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ABSTRACT

Sugarcane borer (SCB), Diatraea saccharalis Fabricius, is a serious
pest in tropical maize production areas in the Americas. Little is
known about the genetic resistance of maize genotypes to this pest.
In this study, we mapped and characterized quantitative trait loci
(QTL) affecting resistance to the leaf feeding generation of SCB (1SCB),
grain yield under both protection (GYP) and infestation (GYI) with
SCB larvae, and plant height (PHT). A total of 171 F; genotypes
derived from cross CML131 (susceptible) X CML67 (resistant) and
93 RFLP marker loci were used in QTL analyses. Fs lines were
evaluated for the above traits and grain yield reduction (GYR) in field
experiments with two replications at two or three tropical environ-
ments. Resistance was assessed by rating leaf feeding damage after
artificial infestation with SCB larvae. The method of composite interval
mapping with selected markers as cofactors was used for detection
and characterization of QTL. Resistance to 1SCB was significantly
affected by 10 putative QTL on Chromosomes 1, 2, 5, 7, 8, 9, and
10. These showed predominantly additive gene action and explained
65.0% of the phenotypic variance and 93.5% of the genetic variance
in a simultaneous fit. Six QTL for GYP, five QTL for GYI with
primarily dominant genetic effects, and four QTL for PHT with
primarily additive genetic effects were identified, explaining in total
about one third of the phenotypic variance for the respective trait.
No more than one putative QTL was found to be common between
different characters. QTL X environment interaction was found to
be significant for 1SCB ratings only. Based on these data, prospects for
improving 1SCB resistance by marker-assisted breeding are promising.

N CENTRAL AND LATIN AMERICA the sugarcane borer

(SCB), Diatraea saccharalis Fabricius, can cause ex-
tensive damage in maize production fields. In the small-
scale, low-input farming systems prevailing in this re-
gion, low yield stability is partly due to the highly variable
damage caused by SCB. Moths of SCB deposit their
eggs on leaves of maize plants during the whorl stage.
After hatching, larvae migrate into the whorl and feed
on the epidermis for 9 to 10 d. Subsequently, larvae
move outside of the stalk and start penetrating into the
stalk for further development and pupation. After 35 to
50 d, the second-generation adults appear. In tropical
environments, up to seven generations can develop an-
nually.

Total yield loss due to maize borer infestation can be
divided into several components. Up to 20% yield loss
can be attributed to the first-generation leaf feeding (Scott
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and Davis, 1974). Successive generations cause less
direct damage, but lead to increased indirect losses as
a consequence of lodging due to tunneling. Estimated
average yield losses due to SCB range from 14 to 50%
(Hinderliter, 1983).

SCB-resistant maize genotypes were identified in
germplasm originating from the Caribbean Islands (Elias,
1970) and in CIMMYT Populations 27 (Mihm, 1985),
390, and 590 (Mihm et al., 1991). Resistance of Popula-
tion 27 was found to be polygenically inherited with
primarily additive gene action (Hinderliter, 1983). Be-
yond this, little is known about the mechanisms of 1SCB
resistance and the number of genes involved, as well as
their location in the maize genome.

At CIMMYT, germplasm conferring resistance
against a number of species of corn borer, including
SCB, was combined to form a multiple-borer-resistant
(MBR) population (Smith et al., 1989). The level of
resistance to these insect species was significantly im-
proved by S; recurrent selection. However, recurrent
selection and screening techniques for evaluating insect
resistance are laborious and time consuming. These prob-
lems may be overcome by marker-assisted selection
(MAS) for those genomic regions that significantly im-
prove insect resistance without adversely affecting other
important agronomic traits.

Application of MAS requires knowledge about the
location and effects of genetic factors influencing the
target traits. With the advent of new classes of molecular
markers such as RFLPs, it has become feasible to dissect
complex quantitative traits at least partly into their under-
lying Mendelian factors, also referred to as QTL. Since
the pioneering paper of Paterson et al. (1988), numerous
studies have been conducted to map QTL for yield,
quality traits, and resistance to insects and other pests
in many crop species including maize (for review, see
Lee, 1995).

