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Abstract 14 

Sweet corn was originally due to the recessive allele sugary1 (su1). Sweet corn breeders 15 

frequently use field corn genotypes for broadening the narrow genetic base of sweet corn but they have to 16 

deal with the reduced viability of su1 plants within some field corn genetic backgrounds. Emergence and 17 

seedling vigor are the most critical traits affecting the viability of su1 plants. In two populations of RILs 18 

involving sweet corn inbred lines developed from B73×P39 and B73×IL14h, a net natural selection was 19 

revealed acting against the su1 allele. In the field, 27 QTLs were detected for the RILs released from 20 

B73P39 and 24 QTLs for those from B73IL14h, while different numbers of QTLs were detected in 21 

growth chamber trials, depending on the seed origin and evaluation conditions that were not consistent 22 

across genotypes or environments. The viability of su1 is under genetic and environmental controls with 23 

significant additive effects that are probably due to multiple genes with minor contribution. There are 24 

specific genes involved in the mutant viability and these genes depend not only on the mutant and the 25 

environment but also on the genetic background into which the mutant is introduced. Some of the QTLs 26 

identified in this study explained large proportions of variance and could be used by sweet corn breeders 27 

in breeding new genotypes from field × sweet corn crosses. These results suggest that there are specific 28 

mechanisms regulating the viability of the mutant by compensating for the deleterious effect of the 29 

defective mutant. 30 
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Introduction 34 

 35 

Sweet corn was originally due to the recessive allele su1, a recurrent mutation, located on chromosome 4 36 

(Tracy 1994; Tracy et al. 2006). Homozygous su1 increases levels of water soluble polysaccharides 37 

(WSP) and decreases starch levels that give su1 endosperm the smooth texture and creaminess 38 

characteristic of traditional sweet corn varieties (James et al. 2003; Schultz and Juvik 2004).  39 

Morphological and molecular variability in sweet corn is small compared to field corn (Revilla 40 

and Tracy 1995a, b). The genetic base of sweet corn used presently in breeding programs is relatively 41 

narrow (Haber 1954; Tracy 1990), and genetically related inbreds are often crossed to meet strict 42 

requirements of market quality and appearance (Tracy 1994). Three open pollinated cultivars: “Golden 43 

Bantam”, “Stowell´s Evergreen”, and “Country Gentleman” form the initial basis for modern sweet corn 44 

inbreds (Tracy 1993, 1994).  45 

Using field corn to broaden the genetic base for breeding programs and to improve the 46 

agronomic performance of sweet corn can be disappointing because some undesirable genetic factors of 47 

field corn, including poor germination, may be incorporated into new sweet corn inbreds (Tracy 1990; 48 

Revilla et al. 2000a, 2006, 2010). The success of such introductions depends on the viability of 49 

homozygous su1su1 kernels in the wild type genetic background into which it was introduced (Revilla et 50 

al. 2006).  51 

Revilla et al. (2000a) studied su1 viability in crosses between Su1Su1 and su1su1 populations 52 

and found that su1 frequency was reduced across recombinations in all crosses. The authors also found 53 

that the viability of the su1 allele depends on the Su1Su1 genetic background into which the allele was 54 

inserted and identified the most favorable genetic background for the su1 allele. Revilla et al. (2000a, 55 

2006, 2010) and Ordás et al. (2010) also reported that the viability of the su1 and sh2 mutants depend on 56 

specific sweet × field corn genotype interaction, with genetic background playing a major role in the 57 

viability of those mutants.  58 

When su1 is segregating in a maize breeding population, the selection against the mutant acts 59 

first through viability (Ordás et al. 2010), and then through fertility (mating ability and kernel formation) 60 

(Cisneros-Lopez et al. 2010; Zhang et al. 2011). Germination is the first limiting factor of viability and 61 

the next important factor is early vigor (Martins & Da Silva 1998; Revilla et al. 2000a; Gad & Juvik 62 

2002; Juvik et al. 2003; Revilla et al. 2006; Viesselmann et al. 2014). Tracy (2001) also reported that 63 
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these two characters are affected by genetic factors in sweet corn, both at planting and during kernel 64 

production.  65 

The limiting factors for those regions are seedling emergence and early vigor that are normally 66 

low for sweet corn particularly at cool temperatures (Hotchkiss et al. 1997; Revilla et al. 2003). Although, 67 

traits at early developmental stages, as early vigor, are the most important for su1 survival, other traits, as 68 

kernel yield, kernel moisture, plants height, ear length, and kernel row number, can also play a role in the 69 

survival of the mutant (Revilla et al. 2000c). Djemel et al. (2014) quantified the limiting factors affecting 70 

su1 viability and concluded that the importance of the effects affecting sugary1 fitness varied for each 71 

trait, depending on genotype, environment, and their interaction. The main critical factor for su1 fitness 72 

was early vigor, followed by emergence under cold conditions at the initial stages, while several adult 73 

traits were related with final fitness, particularly number of plants that produced grain. 74 

The viability of kernels homozygous for su1 is not solely a function of the allele, but it is also 75 

controlled by other genes (Djemel et al. 2013). The fitness of su1 is under genetic control probably due to 76 

multiple genes with minor contributions (Djemel et al. 2012). The interaction of genetic background with 77 

alleles could have evolutionary implications by increasing or decreasing the probability of mutant 78 

fixation.  79 

In order to understand the molecular basis of phenotypic variation in maize, McMullen et al. 80 

(2009) crossed 25 diverse inbred lines with the reference inbred line B73 and obtained recombinant 81 

inbred lines (RIL) populations to create the Nested Association Mapping (NAM) population. Two of the 82 

