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Abstract 23 

The Mediterranean corn borer (MCB) is the most important maize insect pest in the 24 

Mediterranean region. The main objective was to map QTLs for yield performance under 25 

infestation with MCB, resistance and agronomic traits in a maize RIL population derived 26 

from an inbred cross European flint × Reid.  27 

 28 

Six QTLs for resistance traits were located: one QTL for tunnel length (bin 9.03, � = 19.8%), 29 

one QTL for stalk lodging (bin 3.07, � = 11.5%), and four QTL for ear resistance (bins 1.07. 30 

5.03/05, and 8.04; � = 25 - 63%).  Twelve QTLs for agronomic traits were located: A QTL 31 

for yield under infestation (bin 5.03, � = 15 %); two QTLs for grain moisture (bins 1.07 and 32 

8.05), two QTLs for days to anthesis (bin 1.07 and 8.05); two QTLs for days to silking (bins 33 

8.04 and 10.02); three QTLs for plant height (bins 5.04, 8.05 and 9.03); and two QTLs for ear 34 

height (bins 8.05 and 9.03). No genetic correlations between yield and other trait were 35 

observed. The cross validation approach showed that the estimation biases for QTLs for 36 

resistance traits were higher than those for agronomic traits. 37 

 38 

This work stresses the importance of the region 9.03 for controlling corn borer resistance and 39 

suggests the presence of QTL with small effect on ear resistance traits. At the same genomic 40 

region, there are also genes that control plant and ear height and future works could elucidate 41 

if these genes are the same or are closely linked.  The QTL for yield seem to play an 42 

important role in MCB tolerance in this genetic background. Large biases observed for QTL 43 

effects by CV was mainly due to the small sample size used and were higher for resistance 44 

traits due to their larger genetic complexity. We consider it is more appropriate to select for 45 
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grain yield under infestation instead of selecting for resistance traits because resistance to 46 

MCB could have unfavorable associations with agronomic traits. 47 

 48 
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 70 

Introduction 71 

The Mediterranean corn borer (MCB) Sesamia nonagrioides is the most important insect 72 

pests of maize in the Mediterranean region, including Southern Europe (Malvar et al. 1993; 73 

Cordero et al. 1998; Velasco et al. 2007).  The larvae of the first generation feed on the leaves 74 

of young plants while second and subsequent generations feed on the pith of the stem 75 

provoking stalk lodging and yield reduction (Malvar et al. 1993; Meihls et al. 2012). The 76 

larvae can also attack the ears favoring fungal infection and the subsequent kernel 77 

contamination with mycotoxins that may affect human and animal health (Visconti et al. 78 

1999; Avantaggiato et al. 2002; Butrón et al. 2006b).  79 

 80 

There are different mechanisms of defense against insect attack: antixenosis, antibiosis and 81 

tolerance. Antixenosis reduce the probability of contact between potential consumers and 82 

plants and antibiosis is the ability of the plant to reduce the growth and/or development of the 83 

larvae after contact has been initiated. Few works have been focused on the study of 84 

antixenosis and/or antibiosis against attack by borers because these studies imply monitoring 85 

ovipositional insect behavior and/or larval development (Barry and Darrah 1988; Ordas et al. 86 

2002). However, most studies have evaluated insect resistance in a wide sense; it has been 87 

estimated as tunnel length in the stem pith made by corn borers without paying attention to 88 

insect biology. As the development of resistant varieties seemed a suitable method for 89 

fighting against maize damage by Sesamia nonagrioides, research has been focused on the 90 

search for sources of resistance in wide sense (Hudon and Chiang 1991; Malvar et al. 1993; 91 

Melchinger et al. 1998; Butrón et al. 1999a; Butrón et al. 2006a), the study of the inheritance 92 

of the resistance (Butrón et al. 1999a; Cartea et al. 2001) and the search of quantitative trait 93 
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loci (QTL) (Ordás et al. 2009; 2010) for tunnel length as previous steps for implementing a 94 

breeding program (Sandoya et al. 2008) to reduce damage by corn borers (Meihls et al. 95 

2012).  96 

 97 

Nevertheless, increased resistance is often correlated to yield reduction (Butrón et al. 2012). 98 

This negative relationship between resistance and yield led us to focus on another mechanism 99 

of defense, tolerance which is the mechanisms by which the plants reduce the extent of 100 

damage per unit of parasite present (Niks et al. 1993). 101 

 102 

It is very difficult to detect tolerance differences among maize genotypes because it is 103 

necessary to compare yield under infestation conditions with yield under protected conditions 104 

and to record the level of infestation. Therefore, as this is a complicated work with large 105 

experimental errors, the number of studies on true tolerance is low (Niks et al. 1993). Butrón 106 

et al. (1998) studied the defense mechanisms against MCB in 10 inbred lines and the 10 107 

parent diallel among these inbreds. Yield of infested and non-infested plants were computed 108 

to calculate genotype yield loss which is considered as an estimation of genotype tolerance. 109 

They concluded that the three mechanisms of defense to MCB attack (antixenosis, resistance 110 

in a wide sense, and tolerance) were present among inbred lines and hybrids. 111 

 112 

In addition, the correlations between yield loss and yield under infestation and no infestation 113 

conditions can be low (Butrón et al. 1999b) because the high yield potential of some 114 

genotypes compensate their large yield losses. Therefore, as yield under infestation 115 

conditions could be a more suitable trait than yield loss for improving maize performance 116 
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under MCB attack, we developed a set of RILs from A637×EP42 in order to detect QTLs for 117 

yield under infestation with MCB. Butrón et al. (1998) found that inbred lines A637 and 118 

EP42 were tolerant and sensitive, respectively, to stem and ear damage by MCB. Inbred 119 

A637 showed a yield loss of 11.7 % versus 29.33% for EP42, and the resulting hybrid 120 

between these inbred lines had a yield loss of 2.40 %. In addition, A637 showed favorable 121 

general combining ability (GCA) effects for yield with and without infestation with MCB; 122 

while GCA effects for EP42 were not significantly different from zero. 123 

 124 

The EP42 inbred line is an European flint inbred with very good GCA for early vigor (Revilla 125 

et al. 1999) and large yield potential, while A637 is a Reid dent inbred with similar grain 126 

yield performance under infestation and no infestation conditions. 127 

 128 

Therefore, the heterotic pattern European flint × Reid will be explored. Previous works on 129 

QTL mapping for resistance to MCB had been carried out with other heterotic patterns: Reid 130 

× Lancaster (Ordás et al. 2009) and European flint from the North-Western Spain (humid) × 131 

European flint from Central Spain (dry) (Ordás et al. 2010) .  132 

 133 

It is known that with a limited sample size, due to sampling effects the model selection leads 134 

to an overestimation of QTL effects and the proportion (p) of genetic variance explained by 135 

QTL and consequently to a biased assessment of the prospect of marker-assisted selection 136 

(MAS) (Utz and Melchinger 1994; Beavis 1998). The cross validation (CV) approach has 137 

been proposed by some authors as one of the best re-sampling approaches for analysis of 138 

QTL mapping data to obtain asymptotically unbiased estimates of the true QTL effects and 139 

the proportion of the genotypic variance explained by the QTL (Utz et al. 2000; Bohn et al. 140 

