in F2 
generation in spring sowing environment. Therefore, it would have a high breeding efficiency for 
improving leaf spacing by using single cross recombination or simple backcross in Cross I in spring 
sowing environment. In summer sowing environment, the polygenes heritability of leaf spacing in Cross 
I ranged from 88 to 93% in 3 segregating generations. In summer sowing environment, the polygenes 
heritabilities in B1, B2, F2 generation of cross II were 87.59, 92.02 and 91.70%, respectively. Thus, the 
recurrent selection and early generation selection should be adopted to accumulate positive polygenes 
of leaf spacing of 2 crosses to improve the efficiency of plant architecture breeding in summer sowing 
environment.   
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INTRODUCTION 
  
Maize is a very important cereal and forage crop in the 
world. As the arable land continuously decreases recent 
years, increasing grain yield per hectare has been the 
major concern of maize production. It’s necessary and 
urgent to increase planting density for high-yield purpose, 
and ideotype breeding of maize will continue to be an 
important way to improve the planting density. The leaf 
spacing (LS) is one of the main factors affecting the 
canopy structure of maize, and also a major index of 
maize ideotype. If other traits of plant type remained 
unchanged, the plant type would obviously change by the 

adjustment of LS (Liang et al., 2009). LS has a close 
relationship with ventilation and light of maize population. 
When LS above uppermost ear increased, the maize 
population could fully absorb sun energy, and thus 
enhance the filling velocity and prolong the grain filling 
time. Finally, the biomass of maize population will 
increase. Some researchers found that kernel weight per 
ear had larger correlation degree with the LS than other 
traits of plant type, and plot yield also had a large 
correlation degree with LS (Huo and Li, 2010).  

To date, several approaches such  as  quantitative  trait 
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loci (QTL) mapping and genome-wide association study 
(GWAS) have been successfully used to identify 
important genes about the maize plant architecture (Wei 
et al., 2009; Lu et al., 2011; Tian et al., 2011; Weng et al., 
2011). Nonetheless, the conventional breeding is still the 
major method to improve the maize yield. Recently, many 
studies on LS in rice and wheat have been carried out 
(Zhou et al., 2003; Wang, 2007; Zhang, 2008; Yang and 
Huang, 2010), and yet studies on LS in maize are few. 
Many researches were focused on plant height, ear 
height, and tassel branch number in maize by applying 
mixed major gene plus polygenes inheritance model 
analysis (Wu et al., 2000; Zhao et al., 2007; Qiu et al., 
2008; Peng et al., 2009; Feng et al., 2011). However, 
there was no report about genetic effects of LS. This 
paper aims to investigate the major gene plus polygene 
genetic law of LS using 6 generations of 2 crosses, with a 
view to providing some genetic information for the 
breeders when the LS is utilized to improve the maize 
plant architecture. 
 
 
MATERIALS AND METHODS 
 

The 2 crosses were PH4CV/Chang 7-2 and PH6WC/7873. PH4CV 
was originated from US Corn Belt population “Lancaster”, while 
PH6WC was derived from US Corn Belt population “Reid”. Chang7-
2 was originated from China population Tangsipingtou, while 7873 
was derived from the China population modified “Reid”. In spring 
2009, the preparation of F1 generation was performed in the 
experimental field of Henan Institute of Science and technology 
(35°18´N, 113°52´W, 20m above sea level). In 2010, F2 

generation，backcross generation B1(F1×P1) and B2(F1×P2) was 

obtained in winter at Sanya (18°14´N, 109°31´W, 7m above sea 
level) in Hainan. 6 generations, that is, P1, P2, F1, B1, B2 and F2, 
from each of the 2 crosses, were investigated in this paper.  

The 6 generations of the 2 crosses were grown in experimental 
field of Henan Institute of Science and technology on April 20th 
(spring sowing environment) and June 15th (summer sowing 
environment) in 2010, respectively. For field experimental design, 
plants were grown in a randomized block design with 3 replications. 
The length per plot was 6 m with 2 plants spaced 0.33 m apart and 
2 rows spaced 0.60 m apart. P1, P2 and F1 populations were all 
planted in 4 rows per plot. B1, B2 and F2 populations were in 6, 6, 8 

rows per plot, respectively.  
 