25 inbreds were su1 and for the RILs released from both sweet corn lines (IL14h and P39) there was a 83 

significant segregation distortion against the su1 mutant. Djemel et al. (2013) analyzed the two 84 

populations at the molecular level and found some indirect evidence of multiple regions having epistatic 85 

effects of minor size with the su1 gene. The combined analyses of phenotypic and molecular data would 86 

shed new light on the subject. 87 

The currently available information on the different genetic and agronomic variables that control 88 

the dynamics of the su1 mutation remains limited and genes involved in su1 viability have not been 89 

identified. The mutant su1 has a negative effect on vegetative development, particularly under cold 90 

conditions. Nevertheless, there is genetic variation for agronomic performance and cold tolerance among 91 

sweet corn genotypes and selection for adaptation to cold humid conditions has been effective. In this 92 
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work, we identify genes involved in su1 fitness over the plant growth cycle, particularly under cold 93 

conditions, and identify QTL potentially associated with the regulation of su1 viability genes. 94 

  95 
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Materials and methods 96 

 97 

Plant materials 98 

The material consists of RILs released from B73×P39 and B73×IL14h. B73 is a Stiff Stalk 99 

inbred line homozygous for the wild type (Su1Su1), while P39 (released from Golden Bantam) and Il14h 100 

(released from Stowell’s Evergreen) are homozygous for su1. We used the molecular characterization 101 

data with SNPs published in the Maize Diversity Project (www.panzea.org) for an analysis of QTLs 102 

associated with sugary1 viability in these two populations. The 179 RIL from B73×P39 and 213 from 103 

B73×IL14h were multiplied in the University of Wisconsin (USA) in 2011, and in 2012 in Pontevedra 104 

(Spain) in order to have two seed origins that allow the estimation of environmental effects in the 105 

identification of QTLs. 106 

  107 

Molecular characterization 108 

The NAM genetic map consists of 1478 SNPs, with an average marker density of one marker 109 

every 1.3 centiMorgans (cM) (McMullen et al. 2009). As the Su1 locus was not mapped in the NAM, the 110 

B73 reference genome v2 (www.maize sequence.org; verified 9 March 2012) was used to estimate the 111 

exact coordinates of this locus and the position on NAM genetic map. The Su1 locus is estimated between 112 

the positions 53.7 cM and 55.2 cM on the chromosome 4 and flanked by the markers PZA01751.2 and 113 

PZA00445.22. Inbreds were classified as Su1 or su1 based on the observed phenotype, i.e. the su1 kernels 114 

are shriveled and crystalline while the Su1 have the normal starchy appearance. 115 

 116 

Growth conditions 117 

The 392 RILs were multiplied and characterized in the field. During the growth period of these 118 

RILs in the field, the following data related to the viability of the mutant and wild type plants were 119 

collected: seedling emergence (% of plants germinated over seeds sown), early vigor (using a visual scale 120 

from 1=small plants with light color to 9= large plants with dark color at the end of the heterotrophic 121 

stage), chlorophyll content [relative leaf chlorophyll content measured by using a hand-held Chlorophyll 122 

Content Meter, CCM-200 (Opti-Sciences, Tyngsboro, Massachusetts, USA)], quantum efficiency of 123 

photosystem II (ΦPSII) [the parameters (F0, Fm, F0/Fm, Fv= Fm- F0, and Fv/ Fm) associated with the 124 

quantum efficiency of photosystem II (ΦPSII) were determined on dark-adapted leaves using a hand 125 
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fluorometer (Opti- Science, Inc., USA)], male and female flowering (days from sowing to half of the 126 

plants at anthesis or showing silks, respectively), plant and ear height (cm from the soil to the top of the 127 

tassel or to the uppermost ear node, respectively), ear length (cm from the bottom to the top of the ear), 128 

number of kernel rows per ear, number of leaves, plant appearance (using a visual scale from 1=small 129 

plants with light color to 9= large plants with dark color at the end of flowering), plant color (using a 130 

visual scale from 1=light color to 9=dark color at the end of flowering), common rust (using a visual scale 131 

from 1=no infection to 9=general infection by Puccinia sorghi under natural inoculation at the end of 132 

flowering)and 100 kernels weight (g of 100 dry kernels). 133 

All genotypes were evaluated under cold and control conditions in a growth chamber (40 m³) 134 

equipped with VHO (very high-output) fluorescent lamps with a photosynthetic photon flux (PPF) of 228 135 

µmol m-2s-1 and the distance between the shelf and the lamps was 0.5 m. For each trial the (RILs + 136 

parental lines + hybrids) were evaluated following a Randomized Complete Block Design with 6 137 

repetitions and one kernel per repetition. Entries were evaluated in plastic multi-cell seed trays (each seed 138 

tray consists of 104 alveoli of 8 × 13 mm). 139 

Maize kernels were planted in seedbeds filled with sterilized peat (Gramoflor GmbH & Co.KG, 140 

Vechta, Germany) with one kernel per cell. Each kernel was sown in a cell with a surface of 3 × 2.5 cm 141 

and 5 cm depth; therefore, average distances were 3 cm between seedlings within a column and 2.5 cm 142 

between seedlings within a row. Experiments were watered after planting and afterwards trials were 143 

watered two times per week.  144 

This evaluation system is the most suitable when a large number of genotypes are used because 145 

reduce experimental units and thereby control environmental variation associated with stress evaluations. 146 

We tested two different origins of kernels (Wisconsin and Pontevedra) evaluated also in separate trials. 147 

Therefore, four consecutive runs were made for each combination of origin and growing condition (2 148 

origins × 2 growth conditions). The RILs were evaluated in cold conditions (14 °C / 14 h with light and 149 

