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Abstract 1 

Genotypes affect the survival of mutant genes in segregating populations. 2 

This study elucidates the effect of different maize genetic backgrounds on 3 

sweet corn, sugary1 (su1) and sugary enhancer1 (se1), and supersweet corn, 4 

shrunken2 (sh2), viability. Four sweet corn inbred lines and a supersweet 5 

synthetic were crossed to six field corn inbreds from diverse heterotic 6 

groups. The crosses were self pollinated and the F2 population was 7 

recombined twice. Gene frequencies were calculated from grain frequencies. 8 

Variation of su1 frequency significantly differed from random drift and a 9 

significant linear reduction was observed for half of the 10 

su1su1Se1Se1Sh2Sh2 × Su1Su1Se1Se1Sh2Sh2 crosses. The su1 and sh2 11 

frequencies suffered a significant linear reduction for most 12 

su1su1se1se1Sh2Sh2 × Su1Su1Se1Se1Sh2Sh2 and Su1Su1Se1Se1sh2sh2 × 13 

Su1Su1Se1Se1Sh2Sh2 crosses, respectively. Besides, the residual sums of 14 

squares, due to deviations from the linear trend, were significant for some 15 

crosses due to frequency-dependent selection and genotypic interactions. 16 

Viability of su1 and sh2 depended on the specific sweet × field corn 17 

genotype combination but is not related to field corn heterotic groups, the 18 

se1 gene could have a detrimental effect on su1 viability. 19 

 20 
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Sweet corn (Zea mays L.) is a special type of maize used as vegetable and 1 

homozygous for one or more genes that increase sugar level in the 2 

endosperm (Revilla and Tracy 1995). Originally, sweet corn was 3 

homozygous for the allele sugary1 (su1) at the locus Sugary1, located in the 4 

short arm of chromosome 4 (Coe et al. 1988). During the last decades, 5 

several genes have been reported that alter the composition of the 6 

endosperm producing a sweet corn phenotype. Among these new sweet corn 7 

genes, shrunken2 (Laughman 1953) is particularly important due to 8 

widespread adoption (Tracy 1997). Another important sweet corn gene is 9 

sugary enhancer (se1) (Ferguson et al. 1978), which improves the flavor of 10 

su1su1. 11 

Breeders frequently introduce su1 or sh2 in Su1Su1 and Sh2Sh2 12 

inbred lines through crosses, in order to broaden the genetic base for 13 

breeding programs and to improve the agronomic performance of sweet and 14 

supersweet corn. Although that method is simple because deals with single 15 

recessive alleles, the final outcome is sometimes undesirable or unviable for 16 

sweet corn breeding because undesirable quality factors of field corn are 17 

easily incorporated into new sweet corn variety. The success of such 18 

introductions depends on the viability of su1 or sh2 in the genetic 19 

background where it is introduced. The allele su1 is stable and viable in 20 

sweet corn inbreds, while in some field corn genotypes is lethal or semi-21 
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lethal (Tracy 1994). Therefore, when su1 is introduced into some field corn 1 