2001; Melchinger et al. 2004; Schön et al. 2004). Thus, we tested our QTL results by a cross 141 
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validation approach (CV/G) proposed by Utz et al. (2000) to obtain a realistic picture of the 142 

prospects of MAS for improving yield performance of European maize to MCB attack.  143 

 144 

The objectives of our study were (1) to estimate the genetic correlation between yield 145 

performance under infestation with MCB and resistance and agronomic traits; (2) to map and 146 

characterize QTLs for yield performance under infestation, resistance and agronomic traits; 147 

(3) and to determine the estimation bias of each individual QTL effect and its p using a cross 148 

validation approach in order to know the prospects of MAS for improving yield under MCB 149 

infestation and/or resistance. 150 

 151 

Materials and methods 152 

Plant material 153 

A population of 146 RILs derived from the cross of the European flint inbred line EP42 and 154 

the American dent inbred line A637 was developed for QTL mapping. EP42 has low 155 

productivity under MCB infestation and is sensible to MCB attack while A637 shows large 156 

yield under MCB infestation and is tolerant to stem and ear damage by MCB.  Each F6 RIL 157 

was derived from a different F2 plant by hand self-pollination. 158 

 159 

Phenotypic data 160 

A set of 144 RILs (two lines were discarded due to lack of seed) derived from EP42×A637 161 

were evaluated at Pontevedra (42º24’ N, 8º38’ W, and 20 m above sea level) Spain, in 2010 162 

and 2011. The parental inbred lines (EP42 and A637) and the resulting hybrid were evaluated 163 

at Pontevedra in 2011 and 2012. The RILs along with some checks (parental inbreds) were 164 

assayed in a 12 × 12 lattice design with two replications each year. On the other hand an 165 
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independent experiment was carried out in which the parental and the hybrid were assayed in 166 

a randomized block design with five replications each year. The trials were hand planted and 167 

each experimental plot consisted of one row spaced 0.8 m apart from the other row with 13 168 

two-kernel hills spaced 0.18 m apart. Plots were overplanted and thinned, obtaining a final 169 

density of ~70,000 plant ha
-1

. The evaluations were performed under artificial infestation 170 

with eggs of MCB. The eggs for inoculation were obtained at the Misión Biologica de Galicia 171 

by rearing the insect as described by Eizaguirre and Albajes (1992) and Khan and Saxena 172 

(1997). Five plants of each plot were infested with Q 40 MCB eggs placed between the stem 173 

and the sheath of a basal leaf. Data collected were: days to anthesis (A) and days to silking 174 

(S) as the days from planting to the 50 % of plants shedding pollen and showing silks, 175 

respectively; ear (EH) and plant height (PH) on five representative plants as the length (in 176 

cm) from the ground to the main ear and from the ground to the top of the plant, respectively; 177 

stalk lodging (SL) defined as the percentage of plants in the plots with the stem broken below 178 

the main ear; kernel resistance (KR), shank resistance (ShR) and cob resistance (CR) by 179 

MCB larvae on the ears of the five infested plants collected at harvest, those traits were 180 

measured according to a subjective visual resistance scale of 1 to 9 in which 1 indicates 181 

completely damaged and 9 indicates no damage; tunnel length (TL) as mean of total length in 182 

cm of stem tunnels made by borers on the five infested plants; the percentage of stalk 183 

damaged by the larvae (TL/PH*100) (SD); kernel yield (Y) estimated on a plot as Mg ha
-1

 at 184 

140 g H2O kg
-1

 (infested and non-infested plants were considered); and grain moisture (GM) 185 

at the harvest was measured as g of water in 100 g of kernels. 186 

 187 

Phenotypic data analysis 188 

The experiment of the RILs was analyzed with the SAS mixed model procedure (PROC 189 

MIXED) (SAS Institute Inc 2011) considering replications, blocks within replications and 190 
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RILs as random effects. A Best linear unbiased predictor (BLUP) was obtained to estimate 191 

each line mean phenotypic value. In order to examine the shrinkage of BLUPs a second 192 

analysis was conducted in which we consider RILs as fixed effects to obtain the best linear 193 

unbiased estimator (BLUE). The resulting BLUPs and BLUEs were used to perform QTL 194 

analysis. Heritabilities (���) across environments were estimated for each trait on a family-195 

mean basis as described previously by Holland et al. (2003). The genetic ���) and phenotypic 196 

(��) correlations between traits were computed following Holland (2006). The experiments of 197 

the parents and their hybrid were analyzed separately using PROC GLM (SAS Institute Inc 198 

2011) considering year, replications within years and the genotype × year interaction as 199 

random effects.  200 

 201 

Genotypic data 202 

DNA of one hundred forty six RILs was extracted according to Liu and Whittier (1994) with 203 

modifications. Simple sequence repeat (SSR) amplifications were performed as described by 204 

Butrón et al. (2003). SSR products were separated after amplification by electrophoresis 205 

using 1 TBE on a 6% non-denaturing acrylamide gel (approximately 250 V for 3 hours) 206 

(Wang et al. 2003). One hundred thirty polymorphic SSR were used to genotype the RILs. A 207 

linkage map was created using SSR marker data by applying the software package 208 

MAPMAKER (Lander et al. 1987). A LOD (log10 of the likelihood odds ratio) threshold of 2 209 

was used to declaring significant linked two markers and a maximum distance of 50 cM was 210 

used. 211 

 212 

QTL analysis 213 

The QTL analysis for the 14 traits recorded was performed with 144 RILs families  using the 214 

software package PlabMQTL (Utz 2012). Composite interval mapping approach (CIM) was 215 
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conducted for the QTL detection and to estimate QTL effects. According to a previously 216 

executed permutation test with 1000 random reshuffles, a LOD threshold of 2.5 was chosen 217 

to declare significant a putative QTL. The phenotypic variance explained by the QTL model 218 

was estimated by the adjusted coefficient of determination (	
��
� ) which accounts for the total 219 

proportion of the phenotypic variance explained by all detected QTL in the final fit.  The 220 

phenotypic variance explained by an individual putative QTL i was calculated as: 221 

	
� �  

����	
�  �  	
��

�

∑ ����	
��

��

 

Where n = total of QTL i in the final fit and ���� 	
� = partial coefficient of determination, 222 

estimated for the ith QTL detected (Zhu et al. 2004). The proportion of the genotypic 223 

variance (�̂) explained by all detected QTL in final fit was estimated from the ratio �̂ = 224 

	
��
� /��� and the proportion of the genetic variance explained by each individual QTL i was 225 

estimated as �̂= 	
�/���. 226 

 227 

Cross validation 228 

Following Utz et al. (2000), a five-fold cross validation (CV/G) approach was employed for 229 

evaluating QTL mapping results.  For each trait, CV/G was performed for the whole data set 230 

(DS) of entry BLUPs and BLUEs for the 140 RILs across environments. A total of 117 231 

entries were used as estimation set (ES) for calibration and 29 entries were used as the test set 232 