10 °C /10 h without light) and in control conditions (20 °C / 14 h with light and 15 °C / 10 h without 150 

light). 151 

Growth chamber data were recorded for emergence, early vigor, chlorophyll content, and 152 

fluorescent parameters, following the same methods previously described for the field characterization, 153 

except that fluorescence was measured in the dark. We also recorded days to emergence (days from 154 

sowing to germination of each plant), days to second leaf (days from sowing to the development of the 155 
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ligule in the second leaf of each plant), emergence rate [100×ΣGt/Dt where Gt is the number of 156 

germinated plants in day t and Dt is the number of days from sowing to day t (for the total of 6 157 

replicates)], stand (% of surviving plants at the end of the trial from the germinated plants) and dry weight 158 

of juvenile plants (g of each plant dried at 80 °C during 1 week). In all experiments, fitness data of all 159 

plants were recorded the same day (when most of the plants were at the three-leaf stage), except for days 160 

to emergence and to formation of the second leaf that were recorded as each plant reached the 161 

corresponding stage. The evaluation of a second origin of kernels will be useful for estimating the 162 

stability of the QTL across kernels origin, which is a critical factor in controlled evaluations of kernel 163 

emergence and early development. 164 

 165 

Statistical analysis 166 

Individual analysis of variance (ANOVA) of each phenotypic trial recorded in the growth 167 

chamber under cold and control conditions was performed using Proc Mixed procedure of SAS, version 168 

9.1 (SAS Institute 2009). Repetitions and genotypes were considered random effects. The mean of the 169 

RILs were estimated by best linear unbiased predictor (BLUP). Variance components were estimated by 170 

restricted maximum likelihood (REML). The heritability was calculated as H = ½ genetic variance / (½ 171 

genetic variance + (error variance/6)). Being 6 = number of replications. 172 

 173 

QTL analysis 174 

QTL analysis was performed with PLABQTL software (Utz and Melchinger 2003) separately 175 

for each RIL population and for data recorded in the field and for data recorded in the growth chamber, 176 

and within this, for the experiment under cold conditions and for the experiment under control conditions. 177 

A different QTL analysis was performed for each seed origin. A linkage map with a set of 1478 markers 178 

was used. A likelihood odds (LOD) threshold was chosen for declaring the putative QTL significant that 179 

ensures an experiment wise error rate of P < 0.30. The LOD score threshold was obtained by the 180 

permutation test method with 1000 permutations (Churchill and Doerge 1994). The proportion of 181 

phenotypic variance explained by all QTLs was determined by the adjusted coefficient of determination 182 

of regression (R2 adj), fitting a model including all detected QTLs.  183 

  184 
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Results 185 

Phenotypic data 186 

As expected, cold temperatures had a negative effect on most of the analyzed traits, for example, 187 

increment of days to emergence and F0 and decrease of dry weight and Fv/Fm (Table 1, 2 and 3). 188 

However, the chlorophyll content decreased under cold conditions in P39, but not in B73 and IL14h.  189 

Under cold conditions, the hybrids performed better than the inbreds, while the average value of 190 

the RILs was between the value of the two parental inbreds for most of the traits. However the average 191 

value of the RILs for days to emergence was lower than the value of the parental lines, suggesting a 192 

complex mode of inheritance. The two sugary inbreds had different levels of tolerance compared to B73. 193 

Thus, emergence, dry weight and some photosynthetic parameters as F0 or Fv/Fm of IL14h were not 194 

affected or only slightly affected by the decrease of temperature. On the other hand, several traits were 195 

affected by temperature in B73 and P39, including days to emergence, dry weight, F0, etc. 196 

In the analysis of variance of the RIL populations derived from B73×P39 and B73×IL14h for 197 

both origins of kernels (Wisconsin and Pontevedra) under both cold and control conditions, the 198 

differences among genotypes were highly significant (P<0.001) for all traits (data not shown). In both 199 

RILs the heritability under control conditions was higher than the heritability under cold conditions for 200 

chlorophyll content and for the photosynthetic parameters, although for days to emergence and dry weight 201 

the heritability was similar in both conditions (Table 2 and 3). The lower heritability under cold 202 

conditions was mainly due to an increase in the residual error at the lower temperature. The difference 203 

between genetic variance at cold and optimum temperatures depended on the particular traits and cross 204 

(B73×IL14h or B73×P39). In the RIL population B73×IL14h, the heritability under cold and control 205 

conditions was generally lower than the heritability of the other population B73×P39 due to a lower 206 

genetic variance in most of the traits and higher residual variance in some of the traits. 207 

Most of the photosynthetic parameters had a high heritability (about 0.90) under control 208 

conditions in B73×P39. In this population, some of the photosynthetic parameters maintained a high 209 

heritability under cold conditions, particularly Fv/Fm. In contrast the heritability of Fv/Fm in B73×IL14h 210 

was only moderate at both temperatures. The high heritability found only in B73×P39 could be due to a 211 

QTL of large effect for Fv/Fm segregating in the population. 212 

 213 

Quantitative trait loci in the field 214 
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Several QTLs were detected in both RIL populations (B73×P39 and B73×IL14h) for all traits 215 

related to the viability of the mutant in the field. The QTL analysis for the RILs from B73P39 showed 216 

27 QTLs (Table 4), while there were 24 QTLs for the RILs from B73IL14h (Table 5). The QTLs were 217 

distributed on all chromosomes, except chromosome 10 for both RIL populations. The congruence of the 218 