While no QTL studies have yet been published on the
resistance in maize to tropical stem borers, encouraging
reports are available on the mapping of QTL conferring
resistance to the first-generation (1ECB, leaf feeding)
and the second-generation (2ECB, sheath and collar feed-
ing and stem tunneling) of the European corn borer
(ECB), Ostrinia nubilalis Hiibner, in U.S. Cornbelt
germplasm. In a population of 150 F; lines derived
from the cross between Mol7 (susceptible) and H99

Abbreviations: 1ECB, first generation of European corn borer; 1SCB,
first generation of sugarcane borer; 1SWCB, first generation of southwest-
ern corn borer; cM, centimorgan; CIM, composite interval mapping;
CIMMYT, International Maize and Wheat Improvement Center; GYI,
grain yield under 1SCB infestation; GYP, grain yield under protection;
GYR, grain yield reduction due to 1SCB infestation; LOD, logio odds
ratio; MAS, marker-assisted selection; P1, parent one; P2, parent two;
PHT, plant height; QTL, quantitative trait locus (or loci, depending on
the context); RFLP, restriction fragment length polymorphism.



BOHN ET AL.: QTL FOR SUGARCANE BORER RESISTANCE IN TROPICAL MAIZE 1353

(resistant), Schon et al. (1991) identified four QTL sig-
nificantly affecting 1ECB resistance on Chromosomes
1, 4, 6, and 9. For resistance against 2ECB, Schon et
al. (1993) found seven QTL in a population of 300
F; lines derived from cross B73 (susceptible) X BS52
(resistant). Beavis et al. (1994) used topcrosses and Fy
progeny of 112 F,-derived lines from cross B73 X Mol7
for QTL analyses and identified three QTL significantly
affecting 2ECB resistance on Chromosomes 7, 8, and 9.

In this study, we mapped and characterized QTL for
resistance to 1SCB feeding and related agronomic traits
in a population of F; lines derived from the cross of two
tropical maize inbreds, one highly resistant and the other
highly susceptible to 1SCB. Objectives of our study were
to: (i) estimate the number and the genomic positions
of QTL with significant gene effects involved in trait
expression, (ii) determine the size and type of their
genetic effects, and (iii) provide information on the most
efficient design of conventional breeding programs and
the prospects of MAS.

MATERIALS AND METHODS
Plant Materials

Two near-homozygous inbred lines, CML131 and CML67,
were used as the parent material. CMLI131, a subtropical
intermediate white dent line, was selected from CIMMYT
Population 42 and is highly susceptible to leaf feeding by SCB
and southwestern corn borer (SWCB), Diatraea grandiosella
Dyar. CML67 is a tropical yellow semi-dent line selected out
of Antigua Group 2; it is known to be highly resistant to
SCB, SWCB, and fall armyworm, Spodoptera frugiperda (J.E.
Smith) (CIMMYT Maize Program, 1991; Mihm et al., 1991).

During the 1991 summer season, F, plants derived from
two randomly chosen F, plants from the cross CML131 X
CMLG67 were grown in Tlaltizapan, State of Morelos, Mexico,
and selfed to produce 215 F; lines. Leaf samples were taken
from a random subset of 190 parental F, plants for subsequent
RFLP assays, of which 171 were in common with the 215 F,
lines used in the field trials. The 215 F; lines were sib-mated
the following season to produce enough seed for field trials.

RFLP Assays

Genomic DNA was extracted from leaf material and digested
with restriction enzymes EcoRI and HindlIl. The resulting
DNA fragments were separated by agarose gel electrophoresis
and transferred onto uncharged membranes by Southern blot-
ting. Hybridization of membranes was performed with 93
single or low-copy genomic DNA probes from the standard
probe collection available from the University of Missouri
(Gardiner et al., 1993). These enzyme-probe combinations
yielded a total of 100 RFLP marker loci. Probes were labeled
with digoxigenin-dUTP and DNA fragments were detected
by means of the chemiluminescence antidigoxigenin-AMPPD
protocol of Hoisington et al. (1994).

Agronomic Trials

Experiments with infestation of SCB larvae and those under
protection (insecticide application without infestation) were
conducted in the winter seasons (November through May)
1992 and 1993 at CIMMYT’s Tlaltizapan, Mexico, experimen-
tal station (subtropical environment, 940-m elevation, 18° N)
and in the winter season of 1993 at CIMMYT’s Poza Rica,

Mexico, station (lowland tropical environment, 60-m elevation,
21° N). Each year-location combination was treated as an
environment in the subsequent statistical analyses. Each experi-
ment included 240 entries: 215 F; lines and the parental inbred
lines as multiple entries. The experimental design was a 24~
by-10 alpha design with two replications and single-row plots
0.75 m apart and 5.0 m long in 1992, and 2.5 m long in 1993.
The trials were over-planted and thinned to 24 plants per row
in 1992 and 12 plants per row in 1993, corresponding to
60000 plants ha™'. All experiments were planted and harvested
by hand as grain trials.