(TS) for validation. One thousand run CV were performed in order to determine the QTL 233 

frequency and shrinkage of QTL effect estimate at the position of a QTL detected in the 234 

original data set (Melchinger et al. 2004). The proportion of the genotypic variance explained 235 

by the QTL in TS (�̂��.��) was calculated from the adjusted squared correlation coefficient 236 

between the phenotypic entry means observed in TS (YTS) and the predicted genotypic values 237 
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(QTS.ES) on the basis of results derived from ES, divided by the heritability of the trait under 238 

study: 239 

�̂��.�� �  
	
��

� ����, ���.���

���
 

The magnitude of the bias of the estimation of the proportion of genotypic (�̂) variances 240 

explained by each individual QTL i due to genotypic and/or environmental samplings was 241 

calculated as the difference between the averaged estimated of � obtained in ES and 242 

corresponding TS (�  �� !  �  ��.��), and the fraction of that bias was calculated as (1- 243 

�  ��.�� /�  ���.  In the same way, we obtained the bias for the estimates of additive effect #$ 244 

of each QTL i detected. The median of � and  #  in ES (�% �� and #% ��) and in the 245 

corresponding TS (�% ��.�� and #% ��.��), as well as the 10 and 90% quantiles of � and #   for 246 

ES and TS were obtained.  A Grep utility (GNU 2009) was employed to extract, in each 247 

CV/G run, the proportion of genotypic (� �� and � ��) and  phenotypic (	 ��
�  and 	 ��

� ) 248 

variances of the ES and TS explained by each individual QTL i detected and also the additive 249 

effects (#$ �� and #$ ��). 250 

 251 

The QTL × environment interaction variance was estimated with PlabMQTL software by 252 

using the entry BLUPs and BLUEs from each environment and including all QTL detected 253 

across environments.  The mean square (MS) for genotypes obtained from the ANOVA was 254 

subdivided into the variation due to regression on the QTL detected (Q) and the residual 255 

variation (G:Q). Similarly the MS for the genotype × environment (E) interaction was 256 

subdivide into the variation due to Q × E and the residual variation G:Q × E. The genetic 257 

variance  accounted by all QTL in the model was estimated by equating the MS to the 258 

expected mean squares according to Bliss (1967) and Knapp (1994). The pooled error mean 259 
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square was computed as described in (Cochran and Cox 1992)  &'(  �
�

�
�

)�*+, )�*-

.
�. Where 260 

&'(� and &'(� = mean square error of the experiment at year 2010 and 2011 respectively, 261 

� = replications, and � = number of environments.  262 

 263 

Results 264 

Non-significant differences were found between the means of A637 and EP42 (Table 1). 265 

High heterosis has been observed for agronomical as well as for resistance traits because the 266 

hybrid F1 significantly differed from the mid-parent for the proportion of stalk damaged, ear, 267 

shank and cob resistance, stalk lodging, yield and days to anthesis. 268 

 269 

Genotypic variances among RILs were highly significant (P<0.01) for all agronomic traits; 270 

and for TL and SL among resistance traits (Table 1). Heritabilities were high for agronomic 271 

traits while for resistance traits ranged from values not significantly different from zero to 272 

moderate values (Table 1). 273 

 274 

TL showed moderate to high positive genetic correlation with GM, PH and EH; and low 275 

positive correlation with A. No genetic correlation was found between ear resistance and 276 

agronomic traits (Table S1). The phenotypic correlation coefficients among KR, ShR and CR 277 

were moderate to high, but the genetic correlation coefficients were not calculated because 278 

genetic variances for these traits did not differ from zero. 279 

 280 

The genetic map used for QTL analysis covers a length of genome of 1730.8 cM with 114 281 

SSR markers. One hundred thirty loci were recorded on 146 RILs and 121 markers were 282 

mapped to unique positions. Seven neighbored markers among those 121 were combined by 283 
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PlabMQTL because had distances to the nearest marker smaller than 1.01 cM.  No 284 

segregation distortion from the expected ratio was observed for any mapped marker loci. The 285 

93.6% of genome had an averaged distance between consecutive markers of 20 cM.  286 

 287 

Eighteen QTLs were mapped on six different chromosomes (1, 3, 5, 8, 9, and 10) (Table 2 288 

and Fig. 1). For TL, the only QTL located reached the peak of LOD threshold and the 289 

maximum of the distribution of relative QTL frequency at position 48 cM on chromosome 9 290 

(Table 2 and Fig. S1), explained the 19.8 and 6.8 % of the genotypic and phenotypic 291 

variances, respectively; the favorable allele was supplied by the inbred A637. Additive effect 292 

of QTL for TL was 0.8 cm (Table S2). Four QTLs for ear resistance (KR and ShR) were 293 

detected when BLUEs were used: one QTL for KR and three for ShR (ShR1, ShR5, and 294 

ShR8) were located on chromosomes 1, 5, and 8. They explained a substantial proportion of 295 

the genetic (26 – 63%) and phenotypic (5 – 12%) variances. The additive effect ranged from 296 

0.3 to 0.6 in the visual scale from 1 to 9 (Table S2).  For SL, a QTL located on chromosome 297 

3 explained 5.5 and 11.5 % of the phenotypic and genotypic variances, respectively, and the 298 

allele from EP42 increased 2.7 % the SL. One significant QTL for Y was detected with high 299 

frequency between 64 and 92 cM on chromosome 5, but the maximum LOD peak was 300 

reached at 80 cM position (Fig. S2). It accounts for 15.24 % of the genotypic variance and 301 

9.30 % of the phenotypic variance; the favorable allele came from the tolerance parent A637. 302 

Two putative QTLs for GM were detected on chromosomes 1 and 8 (GM1 and GM8), both 303 

explained a total of 30.8 and 17.9% of the genotypic and phenotypic variances, respectively. 304 

These QTLs for GM co-localized with two QTLs for days to anthesis (A1 and A8, that 305 

explained in total the 33.9 % of the genotypic variance) and also with the QTLs for ShR.  The 306 

QTL for A on chromosome 8 co-localized also with other QTLs for ShR, PH, EH, and S; and 307 

they explained the 42, 7, 25, and 31% of the genotypic variances for ShR, PH, EH, and S, 308 
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respectively. Another QTL for S was located on chromosome 10 which explained the 9.3 % 309 

of the genotypic variance. 310 

 311 

Three QTLs on chromosomes 5, 8, and 9 were detected for PH (PH5, PH8, and PH9), they 312 

explained the 32.6 % of genetic variance. The QTL PH5 was closed to the QTLs detected for 313 

Y, ShR5, and KR. The QTLs PH8 and PH9 co-localized with QTLs for EH in chromosomes 314 

8 and 9 and the QTL PH9 with the QTL for TL (Table 2 and Fig. 1). Therefore, there are 315 

regions at chromosomes 1, 5, 8, and 9 that support QTLs for multiples traits; the allele from 316 

A637 having favorable effects for TL, KR, ShR, and Y. For example, there is a region in 317 

chromosome 8, that comprises from 84 to 106 cM, where QTLs for ShR, GM, A, S, PH, and 318 

EH were detected, and the allele from A637 increased grain moisture, days to flowering, 319 

plant and ear heights, and shank resistance to corn borer attack compared to the allele from 320 