 
Field measurement 

 
LSs of P1, P2, F1, B1, B2 and F2 generation were recorded per plot. 
Generally, 20 plants of the parents, 25 plants of F1 generation were 
investigated in 2 crosses under both environments. The plant 

numbers of B1, B2 and F2 generations in 2 crosses were 180, 180, 
270 in spring sowing environment, respectively, while those of B1, 
B2 and F2 generations were 195, 195, 295 in summer sowing 
environment. In each environment, the measurement of LS was 
carried out in filling stage. 
 
  
Data analysis 
  

The major gene plus polygene rules of LS in 2 crosses were 
studied in spring and summer environment using joint segregation 
analysis method of 6 generations (P1, P2, F1, B1, B2 and  F2)  by Gai 

 
 
 
 
(2005). 5 types of model involved in the method were: 1pair of 
major gene (A model), 2 pairs of major genes (B model), polygenes 
(C model), 1 pair of major gene plus polygenes (D model), and 2 
pairs of major genes plus polygenes (E model). In the JSA (joint 
segregation analysis) of the mixed genetic model, the distribution 
parameters of the relevant elements in the mixture distribution were 
estimated with maximum likelihood method and Iterated expectation 
and conditional maximization (IECM) algorithm. Akaike's 
information criterion (AIC) was employed to determine which model 
group is optimum, and tests for goodness-of-fit were used to 
determine whether the selected model sufficiently explains the data 
(Gai and Wang, 1998). The most fitting genetic model was selected 
according to AIC and tests for goodness-of-fit (homogeneity test of 

U1
2
, U2

2
, U3

2
, Smirnov and Kolmogorov test). From AIC, the models 

with the least AIC value or the relatively lower AIC value were 
chosen as the fitting models. Then, after the test, the model with the 
lowest number of statistics to reach the significant level (0.05) was 
selected as the most fitting model.  

The related genetic parameters, including gene effects, as well 
as the genetic variances of major genes and polygenes, were 
obtained from the estimates of component distributions. Then, the 
heritability of major gene (h

2
mg) and the heritability of polygene (h

2
pg) 

were estimated using the following formulas: 
 

h
2

mg=σ
2

mg/σ
2

p and h
2

pg=σ
2

pg/σ
2

p. 
 
In the formulas, σ

2
p was the phenotypic variance of populations, 

σ
2

mg was the major gene variance and σ
2

pg was the polygene 
variance. The JSA software carrying out the JSA method was 
applied in the simulation experiment. The JSA software computed 
the maximum likelihood estimates for the first-order distribution 

parameters and the AIC value for every genetic model (Wang et al., 
2001). The JSA software was provided by Professor Zhang 
Yuanming of Nanjing Agricultural University. When the most fitting 
model was C-0 model with epistasis effect, the first-order 
parameters were calculated by the method from Gamble (1962). 

 
 
RESULTS 
 

LS performance of non-segregating generations 
 

The average LS phenotypic values of the 2 crosses, P1, 
P2 and F1 generations in both environments were listed in 
Table 1. In both environments, the differences of parents’ 
LS of 2 crosses reached a very significant level, and F1 
population had an obvious heterosis. 
 
 

LS frequency distributions of segregating 
generations  
 

The frequency distributions of LS in the 3 segregating 
generations of the 2 crosses under spring and summer 
environment were listed in Figures 1 and 2. There was a 
transgressive segregation in three segregating 
generations of the 2 crosses. The data in Figures 1 and 2 
indicated that B1, B2, and F2 generation in 2 crosses 
showed by-model distribution or skewed distribution with 
obvious single peak in spring sowing environment, which 
showed that major genes might exist. However, in the 
summer sowing environment, segregating generations in  
2 crosses appeared skewed distribution with single peak, 
indicating that major genes might exist. 
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Table 1. LS performance in non-segregating generations of 2 crosses.  
   