inbred lines, it cannot be maintained except as heterozygous (Tracy 1994).  2 

Directional selection against su1 in a Su1 × su1 cross has been 3 

reported by Martins and Da Silva (1998). Revilla et al. (2000) studied the 4 

viability of su1 in crosses among Su1 and su1 populations and concluded 5 

that su1 was more viable in the cross between Corn Belt Dent Su1 maize 6 

and the su1 population Stowell’s Evergreen than in other combinations. 7 

The previous reports suggest that the viability of su1 depends on the 8 

sweet and field corn parents. Concerning viability of other sweet corn genes, 9 

particularly se1 and sh2, no data has been published so far. The objective of 10 

this study was to elucidate the effect of different maize genetic backgrounds 11 

on su1, se1, and sh2 viability. 12 

13 
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Materials and Methods 1 

 2 

Six Su1Su1Se1Se1Sh2Sh2 inbred lines of field corn (Zea mays L.), were 3 

crossed to three su1su1 Se1Se1Sh2Sh2 and one su1su1se1se1Sh2Sh2 sweet 4 

corn inbred lines, and one Su1Su1Se1Se1sh2sh2 supersweet corn synthetic 5 

(Table 1). The field corn inbreds belong to diverse heterotic groups, and the 6 

three su1su1Se1Se1Sh2Sh2 sweet corn inbreds, IL27a, I453, and P39, have 7 

been released from three populations that represent the variability of modern 8 

sweet corn in temperate areas (Revilla and Tracy 1995). 9 

The 30 sweet × field corn crosses were obtained in 1999 and the 10 

resulting hybrids were selfed in 2000 in order to generate segregating F2 11 

populations. The 30 F2 populations were recombined in 2002 to produce the 12 

F2syn1, which was recombined again in 2003 to produce the F2syn2. 13 

Recombinations were made by crossing at least 100 plants from the 14 

previous population, each plant being used either as male or female. Sweet 15 

corn grains were counted in 1000-kernel samples of the F2, F2syn1, and 16 

F2syn2 populations, and the su1 and sh2 frequencies were calculated as the 17 

square root of the frequency of the respective recessive homozygous 18 

(Falconer and Mackay 1996). 19 

A SAS program (SAS 2000) was developed to carry out Schaffer’s 20 

(Schaffer et al. 1977) analysis which tests the deviation from a model based 21 

on random drift. The base population (F2) gene frequency is p=q=0.5, 22 
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because it comes from the self pollination of a heterozygous hybrid. The 1 

model uses the transformed allele frequency data (2 sin
-1

 allele frequency
 ½

) 2 

expressed in radians.  3 

Firstly, the analysis checks if the changes of frequencies deviates 4 

from a model based on random drift alone (test 1). The variance-covariance 5 

matrix of the transformed sample gene frequencies is the symmetrical 6 

matrix W, defined as (Schaffer et al. 1977): 7 
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Where N1 and N2 are twofold the number of parents used to obtain the next 9 

generation F2syn1 and F2syn2, respectively. Therefore N1 ≈ N2 ≈ 200, and 10 

2000 is twice the number of individuals (1000) used to estimate the gene 11 

frequencies. 12 

The null hypothesis is that the observed allele frequency changes 13 

across successive populations can be explained solely by random drift. The 14 

vector Y of transformed observations follows a multivariate normal 15 

distribution with mean µl (being l a vector of ones) and variance-covariance 16 

matrix W, where µ is the transform of the base population gene frequency p 17 
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that can be estimated ( µ̂ ) by weighted least squares. The deviations of the 1 

observations from the constant mean are y = Y - µ̂ l, which expected mean 2 

equals zero. The weighted sums of squares of deviations have a central χ
2
 3 

distribution with one degree of freedom less than the number of generations 4 

evaluated.  5 

Secondly, a test to detect directional selection was performed by 6 

partitioning the sum of squares due to all departures from the model based 7 

on random genetic drift in two components, one of them with a central χ
2
 8 

distribution with one degree of freedom under the null hypothesis that 9 

accounts for any linear trend in the gene frequency, and the other 10 

component was the residual, with g – 2 degrees of freedom, being g the 11 

number of generations analysed (test 2). The model for analysis and 12 

detection of linear trends can be expressed as  13 

Y = X ( µ̂ γ)’ + ε 14 

Where µ is a constant term in the model and γ is the coefficient of linear 15 

change per generation, estimated as 16 

( µ̂ γ)’ = (X’W
-1

X)
-1

X’W
-1

Y 17 

Where X has two columns, the first is a column of ones and the second the 18 

generation numbers, and W is the variance – covariance matrix. 19 

The tabulated χ
2
 value (2 degrees of freedom, P≤ 0.01) critical to 20 

declare significant deviation from drift was 9.21 (test 1), and the critical χ
2
 21 
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value (1 degree of freedom, P≤ 0.01) to declare significant both the linear 1 