EP42 (Table S3). 321 

 322 

The QTL × environment (QTL×E) interaction was significant (P<0.05) for SL and highly 323 

significant (P<0.01) for KR, Y, GM, S, and EH (data not shown). Additive effects (#$) and 324 

genetic variances (�̂) explained by each QTL were higher in 2011 than in 2010 for most 325 

QTLs with significant QTL×E interaction (Fig. 2). Additive effects for SL and Y were highly 326 

significant only in 2011. 327 

 328 

The means and medians of 	 ��
�  were higher than those obtained with the whole DS except 329 

for QTLs for A, S, and EH located on chromosome 8 (Table S2 and S3). There were 330 

substantial reductions in the mean values of validation sets 	��.��
�  compared to calibration 331 

sets for all traits. The mean (� ��) and the median (�%��) proportions of genotypic variance 332 
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explained by each QTL were in good agreement for all traits (Figs. S3 and S4). The mean � �� 333 

for QTLs detected ranged from 8.82 (for QTL PH5) to 66.2% (for QTL ShR8). The mean � �� 334 

was higher than the �̂/� value in most cases, except for the QTLs for A and S located on 335 

chromosome 8 (Tables S2 and S3).  336 

 337 

Estimates of � �� beyond theoretical boundaries (0, 100) can occur because 	� 
��
�  and ��� are 338 

both subjected to sampling errors (Schön et al. 2004). The mean � ��.�� were substantially 339 

reduced compared to values obtained in � ��, especially for SL, and ranged from -1.87 (for 340 

SL) to 37.3% (for QTL ShR8) (Tables S2 and S3). Such reductions were equivalent to biases 341 

of the estimates of p and ranged from 11% (for QTL S8) to 100 % (for SL) (Tables S2 and 342 

S3). The mean � ��.�� was considerably different from the median values �%��.��. Variation of 343 

10 and 90% quantiles among TS increase in most QTLs detected compared with ES, except 344 

for the QTLs A1 and PH5 (Figs. S3 and S4). The mean #0 �� and median #% �� values were 345 

slightly different than those obtained with the whole data set #$/� for most QTLs detected, 346 

except for Y and S8 in which the values of those parameters were the same (Tables S2 and 347 

S3).  348 

 349 

The absolute values of the means #0 ��.�� and medians #% ��.�� obtained in TS were 350 

substantially smaller than those obtained in ES, except for QTLs for A and S located on 351 

chromosome 8. The bias of the estimation of the additive effects of QTLs detected for 352 

resistant traits ranged from 14 to 51%, while for the QTLs located for agronomic traits the 353 

bias ranged from 0 to 81 % (Tables S2 and S3). The mean values of additive effects were 354 

close to median values both in ES as in TS. 355 

 356 

 357 
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Discussion 358 

Similarly to results by Bohn et al. (2000) and Papst et al. (2004), the heritabilities of 359 

resistance traits were lower than those of agronomic traits. In addition, genetic variance 360 

values for resistance traits were low. In a previous work, Ordas et al. (2010) found that, under 361 

infestation with MCB, the heritability of TL was higher and similar to that of Y, but those 362 

authors studied a resistant × susceptible cross, while in our study both parental inbreds were 363 

susceptible. Despite the above six QTLs for resistance traits were detected for this cross.  364 

 365 

QTLs for resistance and agronomic traits 366 

Most QTLs were detected when performing QTL analyses with both estimates BLUPs and 367 

BLUEs, and the associated parameters were similar for both analyses. However, QTLs for 368 

traits related to ear resistance were detected only when BLUEs were used because there was 369 

low phenotypic variability for these traits and the shrinkage of variability attained with 370 

BLUPs could mask small genetic differences. It should be stressed that a QTL with high level 371 

of occurrence has been detected for ShR although the estimate of genetic variance did not 372 

differ from zero. 373 

 374 

In general a maximum of three QTLs were detected for each trait, this is a noticeable number 375 

of QTLs considering that both parents had similar means for all traits evaluated. The cross 376 

between EP42×A637 was chosen as the base material to develop a mapping population 377 

because EP42 did not show significant GCA effects for yield under infestation and A637 378 

showed favorable GCA effects, although both parents did not differ for yield under 379 

infestation. Ordas et al. (2009; 2010) proposed that the low number of QTLs found in 380 

experiments with MCB is due to the aggressiveness of the insect, so most genotypes seem to 381 
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be susceptible, differing from experiments with European corn borer (ECB), in which the 382 

number of QTLs found was larger.  383 

 384 

The QTL for TL has been detected on chromosome 9 at the same region where other authors 385 

have reported QTLs for leaf feeding and TL by corn borers. Jampatong et al. (2002) located 386 

at bin 9.02 one QTL for TL (#$  = 0.53 cm and  	� = 10.8 %) by ECB in a set of 244 F2:3 387 

families from the cross of B73Ht×Mo47.  Ordas et al. (2009) found a QTL for TL by MCB in 388 

bin 9.04 with a 96.2 % occurrence in 1000 cross validation runs. Groh et al. (1998) co-located 389 

in an overlapped region (bins 9.02 - 9.03) QTLs for leaf feeding damaged (LFD) by 390 

Southwestern corn borer (SWCB) and by sugar cane borer (SCB) and for leaf protein 391 

concentration (PC) in RILs derived from CML131×CML67. Cardinal et al. (2006) located a 392 

QTL (#$ = 0.24, 1-9 scale) on bin 9.03 for leaf blade damage (LBD) by ECB in an F3 maize 393 

population from Mo17×H99. Therefore, it is likely that genes on this region of chromosome 394 

9 controlling resistance for tunnel length by corn borers could also be related with resistance 395 

to leaf feeding and favourable allelic variants could be present in a wide variety of maize 396 

germplasm because interesting allelic variants have been found in different materials. 397 

It is known that some cell wall components are related with resistance to different corn borers 398 

(Buendgen et al. 1990; Santiago et al. 2013). Several QTLs and candidate genes for cell wall 399 

components have been co-localized in the region of chromosome 9 where we located QTLs 400 

for resistance traits (Krakowsky et al. 2007; Truntzler et al. 2010); but the regions supporting 401 

our QTLs are excessively large to propose specific candidate genes for resistance to MCB.   402 

However, the genomic region at bin 9.03 could be, considered a hotspot for corn borer 403 

resistance and it would be worthwhile to focus further studies on this region. 404 

 405 
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In relation to the other stem resistance trait, SL, we located a QTL for this trait in the same 406 

bin (3.07) where a QTL (bnl6.16a) for rind penetrometer resistance (RPR) was detected by 407 

Flint-Garcia et al. (2003) in a F2:3 derived from the cross B73×Mo47). However, the possible 408 

linkage between stem strength and resistance to stalk tunneling found in crosses involving 409 

Reid germplasm cannot be generalized to other germplasms (Butrón et al. 2002).  410 

 411 

We detected a QTL for Y at bin 5.03 in a neighbor region to that reported by Ordas et al. 412 

(2010) who located a QTL at bin 5.05. This region on chromosome 5 have been highly 413 

associated with grain yield both under stress and non-stress in several studies made by  414 