For evaluating the level of resistance against 1SCB, every
plant was artificially infested with 30 to 45 neonate SCB larvae
at the six- to eight-leaf stage (mid-whorl). Freshly hatched
larvae were mixed with maize-cob grits and applied into the
plant whorl using a mechanical dispenser (Mihm, 1983). Leaf
feeding damage by SCB was assessed two to three weeks after
infestation using a rating scale from 1 (no visible leaf damage)
to 10 (dead growing point, all leaves with long lesions) as
described by Thome et al. (1992).

Other traits for which data were collected in two environ-
ments (Tlaltizapdn, winter seasons of 1992 and 1993) included
(i) plant height (PHT) in centimeters, measured on an individual
plant basis from soil level to lowest tassel branch in the
protected trials; (ii) grain yield per plant (g plant™'), measured
in protected trials (GYP); (iii) grain yield per plant (g plant™"),
measured in infested trials (GYI); and (iv) grain yield reduction
(%), calculated as the percent reduction of yield of an entry
in infested trials compared with protected trials, using in both
cases the adjusted entry mean (GYR). Both GYP and GYI
were determined by dividing the total grain yield per plot
(standardized to 155 g HoO kg~') by the number of plants per
plot.

Data Analyses

Analyses of variance were performed on field data from each
experiment within each environment. Adjusted entry means
and effective error mean squares were used to compute the
combined analyses of variance and covariance across environ-
ments for experiments with and without 1SCB infestation. The
sums of squares for entries (239 df) were subdivided into the
variation among F; lines (214 df) and the orthogonal contrasts
among the means of F; lines (Fs) vs. the midparental value
(P = (P1 + P2)/2) and P1 vs. P2. A corresponding subdivision
was conducted on the entry X environment sums of squares.

Components of variance for the F; lines were computed
considering all effects in the statistical model as random. Esti-
mates of variance components 6 (error variance), oz. (geno-
type X environment interaction variance), and o} (genetic
variance) of F; lines and their standard errors were calculated
as described by Searle (1971, p. 475). The variance among
F; line means (62) was obtained by dividing the mean square
of F; lines by the number of environments times two replica-
tions. Heritabilities (h?) for F; lines were calculated on an
entry-mean basis and asymmetrical confidence intervals on A?
were estimated. Phenotypic (r,) and genotypic (r;) correlation
coefficients were calculated among agronomic traits in F; lines
by applying standard procedures (Mode and Robinson, 1959).
Estimates of r, were calculated only when estimates of 6 were
significantly (P < 0.01) greater than zero for both traits under
consideration.

Segregation at each marker locus was checked for deviations
from expected Mendelian segregations (1:2:1, 3:1) and an
allele frequency of 0.5 by standard y? tests. Because multiple
tests were performed (corresponding to the number of RFLP
markers assayed), appropriate Type I error rates were deter-
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mined by the sequentially rejective Bonferroni procedure de-
scribed by Holm (1979). Estimates of the level of heterozygos-
ity (%) of parental F, plants relative to the heterozygosity in
the F, were obtained by dividing the observed number of
heterozygous marker loci by the total number of scorable
marker loci in the respective plant. Likewise, the percentage
of CMLI131 genome in each F, plant was determined by
dividing the sum of all CML131 marker alleles by twice the
number of scorable marker loci in the respective plant.

A linkage map based on the 190 F, individuals and 100
RFLP marker loci was constructed by means of the software
package MAPMAKER (Lander et al., 1987). Linkage between
two markers was declared significant in the two-point analyses
when the LOD score (log; of the likelihood odds ratio) ex-
ceeded the threshold of 3.0. After determination of linkage
groups and the correct linear arrangement of marker loci along
the chromosomes, recombination frequencies between marker
loci were estimated by multi-point analyses and transformed
into centimorgan (cM) by Haldane’s (1919) mapping function.