trend and the residual was 6.63 (test 2). 2 

3 
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Results 1 

 2 

The analysis of variation of the frequencies of sweet corn mutants showed 3 

that 20 (67%) of the 30 sweet × field corn crosses significantly deviated 4 

from random drift (test 1). Seventeen (57%) out of the 30 crosses had a 5 

significant linear trend (test 2), and 10 (33%) crosses a significant residual 6 

(Table 2). 7 

Variation of su1 frequency followed a linear trend for ten out of the 8 

18 su1su1Se1Se1Sh2Sh2 × Su1Su1Se1Se1Sh2Sh2 crosses (55%), and the 9 

residual term was significant for four crosses (22%). In four of the six 10 

su1su1se1se1Sh2Sh2 × Su1Su1Se1Se1Sh2Sh2 crosses (66%) su1 frequency 11 

followed a linear variation, and the residual was significant for three 12 

crosses. For sh2, three out of the six Su1Su1Se1Se1sh2sh2 × 13 

Su1Su1Se1Se1Sh2Sh2 crosses (50%) had a linear variation, and a significant 14 

residual. Seven out of the ten crosses with significant residual term showed 15 

a decrease of mutant frequency in F2syn1 followed by an increase in F2syn2. 16 

Six out of the 18 su1su1Se1Se1Sh2Sh2 × Su1Su1Se1Se1Sh2Sh2 17 

crosses did not result in significant variation of su1 frequency along 18 

generations, namely IL27a × EC18, IL27a × A632, I453 × EP42, I453 × 19 

A619, I453 × A661, and P39 × A632. The inbreds I453 and A632 were the 20 

sweet and field corn parents, respectively, with a reduced number of sweet × 21 

corn hybrids resulting in significant deviations from random drift for su1 22 
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frequency. Considering the effect of se1, the su1su1se1se1Sh2Sh2 × 1 

Su1Su1Se1Se1Sh2Sh2 cross IL677a × EP42 had a significant residual with 2 

the lowest frequency of su1 in F2syn1. When the inbred IL677a was crossed 3 

to any field corn inbred, a significant reduction of the frequency of su1 was 4 

observed along successive populations. Among the Su1Su1Se1Se1sh2sh2 × 5 

Su1Su1Se1Se1Sh2Sh2 crosses, the change in sh2 frequency either had a 6 

significant linear trend or a significant residual for any field corn × EPS18 7 

crosses.  8 

The coefficient γ was negative when the linear trend was significant. 9 

For su1, the coefficient γ was significant for half of the field corn inbreds 10 

when the sweet corn inbred was IL27a or I453, and for four field corn 11 

inbreds when the sweet corn inbred was P39 or IL677a. Concerning sh2, the 12 

coefficient γ was significant and negative for the three field corn inbreds 13 

EP1, EP42, and A661, showing a significant linear trend. 14 

15 
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Discussion 1 

 2 

These results confirm the general observation that the sweet corn alleles su1 3 

and sh2 are less viable than the wild type alleles Su1 and Sh2, respectively. 4 

Sweet corn mutants have been considered deleterious mutants when 5 

introduced in some field corn genotypes (Tracy 1994, 1997). According to 6 

theoretical expectations for deleterious mutants, the frequency of a 7 

deleterious mutant would decrease at higher rates when the frequency is 8 

high than when it is low (Falconer and Mackay 1996). Our data suggest that 9 

frequency-dependent selection has been going on for some sweet × field 10 

corn crosses, where the reduction of frequency was larger from F2 to F2syn1 11 

than from F2syn1 to F2syn2. Such behaviour is more important when IL677a 12 

or EPS18 where involved. However, the su1 and sh2 alleles cannot be 13 

considered deleterious mutants, since they are viable in homozygosis. The 14 

observed disagreements between theoretical expectations for deleterious 15 

mutants and our results for these genes could be explained by fluctuations of 16 

the frequency due to sampling, or by gene × genotype or genotype × 17 

environment interactions. 18 

The field corn parent with lowest viability for su1 was EP1, from 19 

northern Spain. The sweet corn parent that resulted in the lowest viability 20 

for su1 was the inbred IL677a. This inbred is a su1su1 se1se1 double 21 

mutant, where se1se1 affected viability of su1, although further research is 22 
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needed in order to establish a relationship between se1 and viability of su1. 1 