Generation 
Spring sowing environment Summer sowing environment 

Cross I Cross II Cross I Cross II 

P1 10.11±0.10
A
 12.48±0.18

A
 12.50±0.09

A
 13.93±0.08

A
 

P2 8.43±0.13
B
 7.90±0.15

B
 9.98±0.05

B
 8.79±0.04

B
 

F1 13.17±0.13 14.68±0.15 13.87±0.08 14.94±0.07 
 

A is at 0.01 level. Means with different letter are significantly different. 
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Figure 1. LS frequency distribution in segregating generations of 2 crosses in spring sowing 
environment. 
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Figure 2. LS Frequency distribution in segregating generations of 2 crosses in summer sowing 

environment. 

 
 
 
Genetic analysis on LS 
 
The optimum genetic model was chosen according to AIC 
value and a set of tests for goodness of fit, and then the 
genetic parameters based on the optimum model were 
estimated.  

Selection for optimum model of LS 
 
The AIC values of 24 kinds of LS models in 2 crosses 
under 2 environments were listed in Table 2. Results of 
goodness-of-fit tests of selected models for LS in 2 
crosses under 2 environments were listed  in  Table  3.  In
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Table 2. AIC value of LS genetic models of 2 crosses in spring and summer sowing environment.  
 

Environment Model 
AIC value 

Model 
AIC value 

Cross I Cross II Cross I Cross II 

Spring sowing 

A-1 2676.3577 2516.5872 D-0 2532.2239 2366.1365 

A-2 2748.0173 2539.8770 D-1 2528.4661 2360.4353 

A-3 2700.4287 2505.6411 D-2 2526.4658 2358.4334 

A-4 2810.5039 2536.3052 D-3 2547.0630 2363.0381 

B-1 2556.2280 2485.1797 D-4 2533.9922 2358.4309 

B-2 2552.3469 2513.0234 E-0 2529.4668 2372.7410 

B-3 2824.2834 2737.7847 E-1 2522.5034 2358.6165 

B-4 2748.3306 2664.0867 E-2 2534.1870 2379.6675 

B-5 2674.3772 2541.3757 E-3 2523.1824 2362.6348 

B-6 2672.3745 2539.3743 E-4 2525.8264 2376.9358 

C-0 2528.2383 2365.2253 E-5 2555.2542 2378.8745 

C-1 2556.6218 2374.9353 E-6 - - 

       

Summer sowing 

 

A-1 2260.6304 2377.1235 D-0 2149.7734 2063.8450 

A-2 2341.3625 2416.9036 D-1 2164.1499 2058.7402 

A-3 2293.6250 2383.3596 D-2 2162.1692 2056.7402 

A-4 2366.5483 2615.5342 D-3 2227.1389 2056.7451 

B-1 2197.5747 2206.2554 D-4 2162.4041 2056.7405 

B-2 2230.9741 2217.2283 E-0 2156.1641 2071.5806 

B-3 2419.6882 2461.5979 E-1 2150.9094 2063.3140 

B-4 2341.6628 2377.3650 E-2 2207.3269 2067.7124 

B-5 2295.6418 - E-3 2162.4202 2058.5413 

B-6 2298.1064 - E-4 2210.0369 2061.8950 

C-0 2145.7832 2059.8300 E-5 2243.9556 2063.6665 

C-1 2240.0706 2060.0156 E-6 - - 

 
 
 
Table 2, the AIC values of model C-0, D-1, E-1, E-3 and 
E-4 were relatively lower than other models in cross I 
under the spring sowing environment. Therefore, the 5 
models were chosen as the fitting models for cross I in 
spring sowing environment. Three tests for goodness-of-
fit, homogeneity test (U1

2
, U2

2
, U3

2
), Smirnov (nW

2
) and 

Kolmogorov test (Dn) were applied to determine the 
optimum models. Table 3 indicated that 5 statistics in 
model D-1, D-2 and E-3 reached a significant level, and 
the number of statistic parameters (0.05) in model E-4 
was 6. Model E-1 and C-0 passed all the tests of the 
significance. The AIC value of model E-1 was lower than 
model C-0, thus the model E-1 was determined as the 

most fitting genetic model for the LS of crossⅠ in spring 

sowing environment.  
In summer sowing environment, AIC value of model C-

0, D-0 and E-1 was lower than the rest in cross I. Model 
C-0 and D-0 passed the tests of goodness of fit as 
showed in Table 3. Finally, according to the rule of AIC 
value, the model C-0 was selected as the most fitting 
model for LS in cross I in the summer sowing 
environment. Similarly, the most fitting model of LS in 
cross II was model D-4 in spring sowing environment and 

model D-2 in summer sowing environment. 
 