The QTL analysis was performed with on the subset of 171
F; individuals for which both molecular and phenotypic data
were available. For mapping of QTL and estimation of their
effects, the recently proposed method of composite interval
mapping (Jansen and Stam, 1994; Zeng, 1994) was employed.
All necessary computations for this method were performed
with the newly developed software package PLABQTL (Utz
and Melchinger, 1995), which employs interval mapping by
the regression approach (Haley and Knott, 1992) in combina-
tion with the use of selected markers as cofactors. The underly-
ing model [as proposed by Zeng (1994) with modifications by
Utz and Melchinger (1994)] can be written as follows:

y=m+ b'[xzﬂ + b'ix},-, + Z bkxjk + €;.
k

Here, y; denotes the phenotypic trait value of the jth F; line;
m is the mean phenotypic value of F; lines with genotype QQ
at the putative QTL; b} and b are the additive (a) and the
dominance (d) effects, as defined by Falconer (1989, p. 112),
of the putative QTL in the marker interval (/,/ 1+1) under
consideration; x;; and x;; are conditional expectations of the
dummy variables A and D given the observed genotype at the
flanking marker loci, where A assumes values 0, 1, and 2,
and D assumes values 0, 0.5, and 0, when the genotype at
the putative QTL is QQ, Qq, or qq, respectively (D = 0.5
rather than 1.0 for heterozygotes Qq, because phenotypic traits
were evaluated for F; lines and not F; plants, hence only half
of the dominance effect is present); by is the partial regression
coefficient of phenotype y; on the kth (selected) marker; x; is
a dummy variable (cofactor) taking values 1, 0 or — 1 depending
on whether the marker genotype of individual j at marker
locus k is MiM;, Mim,, or mym, respectively; €; is a residual
variable for the jth F; line. Cofactors were selected by stepwise
regression. Final selection was for the model that minimized
Akaike’s information criterion (for details, see Jansen, 1993).
The set of cofactors selected for the data averaged across
environments was also applied to identify QTL in individual
environments.

Following Zeng (1994), we employed a simple interval
(likelihood ratio) test, in which the maximized likelihood (L)
of the model with the putative QTL is compared with the
maximum likelihood (Lo) of the model without the QTL (both
models include all selected cofactors, except when a cofactor
was identical to one of the markers flanking the interval under
consideration). The threshold of the LOD score logio(L,/Lo)
for declaring a putative QTL significant was chosen to be 2.5.
According to recent results from simulation studies (Jansen,
1994), this threshold ensures a comparisonwise Type 1 error
of P < 0.01 in the mapping of QTL for the sparse map case
and reduces the chances of a Type 1l error. Following common

practice, estimates of QTL positions were obtained at the point
where the LOD score assumes its maximum in the region under
consideration. A one-LOD support interval was constructed for
each QTL as described by Lander and Botstein (1989). QTL
with non-overlapping support intervals were regarded as being
different.

The phenotypic variance (82) explained by a single QTL
was obtained by the square of the partial correlation coefficient
(R?. Estimates of the additive (@) and dominance (d;) effects
of the ith QTL and the total 83 explained by all QTL, as well
as the total LOD score, were obtained by fitting a model
including all putative QTL for the respective trait. The hypothe-
sis of no additive or dominance effect of the QTL (Hy: a; =
0 or Ho: di = 0) was tested by an F-test using the test statistic
F = (partial sum of squares of the single QTL effect)/(residual
mean squares of the model fitting all detected QTL simultane-
ously). Following Stuber et al. (1987), the ratio DR = (|d}|/
lail) was used to describe the type of gene action at each QTL:
additive for DR < 0.2; partial dominance for 0.2 <= DR <
0.8; dominance for 0.8 < DR < 1.2; overdominance for
DR = 1.2.

The QTL X environment interaction variance was estimated
by fitting a model to the a-design-adjusted entry means from
each environment which included all QTL detected in the
analysis of means across environments. The sum of squares
for genotypes obtained from the combined ANOV A was subdi-
vided into the variation due to regression on the detected QTL
(M,) and the residual variation (M;). A similar subdivision
was performed for the genotype X environment interaction
sum of squares yielding the respective mean squares M, and
M.,.. The total genetic variance explained by all QTL in the
model (83) was estimated by equating the mean squares to the
expected mean squares as given by Bliss (1967, p. 426) and
Knapp (1994). In contrast to the R? value, 62 is not biased by
QTL X environment interactions. Hence, the proportion of
8% explained by all QTL in the model (Q%) was estimated as
Q? = 82/6}. The hypothesis of no significant QTL X environ-
ment interaction was tested by using an F-test on the test
statistic F = M,/M,,. When this hypothesis was rejected, QTL
X environment interaction was tested for each ith QTL by
applying an F-test using the test statistic F = (M,.)/M,., where
(M,.); refers to the sum of squares attributable to QTL X
environment interactions of the ith QTL divided by the respec-
tive df. Appropriate Type I error rates were determined by
the sequentially rejective Bonferroni procedure corresponding
to the number of fitted QTL effects.