QTLs detected in the field and in the chamber was low. Some QTLs were located in similar regions in the 219 

chamber and in the field, but the population where the QTL was identified or the parent that provided the 220 

favorable allele was different in the two experiments. Early vigor and related traits are complex traits 221 

which depend on the population, environment and developmental stage.  222 

 223 

Quantitative trait loci in the growth chamber 224 

QTLs associated with emergence and early growth-related traits were identified in all 225 

chromosomes in the two RIL populations (B73P39 and B73IL14h) grown under cold and control 226 

conditions. Between 13 and 24 QTLs were detected for each combination of seed origin, population and 227 

chamber condition, except for the combination of Wisconsin origin and the B73IL14h population in 228 

which more than 40 QTLs were detected both in cold and control conditions. The number of QTLs was 229 

similar under cold than under control conditions. In several of the combinations of seed origin, 230 

populations and chamber conditions QTLs that explained up to 30-40 % of the phenotype variance were 231 

detected. In B73P39, the favorable alleles of the QTLs were more often provided by the mutant parent 232 

(P39) than by the wild type parent (B73), particularly under control conditions. However, for B73IL14h 233 

both parents (mutant and wild) provided favorable alleles to a similar proportion of QTLs.  234 

Eight QTLs were consistently mapped in the same region with the two origins of seed (Table 6). 235 

The sign of the additive effect was the same for the two origins of seed for all QTLs, while the magnitude 236 

of the additive effect was also similar for the two origins of seed in most of the QTLs. Our discussion will 237 

focus on the 8 QTLs because they were the most consistent. The total number of traits associated with 238 

each QTL varied from 3 to 10, except for QTL in bin 4.07 in which 20 traits were associated with the 239 

QTL. The favorable allele is usually provided by the same parent for the different traits associated with 240 

the same QTL. QTL in bin 3.09, bin 5.03 and bin 6.07 were mainly associated with photosynthetic 241 

parameters, while QTL in bin 1.08 and bin 3.06 to emergence related traits. QTL in bin 4.07 was 242 

associated with 3 different types of traits (vigor, chlorophyll and photosynthesis). QTL in bin 1.08 and 243 

bin 3.09 were exclusively detected in control conditions, QTL in bin 2.08 and 5.03 in cold conditions and 244 
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QTL in bin 3.06, bin 4.05, bin 4.07 and bin 6.07 in both conditions. QTL in bin 2.08, bin 4.05 and bin 245 

4.07 were only detected in B73×P39, while QTL in bin 3.06, bin 3.09, bin 5.03 and bin 6.07 were specific 246 

to B73×IL14h.  247 

It seems that there are some regions in which there is a concentration of genes related to traits 248 

associated with early development and photosynthesis, particularly, bin 1.08 (130-140 cM) of 249 

chromosome 1, bin 2.08 (136-139 cM) of chromosome 2, bin 3.06 (70-80 cM) of chromosome 3, bin 5.03 250 

(65-69 cM) of chromosome 5 and the terminal region of chromosome 6. The QTL at bin 1.08 was 251 

detected only under optimum conditions. This QTL associated with different early development traits 252 

(emergence, early dry weight, Fv/Fm, etc) could affect traits related to early development, as leaf growth 253 

or photosynthetic performance, but independent of the temperature. QTLs in bin 5.03 and bin 6.07 were 254 

mainly involved in photosynthetic parameters and the favorable allele, for both QTLs, was provided by 255 

IL14h. The QTL at bin 6.07 was detected both in cold and control conditions and the same allele 256 

decreased F0 and increased Fv/Fm. On the contrary, the QTL in bin 5.03 was only detected under cold 257 

conditions.  258 

The sweet corn inbred IL14h had better cold tolerance than the field corn inbred B73 in spite of 259 

the sugary1 allele which is expected to have a detrimental effect on early traits under cold conditions. We 260 

detected two QTLs in bin 5.03 and bin 6.07 that probably contribute to a better establishment of IL14h 261 

sweet corn inbred. QTL in bin 4.05 has a large effect on emergence and dry weight and the favorable 262 

allele is provided by the field corn inbred. We found a QTL in bin 4.07 close to the previous QTL with a 263 

large effect in multiple traits in which the favorable allele was provided by the sweet corn inbred. 264 

 265 

  266 
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Discussion 267 

 268 

The negative effect of cold conditions was heterogeneous among traits and genotypes, particularly for 269 

chlorophyll content that decreased under cold conditions in P39, but not in B73 and IL14h. On the 270 

contrary, Fracheboud et al. (1999) analyzed two cold tolerant and two cold sensitive maize lines and 271 

found that chlorophyll content in all lines decreased at low temperatures. Strigens et al. (2013) also found 272 

that the average chlorophyll content of a panel of 375 maize lines decreased at low temperatures, 273 

although, in their experiment, there were large differences in chlorophyll content at low temperature. 274 

The better performance of hybrids compared to inbreds agree with previous reports showing that 275 

the genetic regulation of cold tolerance involves additive and dominance effects (Revilla et al. 2000b; 276 

Djemel et al. 2015). According to Dejemel et al. (2015), there were also epistatic effects, and the 277 

magnitude and significance of the estimates for additive  additive and additive  dominance epistatic 278 

effects were strongly affected by environments and genes (Su1 vs. su1). Furthermore, the introgression of 279 

su1 increased the importance of epistatic effects compared to the wild type. However the average value of 280 

the RILs for days to emergence was lower than the value of the parental lines, suggesting a complex 281 

mode of inheritance. Also, the genotypes homozygous for the sugary1 allele usually have reduced 282 

emergence and early vigor, particularly under cold conditions as previously shown (Revilla et al. 1998). 283 

Sweet corn inbreds also differed for cold tolerance, according to other authors who found that the effect 284 

of sugary depends on the specific genetic background (Revilla et al. 2010; Ordás et al. 2010).  285 

The difference between genetic variance and heritability at cold and optimum temperatures 286 

depended on the particular traits and genotype. Our results are different from Stringens et al. (2013) who 287 

found consistently higher heritability under cold conditions for most of the traits.  288 