 
Estimation of genetic parameters 
 
First-order genetic parameters were estimated by the 
formulas in the reference, Gai et al. (2003). Second-order 
genetic parameters were computed by the formulas as 
mentioned in the data analysis.  

Under spring sowing environment, LS of cross I was 
governed by model E-1. As Table 4 indicated, the additive 
effects da, db of the 2 pairs of major genes were equal to 
each other and both showed the positive effects. 
Between the 2 pairs of major genes, the dominant effects 
of one pair were much larger than the other one. In the 
major genes, the effect values of additive × additive (i), 
dominance × dominance (l) were large. Concerning all 
interactions between the two major genes, the cumulative 
effect of epistasis was positive. The heritabilities of major 
genes in B1, B2 and F2 generation were 61, 31 and 85%, 
respectively. Therefore, it had a high efficiency when 
positive major genes of LS were selected in F2 
generation. The heritabilities of polygenes in B1, B2 and
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Table 3. Tests for goodness-of-fit selected models for LS of 2 crosses in spring and summer sowing environment.  
 

Environment 

CrossⅠ Cross II 

Model AIC value 
Number of statistic 
parameters (0.05) 

Model AIC value 
Number of statistic 
parameters (0.05) 

Spring 
sowing 

C-0 2528.2383 0 D-2 2358.4334 0 

D-1 2528.4661 5 D-4 2358.4309 0 

D-2 2526.4658 5 E-1 2358.6165 0 

E-1 2522.5034 0    

E-3 2523.1824 5    

E-4 2525.8264 6    
       

Summer 

sowing 

C-0 2145.7832 0 D-2 2056.7402 1 

D-0 2149.7734 0 D-3 2056.7451 1 

E-1 2150.9094 2 D-4 2056.7405 1 

 
 
 
Table 4. Estimates of leaf spacing genetic parameters of cross I in spring and summer sowing environment. 

 

Environment Model 
1st-order 

parameters 
Estimate 

1st-order 
parameters 

Estimate 
2nd-order 

parameters 

Estimate 

B1 B2 F2 

Spring sowing E-1 

m 7.93 jab 1.25 h
2

pg(%) 19 48 3 

da 0.59 jba -0.35 h
2

mg(%) 61 31 85 

db 0.59 l -2.86 σ
2
(%) 20 20 12 

ha 1.96 [d] -0.36     

hb 1.68 [h] 4.65     

i 1.53       

          

Summer 
sowing 

C-0 

m 12.00 [i] 0.69 h
2

pg(%) 88 93 93 

[d] 0.17 [j] -1.09 σ
2
(%) 12 7 7 

[h] 3.32 [l] 0.83     
 

m is the population mean, d, h, i, j, l are the additive, dominance and additive-additive, additive-dominance and dominance-dominance epistasis 

effects of major genes, respectively, and [d], [h] [i], [j] and [l] are additive, dominance, additive-additive, additive-dominance and dominance-

dominance epistasis effects of polygeges, respectively. 

 
 
 

F2 generations varied from 3 to 48%. Thus, it could be 
seen that LS of cross I was mainly governed by major 
gene in spring sowing environment. 

In summer sowing environment, LS of cross I was 
governed by model C-0 (Table 4). The additive effect and 
dominance effect of polygenes were positive. The 
interaction effects of additive and additive, additive and 
dominance, dominance and dominance were 0.69, -1.09, 
and 0.83, respectively. Therefore, the cumulative effect of 
epistasis was positive in polygenes. The heritabilities in 3 
segregation generations were high, and varied from 88 to 
93%.   

D-4 model was the most fitting model for the LS of 
cross II in spring sowing (Table 5). The additive effects of 
1 pair of major genes as well as polygenes were positive. 
The LS of cross II was strongly affected by environmental 
factors. For example, the heritability of environment in B2 
generation was 50.55%, larger than the total of major 
genes and polygenes heritability.   