RESULTS
Segregation and Linkage of RFLPs

By applying the sequentially rejective Bonferroni pro-
cedure, we detected no significant deviations of observed
genotype frequencies from the Mendelian expectations
for the 100 RFLP marker loci. The proportion of
CML131 genome among the 190 F; individuals followed
approximately a normal distribution and ranged from
21.5 to 67.5%, with mean X = 49.5% and standard
deviation SD = 7.3%. The level of heterozygosity in
F, plants also displayed a normal distribution and varied
from 23.5 to 72.6%, with X = 50.6% and SD = 9.3%.
Our RFLP linkage map based on this tropical maize
germplasm (Fig. 1) is in good agreement with maps that
have been published for temperate maize germplasm
(Burr et al., 1988; Gardiner et al., 1993). Two loci
(bnl13.05a and bni3.04) were not significantly linked
(LOD < 3.0) to any of the 10 linkage groups. However,
the data supported placement of bnl/13.05a on Chromo-
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Fig. 1. Genetic map of maize based on 190 F; individuals derived from cross CML131 X CML67 for 100 RFLP marker loci. Dashed areas
between markers indicate that linkage was not significant (LOD < 3.0). Numbers to the left of the chromosomes indicate distance, relative
to the first marker, in cM. The short arm of each chromosome is shown toward the top of the page.

some 8 and bnl3.04 on Chromosome 10 in accordance
with published maps. The 100 RFLP marker loci span
a map distance of 1535.5 cM with an average interval
length of 17.1 cM.

Agronomic Trait Analysis

Means of parental inbred lines CML131 and CML67
differed significantly (P < 0.01) from each other for all

measured traits except GYI (Table 1). The parental lines
represented the extremes of the distribution only for
1SCB ratings. The orthogonal contrast of the mean per-
formance of the two parent lines (P) and the overall
mean of the 215 F; lines (Fs) was significant (P < 0.05)
for all traits except 1SCB ratings. F; was significantly
greater than P for GYP, GYI, and PHT, while the reverse
applied to GYR.
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Table 1. Means of parents CML131 and CML67, and 215 F; lines derived from their cross, plus estimates of variance components and
heritabilities among F; lines for 1SCB ratings, grain yield under protection (GYP), grain yield under infestation (GYI), grain yield

reduction (GYR), and plant height (PHT).+

Parameters Entries 1SCB ratings GYP GYI GYR PHT
No. 1-10 scale g plant-! % cm
Meanst
P1 12 8.3 +0.2 82+ 6 52+5 2+1 109.0 + 1.4
P2 13 4.6 + 0.1 57T+£5$ 50 +5 14 + 11 774 + 14
P§ 25 6.3 + 0.1 69 + 4 51+3 24 + 8 93.8 + 1.0
F, 215 6.4 1+ 0.0 8 +1 Bt1 1511 107.3 £ 0.8
Variance components (F; lines)
oy 0.24 + 0.04** 235 4 44%+ 242 + 424+ 61 + 55 108 + 13%*
G 0.22 + 0.03*+ 268 + 38%* 197 + 32+ 516 1 74** 20 £ 5%+
Heritability (F; lines)
h? 0.64 0.56 0.60 0.14 0.82
90% C.1. on h* (0.56, 0.70) (0.42, 0.66) (0.48, 0.70) (-0.13, 0.39) (0.76, 0.86)

** Variance component was significant at the (.01 probability level.

+ 1SCB rating, measured in three environments; GYP, GYI, GYR, and PHT, measured in two environments.

} Standard errors are attached.
§ P = mean of CML131 and CML67, F; = mean of F, lines.
{ Estimate of ¢ is confounded with ¢

Genotypic variances among F; lines (63) were highly
significant (P < 0.01) for all traits but GYR (Table 1).
Estimates of o2, were significantly (P < 0.01) greater
than zero for all traits. Heritability estimates were inter-
mediate (0.56 for GYP) to high (0.82 for PHT) for all
traits except GYR.

Phenotypic (rp) and genotypic (r,) correlations among
agronomic traits of the F; lines were highly significant
(P < 0.01), but less than +0.45 for most trait combina-
tions (Table 2). Exceptions were GYP and GYI with
r, = 0.62 and r; = 0.98. 1SCB ratings were not associ-
ated with GYR. Relative heterozygosity of F. plants
(determined from RFLP data) was significantly (P <
0.01) correlated with GYP, GYI, and PHT in the de-
scending F3 lines, yet all correlations were less than
+0.30. The estimated percentage of CML131 genome
in F, plants displayed a highly significant (P < 0.01)
correlation (r, = 0.60) with 1SCB ratings, but correla-
tions to other agronomic traits were low.