In the field, several QTLs were detected in both RIL populations distributed on almost all 289 

chromosomes. The congruence of the QTLs detected in the field and in the chamber was low probably 290 

due to the stronger effect of decreasing the maximum photosynthetic efficiency on photosynthetic activity 291 

at the lower light intensity in the chamber (Jompuk et al. 2005). Stringens et al. (2013) attribute the low 292 

correlation between photosynthetic parameters measured in chamber and field to the fluctuating climatic 293 

conditions in the field in which the importance of alleles increasing chilling tolerance would be limited to 294 

periods with effective chilling temperatures.  295 

In the growth chamber, QTLs associated with cold tolerance were identified in all chromosomes 296 
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in the two RIL populations under cold and control conditions for each combination of seed origin, 297 

population and chamber condition. Some of the QTLs explained a large proportion of variance. The 298 

favorable allele was provided often by the sweet corn parent P39 or by the wild type parent B73. Some 299 

QTLs were consistent across seed origins but most were not. The sign of the additive effect was 300 

consistent across seed origins and the magnitude was similar. Most QTLs were associated to a variable 301 

number of traits from three to ten. These results support previous reports showing that genes involved in 302 

su1 viability depended on the genotype  environment and the donor  recipient interactions (Ordás et al. 303 

2010; Revilla et al. 2000a, 2006, 2010). 304 

The location of QTLs at bins 1.08 (140 cM), 2.08 (137 cM) and 3.06 (80 cM) detected in our 305 

experiment were close to the location of QTLs for cold tolerance detected by Frachebout et al. (2002) 306 

who use lines of different genetic origin than ours. QTLs related to early development located close to 307 

those on chromosomes 2 and 3 were also found in a mapping population developed from European Flint 308 

lines (Fracheboud et al., 2004). Fracheboud et al. (2004) also detected a QTL of large effect on the 309 

terminal region the long arm of chromosome 6 where we located a QTL in bin 6.07, although there is an 310 

appreciable distance between the two QTLs. Strigens et al. (2013) identified three QTLs under chilling 311 

temperatures by association mapping using 375 lines of European and North American origin. Two of the 312 

three QTLs are located in the same bin as the QTLs located in our study: bin 1.08 and bin 5.03. 313 

Therefore, all QTLs detected in our experiment were close to QTL detected in experiments using non 314 

sweet corn germplasm, except the QTLs on chromosome 4 and one of chromosome 3.  315 

Some genomic regions have a concentration of genes related to traits associated with early 316 

development and photosynthesis. Among them, the QTL at bin 1.08 was detected only under optimum 317 

conditions in our experiment, only under chilling conditions in Strigens et al. (2013) and in both 318 

conditions in Fracheboud et al. (2002). In confirmation with the QTL detected by Fracheboud et al. 319 

(2004) in the long arm of chromosome 6, our QTL at bin 6.07 was detected both in cold and control 320 

conditions and the same allele decreased F0 and increased Fv/Fm. On the contrary, the QTL in bin 5.03 321 

was only detected under cold conditions in agreement to the QTL detected by Stringens et al. (2013) in 322 

the same region and was related to Fv/Fm but not to F0. Therefore, the two QTLs seem to be related to 323 

different characteristics of the photosynthetic apparatus: the QTL in bin 6.07 is probably involved with 324 

constitutive expression of some traits, while the QTL in bin 5.03 could be more specific of cold tolerance.  325 

The sweet corn inbred IL14h had better cold tolerance than the field corn inbred B73 in spite of 326 
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the sugary1 allele which is expected to have a detrimental effect on early traits under cold conditions. The 327 

effect of the sugary1 allele depends on the genetic background were the gene is inserted (Djemel et al. 328 

2013). The adaptation to cold of sweet corn germplasm has been greatly improved allowing the 329 

cultivation of sweet corn in areas with colder springs which suggests that alleles with favorable effect on 330 

cold tolerance have been selected in modern sweet corn lines (Ordás et al. 1994). We detected two QTLs 331 

in bin 5.03 and bin 6.07 that probably contribute to a better establishment of IL14h sweet corn inbred. 332 

QTL in bin 4.05 corresponds to the sugary1 gene and affects emergence and dry weight. We found a QTL 333 

in bin 4.07 close to the previous QTL with a large effect in multiple traits in which the favorable allele 334 

was provided by the sweet corn inbred. This QTL could compensate for the deleterious effect of the 335 

sugary1 gene and contribute to the performance of P39 under cold conditions. We believe that these 336 

results indicate that there are specific mechanisms regulating the viability of the mutant by compensating 337 

for the deleterious effect of the defective mutant with robust alternative allele combinations. 338 
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Table 1. Average value of the parental lines (B73, P39, IL14h), the hybrids B73xIL14h and B73xP39 for different traits related to early 
development evaluated in a chamber under cold and optimum conditions. 

 

Trait 
Condition B73 P39 B73xP39 B73 IL14h B73xIL14h 

Days to emergence 

(days) 

Cold 9.33 8.33 8.33 10.33 8.67 8.33 

Control 5.40 6.33 5.83 6.40 7.57 6.30 

Dry weight (g) 

Cold 0.12 0.06 0.20 8.40 5.70 5.80 

Control 0.14 0.08 0.26 5.79 4.79 6.31 

Chlorophyll (CCM) 

Cold 6.05 2.95 11.37 3.00 5.00 5.17 

Control 4.74 7.35 8.25 - - - 

Vigor (1-9)a 

Cold 3.00 3.33 4.67 0.07 0.11 0.21 

Control - - - 0.10 0.09 0.14 

Days to the 2nd leaf 

(days) 

Cold 26.00 28.00 27.00 29.00 25.00 22.20 

Control 19.60 21.67 20.50 23.05 23.91 22.97 

F0 

Cold 166.17 129.77 96.24 199.04 112.29 92.32 

Control 57.64 49.90 62.23 78.68 70.58 69.14 

Fm 

Cold 345.50 326.33 288.50 342.00 251.00 255.00 

Control 172.00 184.83 186.00 263.39 234.77 254.83 
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Fv/Fm 