LS of Cross II in summer sowing environment was 
controlled by model D-2 (Table 5). The additive effect of 
one pair of major genes and polygene was positive. The 
heritabilities of B1, B2 and F2 were smaller than those of 
the environment from the Table 5. As a result, it should be 
noticed that the LS in cross was strongly influenced by 
the environment. The polygene heritability was high, and 
varied from 87.95 to 92.02%. It could be inferred that the 
LS of Cross II was controlled by polygenes, and mainly 
affected by environment and least affected by major gene 
in summer sowing environment.  
 
 
DISCUSSION  
 
As one major index of maize ideotype and the canopy 
structure of maize population, LS does not get as much 
attention as internode from crop researchers. Internode is 
the most important components of the maize stem,  which  
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Table 5. Estimates of leaf spacing genetic parameters of Cross II in spring and summer sowing environment. 
 

Environment Model 
1st-order 

parameters 
Estimate 

1st-order 
parameters 

Estimate 
2nd-order 

parameters 

Estimate 

B1 B2 F2 

Spring sowing D-4 

m 10.40 [d] 1.59 h
2

pg(%) 46.84 0.00 41.84 

d 0.64 [h] 5.30 h
2

mg(%) 2.61 57.92 33.47 

    σ
2
(%) 50.55 42.08 25.37 

          

Summer 
sowing 

D-2 

m 11.42 [d] 2.19 h
2

pg(%) 87.59 92.02 91.70 

d 0.31 [h] 3.62 h
2

mg(%) 2.13 2.66 3.10 

    σ
2
(%) 10.28 5.32 5.20 

 

m is the population mean, d is additive effect of major genes, and [d], [h] are additive, dominance effects of polygeges, respectively. 
 

 
 

has a big effect on plant height. Sometimes, it’s a little 
confused for researchers to distinguish LS from 
internode. LS refers to the distance between pulvini of 2 
adjacent leaves. Internode has been studied via 
molecular biology technology by many researchers (Colin 
et al., 2002; Xu et al., 2004; Sameri et al., 2009; Cui et 
al., 2011). Six QTLs for average internode length were 
identified by Tang et al. (2007). But researches on LS are 
few.  

In this paper, LS of 2 crosses was studied by the mixed 
major gene plus polygene genetic model under spring 
and summer sowing environments. The results showed 
that 2 pairs of major genes were detected in LS of Cross I 
in spring sowing environment. The optimum model was 
E-1 which had a big heritability of major genes (85%) in 
F2 generation. But LS in Cross I was governed by C-0 
model in summer sowing environment. There was 1 pair 
of major genes in LS of Cross II under both 
environments. Because of the great influence of 
environment on LS in Cross II, there were no big major 
genes heritabilities and polygenes heritabilities in spring 
sowing environment. In summer sowing environment, the 
polygenes heritabilities in Cross II were 87.59, 92.02 and 
91.70% in B1, B2, F2 generation, respectively. The models 
of Cross I in 2 environments were different because of 
major genes existing in one and absenting in the other. 
Taking the effect of environment into consideration, 
breeding methods should be varied with environments 
when maize plant architecture breeding is conducted by 
LS of Cross I.   

Only in the spring sowing environment did LS in Cross I 
exist a high heritability of major genes (85%) in F2 
generation. Therefore, positive major genes of LS from F2 
generation of Cross II should be accumulated by using 
single cross recombination, simple backcross in spring 
sowing environment. Although 1 pair of major genes was 
existing in LS of Cross II under summer environment, the 
heritability of major genes of LS in Cross II was so small 
that the LS in cross was mainly controlled by polygenes. 
It could be also seen that LS in Cross I was governed by 
the polygenes model in summer sowing environment. 
Thus, the polymerization backcross or recurrent selection 
was adopted to accumulate positive polygenes of LS in 2 

crosses in order to improve the efficiency of breeding in 
summer sowing environment.   

The limitation of this method is that the joint analysis of 
multiple generations can only prove the presence of 2 
pairs of major genes of quantitative characters. 
Notwithstanding its limitation, this study does provide 
some genetic information for the researchers when the 
LS is utilized to improve the maize plant architecture.  
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