Graham et al. (1997). We also found a peak of LOD threshold 2.48 value at the 126 cM 415 

position on chromosome 4 near to the umc1051 marker (bin 4.08) (data not shown), although 416 

it was not declared significant. However, in this region Papst et al. (2001) detected a QTL for 417 

grain yield under infestation (GYI) with ECB. So, it is likely that there are genes in this 418 

region with small effect on grain yield under infestation with corn borers.  419 

 420 

The QTLs for A and S at bin 8.05 are remarkable because were detected in the 93 and 96% of 421 

the CV/G runs, respectively. These QTLs explained 26.3 and 31.6% of the 1�
� for A and S, 422 

respectively. In addition, the biases of effect estimations obtained in CV/G for these QTLs 423 

were zero.  Ordas et al. (2010) also located QTL for S at the same region of chromosome 8. 424 

In that study, the QTL was validated in the 92 % of the CV/G runs and the inbred EP42 425 

supplied the allele with reduction effect on days to silking. In the present study, the allele 426 

from EP42 reduce more than 1.8 days both traits, A and S. This QTL probably refers to the 427 

mayor QTL Vgt1 which control the transition of vegetative to reproductive phase in maize 428 

and which have been previously dissected by positional cloning (Salvi et al. 2002; Salvi et al. 429 

2007). On the other hand, the QTL for S located on chromosome 10 is included in a region 430 
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where other authors have previously reported genes regulating flowering time throughout 431 

photoperiod sensibility (Ducrocq et al. 2009). 432 

 433 

QTL × E interactions 434 

No significant G×E interaction for resistance traits was observed according with results of 435 

previous studies under infestation with MCB (Butrón et al. 1999b; Velasco et al. 2002; Ordás 436 

et al. 2010), except for KR. However, significant QTL×E interaction was observed for six 437 

agronomical traits although this interaction was of magnitude rather than of rank due to 438 

poorer experimental conditions in 2010 than in 2011. 439 

 440 

Relationships among resistance and agronomical traits (yield is not included) 441 

Regarding the relationship between resistance and agronomical traits, there were positive and 442 

significant genetic correlations between TL and A (rg = 0.40) suggesting that late genotypes 443 

would have minor stalk resistance, this agrees with results obtained in some studies 444 

(Krakowsky et al. 2002; Ordás et al. 2010) and disagree with other studies in which a 445 

negative association between A and stem resistance traits under infestation with ECB was 446 

found (Hudon and Chiang 1991; Bohn et al. 2000; Papst et al. 2004). The relationship 447 

between flowering and resistance is complex because it depends on many factors such as the 448 

time of infestation and the material under study (Ordás et al. 2013). In our study, artificial 449 

infestation was made before flowering while contradictory results were obtained under post-450 

flowering infestation (Hudon and Chiang 1991; Bohn et al. 2000; Papst et al. 2004). 451 

However, none of the two QTL for A was located near to the QTL detected for TL herein, 452 

although several authors have co-localized QTLs for TL by corn borers and A (Bohn et al. 453 

2000; Krakowsky et al. 2002; 2004; Ordás et al. 2010). In addition, a selection program for 454 

earliness may negatively affect ear resistance, because QTLs for A and ShR co-localized on 455 
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chromosomes 1 and 8; but this negative effect would not be significant across all maize 456 

materials because the BS17 population was improved for earliness while ear resistance was 457 

maintained (Samayoa et al. 2012). 458 

 459 

No QTL for TL were located near to the two QTLs for GM in this population, but the 460 

positive and significant genetic correlation between GM and TL (��= 0.69) obtained in our 461 

study leads us to think that there are undetected genomic regions with small additive effect on 462 

both traits. Ordas et al. (2010) co-localized QTLs for TL and GM at bin 3.05 and confirmed 463 

the positive genetic correlation (rg = 0.61) between both traits. This means that selection for 464 

increased resistance would lead to a decrease in grain moisture. 465 

 466 

On the other hand, QTLs for TL, PH, and EH were located at the same bin on chromosome 9. 467 

QTLs for TL and PH fell in the same marker interval (phi065-umc1267). The allele from 468 

EP42 significantly increased PH and EH as well as TL. The QTL for EH located at bin 9.03 469 

herein was previously located at the same bin by Krakowsky et al. (2002) under infestation 470 

with ECB and they reported that alleles associated with increased TL were associated with 471 

increased EH. Schön et al. (1993) found a QTL for PH and another for TL by ECB on the 472 

same marker interval of chromosome 3 and the allele supplied by the same parent increased 473 

the value of both traits on 300 F3 maize plants from B73×B52. Ordas et al. (2010) co-474 

localized at the same region of chromosome 3 a QTL for TL by MCB and PH in a 178 RIL 475 

population obtained from a cross between European flint inbreds (EP42×EP39), and a 476 

moderate genotypic correlation (�� = 0.51) between TL and PH was observed. Cardinal et al. 477 

(2001) also co-localized a QTL for by ECB and PH with the largest effects at bin 9.03 in a set 478 

of 200 RILs derived B73×B52. In our study, as well as in that by Ordas et al. (2010), we 479 

obtained a positive and significant genetic correlation between TL and PH (�� = 0.66) and EH 480 
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(�� = 0.84). These results suggest that genomic variants with additive effects for PH, EH, and 481 

TL are present in this large region (bin 9.03) of chromosome 9. Hence, we consider that it is 482 

advisable to carry out a fine mapping of this region in order to know if the same genes or 483 

linked genes are effecting plant height and tunnel length. 484 

 485 

Yield and its relationship with resistance and other agronomic traits 486 

Grain yield (Y) was not genetically or phenotypically associated with TL coinciding with 487 

results obtained by Bohn et al. (2000) in a F3 maize population from D06×D408, although 488 

other authors have found a negative relationship between stalk resistance and yield (Schulz et 489 

al. 1997; Kreps et al. 1998; Butrón et al. 2012).  490 

  491 

Relationship among agronomic traits (yield is not included) 492 

Late anthesis was associated with an increment in EH (rg = 0.62) and QTLs for both traits co- 493 

located on the same region of chromosome eight, as expected based on a previous study 494 

(Hallauer and Miranda 1981). However, some authors have obtained a negative, but small 495 

genetic association between A and EH (rg = -0.36) in a 150 F3 maize population from 496 

B73×De811 (Krakowsky et al. 2002). 497 

 498 

QTL results supported the high and significant genetic correlation coefficients among A, S, 499 

EH and GM because QTLs with positive additive affects for A, S, and GM co-located in the 500 

same marker interval (umc1309a-bnlg1812) of chromosome 8 and QTLs for GM and A with 501 

positive additive effects for GM and A co-located in the same region of chromosome 1 [were 502 

linked to the same marker (bnlg1556)], indicating that the A637 allele increases the value for 503 

these traits.  504 

 505 
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Cross validation and bias 506 

According with cross validation, three QTLs for resistance traits (TL, SL, and ShR1) and one 507 

for agronomic traits (PH8) showed the highest values of estimation bias for the proportion of 508 

1$�
� (bias ≥ 90%) explained by each QTL. That is, the genotypic variance explained by those 509 