Cold 0.52 0.61 0.67 0.42 0.57 0.68 

Control 0.49 0.71 0.61 0.69 0.67 0.72 

Fv 

Cold 179.33 196.57 192.26 142.96 138.71 162.68 

Control 114.36 194.94 123.77 183.28 159.80 182.54 

Fm/F0 

Cold 2.08 2.62 3.13 1.72 2.59 3.30 

Control 2.82 3.83 2.94 3.41 3.28 3.68 

a 1=small plants with light color to 9= large plants with dark color at the end of the heterotrophic stage
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Table 2. Minimum, maximum and average value and heritability of the RILs developed from B73xP39 for different traits related to 

early development evaluated in a chamber under cold and optimum conditions for both seed origins (Wisconsin and Pontevedra). 

 Origin seeds of Wisconsin Origin seeds of Pontevedra 

Trait Condition 
Min. 

value 

Max. 

value 

Average 

value 
Heritability 

Min. 

value 

Max. 

value 

Average 

value 
Heritability 

Days to emergence 

(CCM) 

Cold 6.69 9.25 7.45 0.35 0 12.50 9.49 0.54 

Control 5.47 7.57 6.17 0.39 4.83 7.86 5.64 0.55 

Chlorophyll 

(CCM) 

Cold 1.58 7.83 3.73 0.64 0 11.00 3.96 0.77 

Control 1.33 10.90 4.19 0.73 3.18 5.94 4.38 0.57 

Vigor (1-9)a 
Cold 2.11 4.77 3.59 0.72 0 5.00 3.46 0.62 

Control - - - - - - - - 

Days to the 2nd leaf 

(days) 

Cold 20.54 24.95 22.68 0.29 0 34.00 29.17 0.40 

Control 20.18 23.70 21.78 0.36 15.48 20.39 17.94 0.57 

Dry weight (g) 
Cold 0.05 0.21 0.11 0.68 - - - - 

Control 0.03 0.19 0.10 0.79 - - - - 

F0 
Cold 38.70 183.10 81.70 0.54 0 154.65 65.75 0.76 

Control 11.54 163.52 57.46 0.66 35.39 302.72 98.35 0.63 

Fm 
Cold 20.20 289.50 167.43 0.77 0 324.25 179.69 0.89 

Control 9.52 284.86 178.66 0.87 112.38 366.41 242.15 0.61 
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Fv/Fm 

Cold 0.03 0.70 0.42 0.86 0 0.74 0.47 0.94 

Control 0.02 0.75 0.51 0.92 0.08 0.74 0.59 0.99 

Fv 
Cold 34.50 168.90 115.62 0.71 0 202.85 113.94 0.91 

Control 4.44 212.30 121.05 0.89 28.93 198.64 143.82 0.78 

Fm/F0 
Cold 1.33 3.48 2.49 0.69 0 5.07 2.42 0.57 

Control 0.12 4.05 2.61 0.90 1.11 4.10 3.00 0.89 
a 1=small plants with light color to 9= large plants with dark color at the end of the heterotrophic stage
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Table 3. Minimum, maximum and average value and heritability of the RILs developed from B73xIL14h for different traits related to 

early development evaluated in a chamber under cold and optimum conditions for both seed origins (Wisconsin and Pontevedra). 

 Origin seeds of Wisconsin Origin seeds of Pontevedra 

Trait Condition 
Min. 

value 

Max. 

value 

Average 

value 
Heritability 

Min. 

value 

Max. 

value 

Average 

value 
Heritability 

Days to emergence 

(days) 

Cold 6.97 10.27 7.76 0.46 0 14.33 9.40 0.52 

Control 5.67 7.89 6.51 0.45 4.76 8.00 5.51 0.59 

Days to the 2nd leaf 

(days) 

Cold 21.16 25.68 23.58 0.41 0 34.00 28.24 0.52 

Control 21.08 24.81 22.86 0.50 16.29 20.85 18.52 0.59 

Vigor (1-9)a 
Cold 3.43 5.28 4.36 0.45 0 4.80 3.61 0.32 

Control - - - - - - - - 

Chlorophyll (CCM) 
Cold 4.20 10.53 6.11 0.38 0 8.67 4.01 0.34 

Control 3.37 9.52 5.85 0.35 4.07 11.21 5.69 0.35 

Dry weight (g) 
Cold 0.06 0.22 0.11 0.54 - - - - 

Control 0.07 0.17 0.10 0.46 - - - - 

F0 
Cold 93.57 218.67 141.03 0.44 0 277.72 155.05 0.46 

Control 58.51 163.92 84.75 0.76 52.89 70.64 61.17 0.43 

Fm 
Cold 221.54 333.95 273.51 0.31 0 489.00 294.98 0.54 

Control 205.06 316.04 262.55 0.49 173.12 255.99 227.66 0.44 
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Fv/Fm 

Cold 0.33 0.61 0.48 0.44 0 0.68 0.45 0.54 

Control 0.52 1.00 0.67 0.55 0.60 0.74 0.71 0.32 

Fv 
Cold 87.38 165.93 132.50 0.35 0 247.94 139.93 0.58 

Control 126.22 207.83 177.89 0.56 122.58 188.95 166.51 0.41 

Fm/F0 
Cold 1.66 2.83 2.16 0.45 0 3.18 2.00 0.51 

Control 2.18 3.95 3.26 0.65 3.14 4.05 3.73 0.37 
a 1=small plants with light color to 9= large plants with dark color at the end of the heterotrophic stage
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Table 4. Summary of QTLs detected in the RIL population derived from B73×P39 evaluated in the field. 