QTL Analyses

QTL analyses were performed using genotypic data
for 100 RFLP marker loci and phenotypic data combined
across environments as well as from individual environ-

ments. For 1SCB ratings, there was considerable varia-
tion among QTL likelihood curves obtained for individual
environments (Fig. 2). The LOD curves for the combined
data showed peaks above the 2.5 LOD score threshold
for those cases where either one QTL was detected in
at least one environment, or LOD curves below the
threshold displayed similar trends for at least two envi-
ronments. The global test for QTL X environment inter-
actions was significant (P < 0.01) for 1SCB ratings only,
and only one QTL showed significant interactions with
environments. Hence, a detailed presentation of results
from QTL analyses for all traits is given based on means
across environments. No QTL analyses were performed
for GYR, because 8} was not significant for this trait.

1SCB Ratings

In composite interval mapping for 1SCB ratings, we
selected a total of 14 RFLP markers as cofactors (Table
3, footnote). Ten putative QTL located on Chromosomes
1, 2 (two QTL), 5 (two QTL), 7, 8, 9 (two QTL), and
10 were found to significantly affect 1SCB ratings. LOD
scores ranged from 2.5 on Chromosome 10 to 5.8 on
Chromosome 1. The latter QTL explained 15.4% of
83, whereas the other QTL explained between 7.2 and

Table 2. Phenotypic (r,) and genotypic (r,) (printed with underscore) correlation coefficients among 1SCB ratings, grain yield under
protection (GYP), grain yield under infestation (GYI), grain yield reduction (GYR), and plant height (PHT) for the 215 F; lines from
cross CML 131 X CML67, also r, between agronomic traits of 171 F; lines and RFLP data of their parental F; plants.}

Agronomic traits

Genome composition

1SCB ratings GYP GYI GYR PHT %Heterozyg.t %CML131§
1SCB ratings -0.11 -0.16* -0.05 0.00 0.00 0.60**
GYP -0.23* 0.62%* —0.25%+ 0.29** 0.25%* -0.17*
GYI —=0.29++ 0.98** 0.45¢* 0.33%* 0.29%* =0.31%=
GYR | - - 0.00 0.19* -0.15
PHT 0.15+ 0.27+ 0.55* - 0.26** 0.23**
%Heterozygosity 0.12

* ** Phenotypic correlation was significant at the 0.05 and 0.01 probability level, respectively.

+,++ Genetic correlation exceeded one or two times its standard error, respectively.

t 1SCB ratings, measured in three environments; GYP, GYI, GYR, and PHT, measured in two environments.
t %Heterozyg. = level of heterozygosity of parental F, individuals estimated from RFLP data.

§ %CML131 = percentage of genome from the susceptible inbred CML131 estimated from RFLP data.

{ Genotypic correlations.were not estimated because o2 for GYR was not significant (P < 0.01).
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13.8% of &2. All alleles decreasing 1SCB ratings (i.e.,
increasing resistance to 1SCB feeding damage) were
contributed by the resistant parent CML67. Seven QTL
showed additive gene action, two partial dominance, and
one displayed overdominance. A model fitting all ten
putative QTL detected with composite interval mapping
explained 65.0% of 62 and 93.2% of &;. Although QTL
analyses showed a considerable variation in the LOD
plots for individual environments (Fig. 2), QTL X envi-
ronment interactions were significant (P < 0.01) only
for the estimated additive effect of the second QTL on
Chromosome 9. Estimated additive effects at this QTL
position varied between environments from 0.07 to
—0.57.

Grain Yield under Protection

Six markers, four of which were adjacent to subse-
quently detected QTL, were used as cofactors for com-
posite interval mapping for GYP (Table 3, footnote).
Six putative QTL affecting GYP were detected on Chro-
mosomes 1,2, 7, 8 two QTL), and 9, explaining between
7.1 and 13.1% of 82 with LOD scores ranging from 2.6
to 5.1. A model fitting all six QTL explained 35.8% of
8% and 58.6 of 62. Both parents contributed alleles in-
creasing GYP. Three QTL displayed overdominance.