For any other sweet or field corn inbred, the viability of su1 depended on 2 

the sweet × field corn interaction. The sweet corn parent I453 gave rise to a 3 

higher viability of su1, when crossed to a Su1 genetic background. Three of 4 

the six field corn parents did not show a significant linear decrease on su1 5 

frequency in I453 crosses and the variations in su1 frequency can be 6 

explained solely by random drift. The field corn inbred A632 resulted in the 7 

highest viability of su1 when crossed to sweet corn inbreds, as variation in 8 

su1 frequency was not significant for two of the three hybrids involving 9 

A632. 10 

 In agreement with our results, directional selection against su1 has 11 

been reported by Matins and Da Silva (1998) and by Revilla et al. (2000). 12 

Besides, Revilla et al. (2000) found that viability of sugary1 depended on 13 

the sweet × field corn population combination, being highest for Corn Belt 14 

Dent × Stowell’s Evergreen. Our results partially agree, except for 15 

variability for su1 viability within genetic backgrounds. Hybrids involving 16 

the Corn Belt Dent inbreds A619, A632, and A661, included in this study 17 

differed for viability of su1 depending on the sweet corn inbred used. Three 18 

of the field corn inbreds were European flint type, namely EP1, EC18 and 19 

EP42. The best (A632 and EP42) and the worst (A661, A619 and EP1) field 20 

corn parents for viability of su1 are not distributed according to heterotic 21 
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patterns, suggesting that the heterotic group has no relationship with 1 

viability of su1. 2 

Reduced viability should be expected for su1 or sh2 when genotypes 3 

homozygous for se1 or sh2 are crossed to Se1 or Sh2 genotypes. The 4 

viability of su1 depends on specific sweet × field corn genotype 5 

interactions. Therefore, the sweet and field corn parents should be 6 

specifically chosen for conversions of Su1Su1 genotypes to su1su1. These 7 

results suggest that viability of sweet corn mutants is genetically regulated, 8 

and further research is needed in order to clarify the genetic mechanisms 9 

underlying mutant viability. 10 
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Table 1. Sweet corn genotypes
1
, homozygous for sugary1, sugary enhancer 1 

or shrunken2, crossed to field corn inbreds, homozygous for Su1, 2 

Se1 and Sh2. 3 

Genotype Pedigree Germplasm type (source
2
) 4 

su1su1Se1Se1Sh2Sh2 5 

IL27a Country Gentleman Country Gentleman (U. Minnesota) 6 

I453 (P39×I45)I45
2
 G. Bantam×S. Evergreen (idem) 7 

P39 Golden Bantam Golden Bantam (idem) 8 

su1su1se1 se1Sh2Sh2 9 

IL677a (Bolivia1035×IL44b)IL442a Bolivian se1(U Illinois) 10 

Su1Su1Se1Se1sh2sh2 11 

EPS18 Marvel + 710A sh2 hybrids (CSIC) 12 

Su1Su1Se1Se1Sh2Sh2 13 

European flint 14 

EP1 Lizárgarate Northern Spain (CSIC) 15 

EC18 Aranga Northern Spain (CIAM) 16 

EP42 Tomiño Northern Spain (CSIC) 17 

American dent  18 

A619 (A171×Oh43)Oh43 Lancaster (Univ. Minnesota) 19 

A632 Mt42×B14)B14
3
 Reid (idem) 20 

A661 AS-A U.S.A. synthetic (idem) 21 

1
 All genotypes are inbred lines except EPS18, which is a synthetic 22 
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2
 CSIC stands for the Spanish Council for Scientific Research, CIAM for the 1 