Trait Bin 
Interval 

position 

LOD 

score 
Marker R2% Additive effect 

Days to emergence (days) 
3.05 72-75 4.81 S_156934272 12.8 -1.093 

6.06 70-73 4.91 S_154623250 13 -0.779 

Vigor (1-9)a 4.10 140-143 6.09 S_239252139 16.5 -0.443 

Number of leaves per plant 

5.06 105-107 4.87 S_197693076 13 0.358 

5.08 139-142 5.21 S_213123489 14.1 -0.191 

6.05 61-64 7.57 S_149209155 19.4 -0.255 

Chlorophyll (CCM) 
5.07 131-133 5.15 S_210734720 13.8 -3.957 

7.04 104-106 4.88 S_165005627 13 8.353 

Plant appearance (1-9)b 8.05 65-68 5.48 S_130408047 14.5 -0.343 

Plant color (1-9)c 

3.09 152-154 5.50 S_227136056 15 -0.163 

5.04 81-84 4.74 S_169975064 12.7 -0.365 

7.03 78-81 5.76 S_146239395 15.1 0.159 

Common rust (1-9)d 4.08 107-110 4.83 S_194193960 12.8 0.457 

Ear height (cm) 3.06 92-95 4.76 S_179309748 12.6 -5.8 

Plant height (cm) 

5.00 1-4 6.03 S_1195364 17 -7.711 

5.03 57-59 4.86 S_31890893 13 -6.753 

8.05 65-68 7.02 S_130408047 18.2 -7.944 

9.07 98-101 5.16 S_148048875 13.8 -7.305 

Number of ears per plant 

1.11 181-183 6.94 S_285458111 18 -3.134 

3.03 42-44 5.65 S_12675841 15 2.669 

5.05 93-96 4.70 S_185394531 12.7 -1.216 

Ear length (cm) 6.05 44-47 5.96 S_121770980 15.7 -0.509 

Number of kernel rows per 

ear 

2.04 69-71 6.14 S_40706738 16.1 -1.855 

4.08 100-103 6.31 S_185684080 16.5 -0.778 

5.04 81-83 10.70 S_169975064 26.5 -1.230 

6.06 69-72 4.80 S_154100976 12.8 0.967 
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100 Kernel weight (g) 5.05 92-94 8.42 S_183693045 21.2 -53.188 

a 1=small plants with light color to 9= large plants with dark color at the end of the heterotrophic stage 

b 1=small plants with light color to 9= large plants with dark color at the end of the flowering 

c 1=light color to 9=dark color at the end of the heterotrophic stage 

d 1=plants with no infestation to 9= plants completely infected at the end of flowering 
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Table 5. Summary of QTLs detected in the RIL population derived from B73×IL14h evaluated in the field. 

Trait Bin 
Interval 

position 

LOD 

score 
Marker R2% Additive effect 

Days to emergence 

(days) 
4.08 95-98 5.07 S_181794523 14.4 0.871 

Vigor (1-9)a 
3.05 66-69 4.96 S_140089114 14.1 0.301 

4.07 89-92 6.06 S_177665741 17 0.346 

Chlorophyll (CCM) 8.03 54-56 4.86 S_91993060 14.2 -5.905 

Common rust (1-9)b 
1.09 155-158 5.49 S_257892756 15.5 0.453 

5.05 100-103 8.15 S_191253032 22.3 0.588 

Ear height (cm) 

1.06 97-100 4.90 S_175914446 14 -3.783 

3.04 56-59 6.80 S_27109475 18.8 -4.560 

5.06 108-111 5.53 S_201993308 15.7 -4.127 

7.03 63-66 4.89 S_129598959 13.9 -3.819 

8.05 67-69 18.49 S_132879659 43.3 -8.684 

9.03 49-52 6.33 S_26041692 17.8 4.929 

9.06 77-79 6.04 S_138230491 16.9 -4.592 

Plant height (cm) 
5.06 104-106 7.12 S_196414978 19.8 -8.015 

8.05 66-69 14.11 S_130408047 35.2 -11.656 

Ear length (cm) 

6.07 100-103 4.91 S_164891527 15.1 -0.450 

7.01 28-31 7.11 S_6886392 19.7 -0.673 

7.05 115-117 7.71 S_169496703 21.5 -0.653 

9.05 68-70 7.94 S_127013600 21.9 1.460 

Number of kernels 

rows per ear 
3.01 15-18 7.05 S_3804316 19.8 -1.254 

100 Kernel weight 

(g) 

1.11 185-188 6.34 S_288374247 17.9 -50.554 

2.08 127-130 4.81 S_217444922 13.8 -27.861 

3.01 15-18 6.32 S_3611564 18.2 -33.469 

9.07 111-113 6.62 S_151974142 18.6 33.831 



27 

 

a 1=small plants with light color to 9= large plants with dark color at the end of the heterotrophic stage 

b 1=plants with no infestation to 9= plants completely infected at the end of flowering 
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Table 6. QTLs detected in the RILs derived from B73×IL14h and B73×P39 for traits related to early development evaluated under cold and optimum conditions in a chamber. 

The evaluations were repeated for two origins of seed (Wisconsin and Pontevedra) and the QTLs consistently found with both origins are shown in the table. 