.Grain Yield under Infestation

Four markers were selected as cofactors for composite
interval mapping of GYI (Table 3, footnote). Five puta-
tive QTL located on Chromosomes 2, 6, 8 (two QTL),
and 10 were identified. These explained between 7.0
and 13.4% of &2 and had LOD scores ranging from 2.6
to 5.5. A model fitting all five putative QTL accounted
for 35.4% of 63 and 48.5% of 8. All alleles increasing
GYI were contributed by the resistant parent CML67,
except for the second QTL on Chromosome 8. Two
QTL showed partial dominance, one dominance, and
two displayed overdominance. Only one QTL, located
on Chromosome 8, was common to GYI and GYP.

Plant Height

For plant height, five markers were selected as cofac-
tors for composite interval mapping (Table 3, footnote).
Four putative QTL located on Chromosomes 2, 3, 4,
and 5 were identified with LOD scores ranging from
2.8t09.2. In a simultaneous fit, the four QTL explained
37.4% of 63 and 41.3% of 63. Plant height was increased
by the CML131 allele at all QTL, except for the QTL
detected on Chromosome 2. Two QTL showed additive
gene action, one partial dominance, and one QTL dis-
played dominance.

DISCUSSION

Genetic Foundation of 1SCB Resistance
and Other Traits

In our cross between a tropical and a subtropical
inbred, we identified 10 QTL with significant effects on
leaf feeding resistance against 1SCB larvae. At all 10

QTL, the resistant allele was contributed by parental
inbred line CML67, one of the most resistant lines out
of CIMMYT’s conventional stress breeding program. In
developing this line, an attempt was made to combine
all known sources of stem borer resistance. In contrast,
parent CML131 is one of the most susceptible inbred
lines developed by CIMMYT. It was chosen on the
presumption that it does not contain alleles conferring
resistance. Crosses among extreme genotypes increase
the power of QTL detection (Lander and Botstein, 1989).
Contrary to our findings, Schon et al. (1993) reported
that in a population of 300 F; lines derived from cross
B73 x BS52, two out of seven QTL affecting 2ECB
resistance originated from the highly susceptible parent
line B73.

By fitting all 10 QTL for 1SCB resistance in one
model, 65.0% of &2 and 93.2% of &2 were detected.
Estimates for the sum of additive genetic effects (4 =
Xa;, with summation over all QTL) and the sum of
dominance effects (D = %d;) amounted to A = —2.08
and D = —0.50 (Table 3). According to the results
of a simulation study by Utz and Melchinger (1994),
estimates of individual QTL effects as well as the variance
explained by them can be inflated, particularly for smaller
population sizes (n=<300) and traits with moderate to
low heritability (h* < 0.4). In our experiment, an indepen-
dent and unbiased estimate of A4 can be obtained by
comparison of generation means: A = |P1 — P2{/2
(Table 1). Estimates A and A did not differ significantly,
suggesting that the upward bias in estimating additive
effects was negligible.

Hinderliter (1983) showed that in CIMMYT Popula-
tion 27 the resistance against leaf feeding damage due
to 1SCB larvae is a quantitative trait with primarily
additive gene action. Thome et al. (1992) evaluated 10
maize inbred lines (five resistant and three susceptible
CIMMYT lines, two public lines) in a diallel series of
crosses for leaf feeding resistance to 1SCB, 1SWCB,
and 1ECB. For all three insect species, general combin-
ing ability was highly significant for leaf damage ratings,
whereas specific combining ability was only a minor
source of variation. Schon et al. (1991, 1993) also identi-
fied QTL with mainly additive gene action for 1IECB
and 2ECB resistance in F; populations derived from two
different crosses. These results indicate the predominance
of additive gene action in the expression of resistance
of maize against various insects species and are in har-
mony with our findings for 1SCB.

Bergvinson et al. (1996) proposed that mechanisms
of insect resistance in maize include protein, fibre, and
cell wall phenolic acid contents as well as peroxidase-
mediated production of dehydrodiferulic acid. Four QTL
for 1SCB resistance on Chromosomes 1, 2 (second QTL),
5 (first QTL), and 9 (second QTL), which together
explained 57.0% of &2 for this trait, map to genomic
regions that are known to carry genes involved in cell
wall biochemistry. (i) Gene brittle stalk2 (bk2) on Chro-
mosome 9 causes susceptibility to easy leaf breakage by
effecting the stiffness and toughness of leaves. (ii) Genes
bml on Chromosome 5 and bm2 on Chromosome 1
result in the brown midrib phenotype and lower content
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were obtained by applying composite interval mapping with PLABQTL.