QTLs were overestimated in a 91 and 100 %, and the estimation bias for the QTL effect (#� 510 

ranged from 51and 81%. In the case of resistance traits, these results were expected, since 511 

these traits showed the lowest heritability values and the estimates of heritabilities were used 512 

for calculation of  � �� and � ��. On the other hand, the QTLs that showed the largest levels 513 

of occurrence were more accurate, since they showed the lowest bias in the estimation of �̂ 514 

and #$. Overall, the �̂ and #$ for each QTL detected was notable for most traits evaluated but 515 

these parameters were overestimated due to the small sample size population. Moreover, the 516 

variation of the magnitude of bias of estimates of � and # observed among traits was due to 517 

heritability differences as well as to differences on trait measuring complexity. 518 

 519 

Schön et al (2004) concluded that CV yields best results when a minimum sample size (N 520 

>200) and a minimum number of test environments (E > 4) are available for analysis, and the 521 

large bias showed in our study for most traits corroborated these findings. 522 

 523 

The median (�% ��) proportions of genotypic variances explained by the QTL were higher 524 

than those obtained in whole data set (�̂/�) and this inflation in �% �� is reflected in the 525 

magnitude of the bias of �. Schön et al. (2004) got similar results when the sample size was 526 

small (N<200). In addition, the large variation of the 10 and 90% quantiles of � observed in 527 

TS compared with those obtained in ES, as well as the estimates of quantiles of � (10 and 528 

90%) outside of theoretical boundaries (0, 100) obtained in TS herein, corroborates the 529 

results obtained by Schön et al. (2004) for grain yield, who estimated quantiles of  � (12.5 530 



23 

 

and 87.5 %) larger in TS and outside of theoretical boundaries when the population size was 531 

low (N=122).  532 

 533 

Conclusions  534 

Although QTL mapping was done in a bi-parental population involving inbreds with similar 535 

performance, significant QTLs were found for most traits. The QTLs found for TL, KR, and 536 

ShR support the existence of genes with small effect on resistance to MCB in materials 537 

classified as susceptible because the mapping population was developed from the cross 538 

between two susceptible inbreds. Based on our results and in previous results, the QTL for 539 

tunnel length by MCB attack located in chromosome 9 could be related with genes 540 

controlling stem and leaf resistance under infestation with different corn borers and could 541 

also be tightly linked with genes affecting plant and ear heights.  542 

 543 

The region of chromosome five where we located a QTL for yield under infestation with 544 

MCB may play an important role in maize tolerance to this pest in this RIL population. 545 

 546 

Judging the large bias of estimates of � and QTL effects for most traits we concluded that the 547 

markers associated to the located QTLs are not suitable for using in MAS. Nevertheless, our 548 

QTL for TL support the existence of genes with small effect on resistance to MCB in 549 

materials classified as susceptible because the mapping population was developed from the 550 

cross between two susceptible inbreds.  551 

 552 

According with these results and our previous experience we considered it is more 553 

appropriate to select for grain yield under infestation with MCB instead of selecting for 554 



24 

 

resistance traits because resistance to MCB could have unfavorable associations with 555 

agronomical traits. 556 
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 752 

Figures 753 

Fig. 1 Molecular linkage map of maize based on 121 SSR marker loci and positions of 754 

QTL detected on 144 RILs derived from A637×EP42. 755 

Only linkage groups where QTLs were detected are shown. The black bars represent the 756 

QTLs for resistance and agronomic traits, respectively. TL = tunnel length, KR = kernel 757 

resistance, ShR = shank resistance, SL = stalk lodging, Y = yield, GM = grain moisture, A = 758 

anthesis, S = silking, PH = plant height, EH = ear height.   759 

 760 

Fig. 2 Individual QTLs with significant QTL × environment interaction estimated in 761 

140 RIL derived from A637×EP42. Proportion of genotypic variance (�̂) explained by each 762 

individual QTL estimated in each year (2010 and 2011). Additive effects of individual QTL 763 

(#$) in different years (** means significantly different from zero at 0.01 probability level). 764 

The effects are given for the next traits: KR = kernel resistance (subjective visual scale of 1 to 765 

9 in which 1 indicates completely damaged and 9 indicates no damage by the larvae) SL = 766 

stalk lodging (%), Y = yield (Mg ha
-1

), GM = grain moisture (%), S = days to silking and EH 767 

= ear height (cm).768 
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Tables 769 

Table 1 Least square means ± standard errors (RILs ± SE), heritabilities (23), and genetic variances (45) of RILs. Means of the parental 770 

inbreds (A637 and EP42) of the RIL population, their hybrid (A637×EP42) and mid-parent are also shown 771 

 Resistance traits  Agronomic traits 

 Tunnel  

length 

Stalk  

damaged 

Kernel 

resistance 

Shank  

resistance 

Cob  

resistance 

Stalk  

lodging 

  

Yield 

Grain 

Moisture
a
  

 

Anthesis 

 

Silking
a 

Plant 

height
a
   

Ear  

height
a 

 (cm) (%) (1-9)
b
 (1-9)

b 
(1-9)

b 
(%)  (Mg ha

-1
) (%) (days) (days) (cm) (cm) 

A637 (43.27
a
)

c 
 26.70

a
       7.46

b 
4.91

b
      6.91

b
    48.20

a 
 2.86

b
 20.59

a
 71.60

a
 74.20

a 
165.90

a
 65.30

a
 

EP42 49.47
a 

      28.60
a
       7.44

b
 5.04

b 
  7.71

ab
 35.37

a 
 2.69

b
 18.03

a 
71.00

a 
76.20

a
 172.50

a 
69.20

a
 

F1 44.68
a 

      19.58
b
       8.73

a
 8.58

a
       8.80

a
    10.55

b
  13.39

a
 18.72

a
 65.50

b 
66.20

a 
227.90

a
 104.40

a
 

LSD (α = 0.05) 12.85 7.0        0.80 1.72       1.50 23.55  1.07 5.61 1.24 14.21 69.98 55.63 

67d 46.37
 

      27.65
 

    7.45
 

4.98
 

7.31
 

    41.79
 

 2.77
 

19.31
 

71.30
 

75.20
 

169.20
 

67.25
 

LSD for mid-parent 

heterosis (α = 0.05) 

11.13 6.10 0.70 1.49 1.30 20.39  0.93 4.86 1.07 12.31 60.60 48.18 

RILs ± SE 36.96
 

24.84
 

7.38 6.19 7.18 27.62
 

 2.43
 

19.76
 

67.47
 

70.70
 

153.65
 

61.66
 

 80.61 80.38 80.06 80.09 80.07 81.04  80.06 80.14 80.18 80.19 80.94 80.64 

45  24.36** 4 × 10
-4NS 

0.10
NS

 0.20
NS

 0.15
NS

 132.0**  0.52** 13.43** 13.51** 13.05** 294.1** 119.9** 

23 0.34 0.20
NS

 0.20
NS

 0.19
NS

 0.19
NS

 0.48  0.61 0.58 0.91 0.84 0.83 0.76 

Genotypic variances (45) and heritabilities (23) for each trait estimated following Holland et al. (2006) and Holland et al (2003), respectively. 772 

a
 No differences between F1 and its parents was found because of the G×E interaction was highly significant. 773 

b
 Kernel, shank and cob resistance were scored on a subjective visual scale of 1 to 9 in which 1 indicates completely damaged and 9 indicate no damaged by 774 

the larvae.  775 

c
 Mean values with different letter were significantly different according to LSD (α = 0.05).  776 

d
 90 = Mean of the two parents A637 and EP42 (Mid-parent) 777 

** Significant at the 0.01 probability level, 
NS

, non-significant.  778 



34 

 