Chromos

ome 

Bin Interval 

position 

Trait No. of 

QTLs 

Marker Interval 

position 

Population Condition Seed 

origin 

LOD R2% Additive 

effect 

1 08 131-147 Days to 2nd 

leaf 

1 S_2352785 141-144 B73×IL14h Cl W 5.87 15.2 -0.259 

2 S_232724707 139-142 B73×IL14h Cl P 3.90 12.9 -0.337 

Days to 

emergence 

1 S_229609244 131-143 B73×IL14h Cl P 2.59 8.3 -0.131 

Dry weight 1 S_2396982 137-147 B73×P39 Cl W 2.41 7.4 -0.01 

2 08 125-139 Vigor 1 S_2239050 136-138 B73×P39 Cd W 7.37 20.7 -0.272 

2 S_221805316 125-136 B73×P39 Cd P 3.72 12.2 -0.239 

Dry weight 1 S_2239050 136-139 B73×P39 Cd W 9.02 24.8 -0.016 

Fm 1 S_2239050 136-138 B73×P39 Cd W 4.81 14.1 -26.406 

3 06 77-86 Days to 2nd 

leaf 

1 S_1664679 79-82 B73×IL14h Cl W 10.24 25.0 0.354 

2 S_171444374 83-86 B73×IL14h Cl P 4.32 13.6 0.345 

Days to 

emergence 

1 S_1624254 77-80 B73×IL14h Cd W 5.39 14.0 0.167 

09 146-156 Fm 1 S_2277584 153-156 B73×IL14h Cl W 4.87 13.3 -4.143 

2 S_224619474 147-153 B73×IL14h Cl P 3.12 10.2 -4.357 

Fv 1 S_224619474 146-153 B73×IL14h Cl P 2.64 7.9 -3.295 

4 05 54-60 Days to 

emergence 

1 S_3986241 55-57 B73×P39 Cl W 9.94 28.2 0.347 

2 S_36356063 54-56 B73×P39 Cl P 7.93 24.5 0.251 
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3 S_65820374 56-59 B73×P39 Cd P 10.06 30.2 0.462 

Germination 

rate 

1 S_65820374 57-60 B73×P39 Cd W 5.78 16.4 -0.047 

Dry weight 2 S_3986241 55-57 B73×P39 Cd W 11.63 30.2 -0.016 

07 87-97 Chlorophyll 1 S_1817945 95-97 B73×P39 Cl W 2.82 9.0 0.599 

2 S_176002564 87-92 B73×P39 Cl P 3.41 11.4 0.248 

3 S_177665741 89-92 B73×P39 Cd W 7.53 20.8 1.098 

4 S_177665741 87-96 B73×P39 Cd P 2.63 9.7 0.632 

Fv 1 S_178497329 90-93 B73×P39 Cl W 4.51 13.0 26.491 

2 S_177665741 89-92 B73×P39 Cl P 3.40 11.5 12.631 

3 S_177665741 89-92 B73×P39 Cd W 5.43 15.5 12.963 

4 S_178497329 90-93 B73×P39 Cd P 5.88 18.2 29.624 

Fm/F0 1 S_178497329 90-93 B73×P39 Cl W 4.25 12.9 0.506 

2 S_177665741 89-92 B73×P39 Cl P 6.98 20.4 0.453 

3 S_177665741 89-92 B73×P39 Cd W 5.06 14.5 0.187 

4 S_178497329 90-93 B73×P39 Cd P 2.47 8.2 0.112 

Fv/Fm 1 S_1784973 90-92 B73×P39 Cl W 5.08 15.2 0.116 

2 S_177665741 89-92 B73×P39 Cl P 6.35 18.9 0.091 

3 S_177665741 89-92 B73×P39 Cd W 8.03 22 0.109 

4 S_178497329 90-92 B73×P39 Cd P 6.55 19.3 0.125 

  Vigor 1 S_177665741 89-91 B73×P39 Cd W 15.36 37.8 0.341 

2 S_177665741 87-92 B73×P39 Cd P 5.57 17.3 0.233 

Fm 1 S_177665741 89-92 B73×P39 Cd W 9.25 24.9 30.364 
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2 S_178497329 90-93 B73×P39 Cd P 5.40 16.9 41.375 

5 03 65-72 Fv 1 S_6911963 65-67 B73×IL14h Cd W 9.42 23.4 6.264 

2 S_73132746 66-69 B73×IL14h Cd P 5.34 17.4 10.534 

Fm/F0 1 S_6911963 65-67 B73×IL14h Cd W 18.03 39.9 0.139 

2 S_86151625 69-72 B73×IL14h Cd P 9.43 26.7 0.125 

Fv/Fm 1 S_6911963 65-67 B73×IL14h Cd W 17.31 38.7 0.033 

2 S_81355643 68-71 B73×IL14h Cd P 9.29 27.7 0.035 

6 07 81-104 F0 1 S_1624052 90-92 B73×IL14h Cl W 17.54 39.5 -8.81 

2 S_161793121 87-90 B73×IL14h Cl P 5.56 18.9 -1.345 

3 S_1651952 101-104 B73×IL14h Cd W 13.16 31.5 -8.949 

Germination 

rate 

1 S_1619971 88-90 B73×IL14h Cl W 5.7 15.0 -0.09 

Fm 1 S_162405290 90-92 B73×IL14h Cl P 12 29.1 -6.929 

Fm/F0 1 S_162405290 90-92 B73×IL14h Cl W 11.31 27.6 0.148 

2 S_164583618 97-100 B73×IL14h Cd P 4.28 12.8 0.08 

Fv/Fm 1 S_1635134 94-97 B73×IL14h Cl P 6.68 17.4 0.012 

2 S_1642091 96-99 B73×IL14h Cd W 4.91 13.2 0.015 

3 S_162405290 81-103 B73×IL14h Cd P 2.28 8.1 0.018 

F0: The ground fluorescence of dark adapted leaves, Fm: The maximal fluorescence yield, Fv: The difference Fm - F0, Fm/F0: This ratio of Fm and F0 and Fv/Fm: The maximum 

quantum efficiency of photosystem II (PSII) primary photochemistry. 

Cd: Cold, Cl: Control, P: Pontevedra, W: Wisconisn and add: additive effect 