Center of Agronomic Research of Mabegondo (Xunta de Galicia, Spain) 2 

3 



 18

Table 2. Gene frequencies of sugary1 and shrunken2 in the F2syn1 and 1 

F2syn2 populations from crosses Su1Su1Se1Se1Sh2Sh2 × 2 

su1su1Se1Se1Sh2Sh2, Su1Su1Se1Se1Sh2Sh2 × su1su1se1se1Sh2Sh2, and 3 

Su1Su1 Se1Se1Sh2Sh2 × Su1Su1 Se1Se1sh2sh2, respectively. The sum of 4 

squares for deviations from random drift (deviations) is partitioned into 5 

directional selection (linear) and residual. γ is the coefficient of linear 6 

change per generation. 7 

Sweet corn Field corn inbred Su1Su1Sh2Sh2 8 

genotype Generation EP1 EC18 EP42 A619 A632 A661 9 

su1su1Se1Se1Sh2Sh2 Frequency of sugary1 10 

 IL27a F2syn10.33 0.45 0.40 0.34 0.50 0.38 11 

 F2syn20.39 0.40 0.36 0.32 0.47 0.28 12 

 Deviation 20.92 * 4.60 9.17 14.48 * 0.86 22.39 * 13 

 Lineal 2.09  4.60 8.02 * 8.68 * 0.53 22.32 * 14 

 Residual 18.84 * 0.00 1.15 5.80 0.33 0.07 15 

 γ -0.07 -0.10 -0.14 * -0.16 * -0.03 -0.23 * 16 

 I453 F2syn10.33 0.43 0.45 0.48 0.41 0.47 17 

 F2syn20.30 0.37 0.48 0.41 0.36 0.49 18 

 Deviation 21.98 * 8.46 2.49 5.24 9.84 * 0.98 19 

 Lineal 15.10 * 8.43 * 0.10 4.26 9.24 *  0.02 20 

 Residual 6.88 *  0.03 2.39 0.98 0.60 0.93 21 

 γ -0.18 *   -0.13 * -0.01 -0.10 -0.14 * -0.01 22 
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 P39 F2syn10.38 0.44 0.40 0.51 0.43 0.45 1 

 F2syn20.31 0.37 0.46 0.32 0.42 0.29 2 

 Deviation 16.81 * 8.66 9.53 * 36.86 * 4.50 26.14 * 3 

 Lineal 16.00 * 8.61 * 0.30 20.41 * 3.07 21.72 * 4 

 Residual 0.81 0.05 9.23 * 16.45 * 1.43 4.42 5 

 γ -0.19 * -0.13 * -0.03 -0.20 * -0.08 -0.23 * 6 

su1su1se1se1Sh2Sh2 7 

 IL677a F2syn10.34 0.44 0.30 0.35 0.39 0.36 8 

 F2syn20.37 0.25 0.35 0.29 0.34 0.24 9 

 Deviation 17.68 * 40.89 * 28.58 * 20.86 * 13.50 * 31.16 * 10 

 Lineal 4.83 33.80 * 5.15 18.13 * 12.15 * 31.12 * 11 

 Residual 12.85 * 7.09 * 23.43 * 2.73 1.35 0.04 12 

 γ -0.11 -0.28 * -0.11 -0.20 * -0.16 * -0.27 * 13 

Su1Su1sh2sh2 Frequency of shrunken2 14 

 EPS18 F2syn10.35 0.31 0.43 0.41 0.15 0.39 15 

 F2syn20.26 0.41 0.37 0.54 0.26 0.31 16 

 Deviation 30.66 * 30.15 * 6.77  19.74 * 96.93 * 17.81 * 17 

 Lineal 29.54 * 0.77 6.74 * 3.90  5.87 17.54 * 18 

 Residual 1.12 29.38 * 0.03 15.84 * 91.06 * 0.27 19 

 γ -0.25 * -0.04 -0.13 * 0.10 -0.12 -0.19 * 20 

*, ** Significant at P = 0.05 and 0.01, respectively. 21 