 779 

Table 2 Location summary of QTLs mapped in the RIL population derived from EP42×A637 under MCB infestation 780 

 781 

 782 

 783 

 784 

 785 

 786 

 787 

 788 

 789 

 790 

 791 

 792 

 793 

 794 

 795 

 796 

 797 

 798 

 799 

 800 

 801 

 802 
a
 Detected using both BLUPs and BLUEs 803 

b
 Detected only with BLUPs 804 

c
 Detected only with BLUEs. 805 

 

Trait 

 

QTL name 

 

Bin 

 

Position 

Confidence 

Interval (cM) 

 

LOD 

Flanking 

markers 

Occurrence in 

cross validation 

(%) 

Tunnel length TL
 

9.03
a
 48 40-54 3.40 phi065-umc1267 49.3 

Kernel resistance KR 5.04/05
c
 106 102-124 4.46 umc1221-umc1822 49.5 

Shank resistance ShR1 1.07
c
 168 160-172 4.73 bnlg1556-umc1147 22.3 

 ShR5 5.03
c
 92 84-102 6.42 umc1692-umc1221 91.4 

 ShR8 8.04
c
 88 84-94 4.98 umc1858-umc1309a 48.9 

Stalk lodging SL 3.07
a
 162 146-166 2.50 bnlg1449-umc1148 45.4 

Yield Y 5.03
b
 80 64-92 3.95 umc1692-umc1221 72.7 

Grain moisture GM1 1.07
a
 138 126-148 2.80 umc1335-bnlg1556 74.2 

 GM8 8.05
b
 90 86-94 4.83 umc1309a-bnlg1812 89.1 

Anthesis A1 1.07
a
 168 162-172 3.67 bnlg1556-umc1147 45.4 

 A8 8.05
a
 90 86-92 10.81 umc1309a-bnlg1812 96.0 

Silking S8 8.05
a
 90 86-92 10.51 umc1309a-bnlg1812 92.9 

 S10 10.02
b
 36 30-54 4.26 umc1152-mmc0501 55.3 

Plant height PH5 5.04
a
 102 90-108 3.02 umc1692-umc1221 23.8 

 PH8 8.05
c
 96 88-110 3.29 bnlg1812-bnlg240 23.0 

 PH9 9.03
a
 54 50-62 7.6 phi065-umc1267 89.0 

Ear height EH8 8.05
a
 98 88-106 9.02 bnlg1812-bnlg240 54.1 

 EH9 9.03
b
 64 54-70 3.08 umc1267-umc1492  62.1 



35 

 

Supplementary information  806 

Fig. S1 Frequency and effect of QTL for tunnel length. (Bottom) Frequency distribution 807 

of QTL for tunnel length at 2 cM intervals on chromosome 9 derived from 1000 cross 808 

validation runs (CV/G). The solid indicates the LOD curve determined in the whole data set 809 

(DS) with composite interval mapping (CIM). The horizontal line indicates the LOD 810 

threshold of 2.5 to declare a putative QTL significant. The triangle denotes the position of the 811 

QTL, and the vertical lines the confidential interval. (Top) Mean of additive effects of 812 

putative QTLs detected at the respective position on the chromosome from estimation set 813 

(ES) and test set (TS) of CV/G run. 814 

 815 

Fig. S2 Frequency and effect of QTL for yield. (Bottom) Frequency distribution of QTL 816 

for yield at 2 cM intervals on chromosome 5 derived from 1000 cross validation runs (CV/G). 817 

The solid indicates the LOD curve determined in the whole data set (DS) with composite 818 

interval mapping (CIM). The horizontal line indicates the LOD threshold of 2.5 to declare a 819 

putative QTL significantly. The triangle denotes the position of the QTL, and the vertical 820 

lines the confidential interval. (Top) Mean of additive effects of putative QTLs detected at 821 

the respective position on the chromosome from estimation set (ES) and test set (TS) of 822 

CV/G run. 823 

 824 

 825 

Fig. S3 Proportion of genetic variance for resistance traits explained by each QTL in 826 

1000 cross validation runs (CV/G). Means and medians of the proportion of genetic 827 

variance (p) for each trait explained by each QTL and 10 and 90% quantiles for p across 828 
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estimation (ES) and validation (TS) sets of CV/G. TL = QTL for tunnel length, KR = QTL 829 

for kernel resistance, and ShR1, 5 and 8 = QTLs on chromosomes 1, 5 and 8 for shank 830 

resistance. 831 

 832 

Fig. S4 Proportion of genetic variance for agronomic traits explained by each QTL in 833 

1000 cross validation runs (CV/G). Means and medians of the proportion of genetic 834 

variance (p) for each trait explained by each QTL and 10 and 90% quantiles for p across 835 

estimation (ES) and validation (TS) sets of CV/G. SL = QTL for stalk lodging, GM1 and 836 

GM8 = QTLs on chromosomes 1 and 8 for grain moisture, A1 and A8 = QTLs on 837 

chromosomes 1 and 8 for days to anthesis, S8 and S10 = QTLs on chromosomes 8 and 10 for 838 

days to silking, PH5, PH8, and PH9 = QTLs on chromosomes 5, 8 and 9 for plant height, and 839 

EH8 and EH9 = QTLs on chromosomes 8 and 9 for ear height. 840 

 841 

 842 

 843 

 844 

 845 

 846 

 847 

 848 

 849 
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Table S1 Genetic and phenotypic correlation coefficients among evaluated traits in the 850 

maize RIL population derived from A637×EP42 851 

 Resistant traits  Agronomic traits 

 TL KR ShR CR SL  Y GM A S PH EH 

TL     0.22  0.32 0.69
+ 

0.40
+
 0.31 0.66

+
 0.84

+
 

KR -0.27
+
    0.22        

ShR -0.37
+
 0.65

+
   0.37        

CR -0.32
+
 0.85

+
 0.67

+
  0.37        

SL 0.06 -0.05 -0.04
+
 -0.04   0.21 -0.36

+
 -0.09 -0.18 0.02 0.21 

RL 0.02 0.13
+
 0.12

+
 0.11

+
 -0.07  0.27 -0.05 0.32 0.25 0.98 0.76 

Y 0 0.23
+
 0.15

+
 0.19

+
 0.10

+
   -0.04 0.14 -0.12 0.22 0.39

+
 

GM 0.07 0.02 0.11
+
 0.01 -0.07  -0.14

+
  0.80

+
 0.92

+
 0.41

+
 0.60

+
 

A 0.10
+
 0.11

+
 0.21

+
 0.13

+
 -0.05  -0.08 0.46

+
  0.90

+
 0.26

+
 0.62

+
 

S 0.06 0.01 0.12
+
 0.01 -0.17

+
  -0.30

+
 0.51

+
 0.80

+
  0.28

+
 0.47

+
 

PH 0.30
+
 0.21

+
 0.17

+
 0.16

+
 0.04  0.40

+
 0.10 0.07 0  0.77

+
 

EH 0.39
+
 0.15

+
 0.17

+
 0.12

+
 0.05  0.36

+
 0.15

+
 0.35

+
 0.22

+
 0.76

+
  

TL, tunnel length; KR, kernel resistance; ShR, shank resistance; CR, cob resistance, SL, stalk 852 

resistance; Y, yield; GM, grain moisture; A, anthesis; S, silking; PH, plant height; and EH, 853 

ear height. 854 

The phenotypic (rp) correlation coefficients are shown below the diagonal while the genetic 855 

(rg) correlation coefficients are shown above the diagonal. 
+
 Genetic and phenotypic 856 

correlation exceeded twice its standard error. Genetic correlation coefficients were not 857 

estimated for characters with genetic variance estimations not significantly different from 858 

zero.  859 

 860 

 861 

 862 

 863 

 864 

 865 
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Table S2 Estimations of the proportion of genetic (:;) and phenotypic (<=>? 
3 ) variances 866 

for resistance traits explained by each QTL, and their additive effects in three different 867 

sets (DS, whole data; CVES, estimation, and CVTS, validation sets). The biases of 868 

estimations were calculated by cross validation  869 

  Tunnel 

length 

Stalk 

lodging 

Kernel 

resistance Shank  resistance 
 Chromosome 9 3 5 1 5 8 

	
�� 
�  DS 6.80 5.50 9.40 4.89 11.97 8.0 

 CVES 8.16/8.0
a
 7.7/7.5 9.93/9.84 6.70/6.57 12.58/12.41 8.46/8.18 

 CVTS 0.74/-0.75 -0.90/-1.93 3.87/1.97 0.65/0.21 7.09/5.74 3.07/2.04 

        

�̂ DS 19.76 11.50 47.01 25.73 62.99 42.11 

 CVES 24.01/23.6 16.04/15.6 49.66/49.18 35.29/34.57 66.19/65.29 44.52/43.07 

 CVTS 2.17/-2.2 -1.87/-4.0 19.36/9.85 3.41/1.12 37.34/30.20 16.17/10.75 

 Bias
b
 21.84(0.91) 17.91(1.0) 30.30(0.60) 31.88(0.90) 28.85(0.44) 28.35(0.64) 

        

#$c
 DS -0.75** -2.67** 0.29** 0.29** 0.60** 0.38** 

 CVES -0.84/-0.83 -3.12/-3.1 0.31/0.31 0.37/0.40 0.59/0.59 0.40/0.40 

 CVTS -0.41/0.41 -0.84/-0.9 0.22/0.23 0.07/0.08 0.51/0.51 0.25/0.28 

 Bias -0.43(0.51) -2.28(0.73) 0.09(0.29) 0.30(0.81) 0.08(0.14) 0.15(0.38) 

 870 

a 
The values before the slash (/) corresponds to the mean (	0 
��

� , � , and #0) and the values 871 

after the slash correspond to the median (	@ 
��
� , �%, and #%)of the parameter. 872 

b
 Bias of the estimation of p and #$ calculated as the difference between � �� - � ��.�� and #0��  873 

- #0��.��, the values in parentheses denote the fraction of the bias of p and #$ estimated by 1-874 

(� ��.��/� ��) and 1-(#0��.��/#0��), respectively. 875 

c
 Additive effect of each trait are given as follow: tunnel length (cm) and kernel and shank 876 

resistance (subjective visual scale of 1 to 9 in which 1 indicates completely damaged and 9 877 

indicate no damaged by the larvae). 878 

** Significant at the 0.01 probability level. 879 

 880 
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Table S3 Estimations of the proportion of genetic (:;� and phenotypic (<=>?
3 ) variances for agronomic traits explained by each QTL, and 

their additive effects in three different sets (DS, whole data; CVES, estimation, and CVTS, validation sets). The biases of estimations were 

calculated by cross validation 

 Yield Grain moisture Anthesis Silking Plant height Ear height 

 Chromosome 5 1 8 1 8 8 10 5 8 9 8 9 

	
�� 
�  DS 9.30 8.41 9.48 6.97 23.92 26.51 7.29 5.75 5.67 15.65 19.21 9.32 

 CVES 10.0/9.8a 9.0/8.8 9.76/9.46 8.14/7.92 23.54/23.31 26.14/25.92 8.92/8.75 7.32/7.32 9.02/8.78 16.93/16.93 20.03/19.4 9.59/9.36 

 CVTS 4.26/2.72 4.9/3.7 6.65/5.17 1.74/0.88 20.3/19.3 23.3/23.0 3.94/3.03 0.91/0.39  0.66/0.14 12.68/11.31 15.21/13.71 3.25/2.36 

              

�̂ DS 15.24 14.48 16.35 7.65 26.29 31.55 9.27 6.93 6.83 18.88 25.27 12.28 

 CVES 16.38/16.1 15.67/15.31 16.83/16.31 8.94/8.71 25.87/25.62 31.1/30.9 10.6/10.4 8.8/ 8,8 10.87/10.58 20.39/20.0 26.36/25.58 12.61/12.32 

 CVTS 6.98/4.5 8.52/6.37 11.46/8.91 1.91/0.97 22.3/21.22 27.7/27.4 4.70/3.61 1.1/0.5 0.79/0.17 15.27/13.6 20.01/18.04 4.28/3.10 

 Biasb 9.40(0.57) 7.15(0.46) 5.37(0.32) 7.03(0.79) 3.55(0.13) 3.4(0.11) 5.9(0.56) 7.72(0.87) 10.08(0.93) 5.12(0.25) 6.35(0.24) 8.33(0.66) 

              

#$c DS 0.24** 0.61** 0.65** 1.37** 1.93** 1.81** 0.90** -4.01** 5.47** -7.27** 5.93** -4.14** 

 CVES 0.24/0.24 0.65/0.65 0.66/0.65 1.42/1.43 1.86/1.86 1.8/1.8 1.06/1.06 -4.71/-4.7 6.49/6.32 -7.63/-7.64 5.53/5.45 -3.62/-3.29 

 CVTS 0.17/0.17 0.49/0.52 0.57/0.59 0.6/0.62 1.86/1.86 1.8/1.8 0.62/0.66 -1.02/-1.12 1.21/1.15 -7.17/7.22 4.98/4.91 -1.96/-1.97 

 Bias 0.07(0.29) 0.16(0.24) 0.09(0.13) 0.82(0.58) 0(0.0) 0.0(0.0) 0.44(0.42) -3.69(0.78) 5.28(0.81) -0.46(0.06) 1.05(0.10) -1.66(0.46) 

 
a 
The values before the slash (/) corresponds to the mean (	0 
��

� , � , and #0) and the values after the slash correspond to the median (	@ 
��
� , �%, 

and #%) of the parameter. 

b
 Bias of the estimation of p and #$ calculated as the difference between � �� - � ��.�� and #0��  - #0��.��, the values in parentheses denote the 

fraction of the bias of p and #$ estimated by 1-(� ��.��/� ��) and 1-(#0��.��/#0��), respectively. 

c
 Additive effect of each trait are given as follow: stalk lodging (%), yield (Mg ha

-1
), grain moisture (%), silking and anthesis (days), plant and 

ear height (cm). Positive additive effects indicate that A637 allele increases the value of the trait. 

** Significant at the 0.01 probability level 