of lignin, a major component in cell wall fortification.
(iii) Gene peroxidasel (pxI) on Chromosome 2 may
be involved in the production of dehydrodiferulic acid.
According to the hypothesis proposed by Robertson

(1985), it may be speculated that the above-mentioned
QTL simply represent different alleles at these loci with
known major gene effects. In future research, a series
of near-isogenic lines, which carry only specific single
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Table 3. Parameters associated with QTL significantly affecting 1SCB ratings, grain yield under protection, grain yield under infestation,
and plant height. Biometrical parameters were estimated from phenotypic menas of 171 F; lines from cross CML131 x CML67.%

Genetic effects}

Max. Gene
Chromosome Position§ LOD RYq Add. Dom. action#
% —————— 1-10 scale
1SCB ratingstt
1 152-164-170 5.8 15.4 -0.23 0.14 PD
2 006-024-050 39 11.2 -0.20 -0.18 PD
2 116-126-134 5.2 13.5 -0.15 -0.21 oD
5 060-076-086 3.7 10.1 -0.26 -0.01 A
5 128-138-152 34 9.6 -0.16 -0.05 A
7 040-052-068 4.0 10.9 -0.17 -0.03 A
8 032-056-070 3.7 10.4 -0.24 -0.11 PD*
9 040-058-068 3.2 8.7 -0.26 0.00 A
9 079-098-106 5.1 13.8 -0.25 0.02 A
10 078-084-092 2.5 7.2 -0.16 -0.07 PD*
Totaltt 52.9 65.0 —-2.08 —0.50
% ——— g plant™!
Grain yield (protected)§§
1 130-140-156 34 9.1 6.77 0.03 A
2 000-000-018 2.7 7.6 -3.34 8.91 oD
7 116-126-130 4.9 12.8 -1.53 3.99 PD*
8 030-064-070 2.6 71 5.48 -3.28 PD*
8 089-104-116 5.1 13.1 -1.86 21.85 oD
9 046-058-068 2.9 1.7 0.15 6.74 OD
Total 16.4 35.8 -0.33 38.24
% ~—— —gplant-!
Grain yield (SCB infested){y
2 058-064-068 4.1 10.4 5.51 2.65 PD
6 080-082-084 5.5 13.4 7.69 6.09 PD
8 074-076-084 2.6 7.0 7.87 -7.01 D
8 086-104-120 2.9 1.9 -2.35 23.94 oD
10 086-012-110 31 8.3 2.58 5.19 OD
Total 18.1 35.4 21.30 30.86
% cm
Plant height##
2 058-062-066 4.6 12.0 3.56 -0.13 A
3 026-038-040 3.5 9.2 -520 0.41 A
4 086-094-102 9.2 21.4 -6.23 4.30 PD
5 000-002-006 2.8 7.9 -2.88 -2.23 PD*
Total 19.9 374 -10.8 2.35

t 1SCB ratings, measured in three environments; all other traits, measured in two environments. Analyses was performed with software package PLABQTL.

1 Estimates were obtained from a simultaneous fit of all putative QTL.

§ Positions of likelihood peak (maximum LOD) with underscored letters plus support interval in centimorgans relative to the first RFLP marker on

chromosome (Fig. 1).
{ R* = square of partial correlation coefficient in %.

# A = additive gene action (|di|/|a]<0.2), PD = partial dominance (0.2<|d;|/|a;/<0.8), D = dominance (0.8<|d:{/|a}|<1.2), OD = overdominance (|d;|/
|a|>1.2), PD* = dominance effect of QTL was not significantly different from zero to probability level P < 0.1.
11 Marker cofactors in the order of selection: csu59, bnl5.71, csu37, bnl7.49b, umcl2, bnl6.06, umc6, bni8.29, umc127, umcl67, csu30, umc123, umcl53,

csu70.

4+ Estimates of total LOD score and total R? were obtained from a simultaneous fit of all putative QTL affecting the respective trait.
§8 Marker cofactors in the order of selection: csul33, bni5.47, umc47, umcl50a, csu48, umc123.

99 Marker cofactors in the order of selection: csul33, bnl5.47, umc47, umcl150a.

## Marker cofactors in the order of selection: umc35, umc106, bnl14.28, umcl12, csu70.

QTL for 1SCB resistance, may be used for fine mapping
of each QTL region according to the approach described
by Paterson et al. (1991) and for verification of their
allelism with known major genes.

In total, we detected four QTL significantly affecting
PHT. One of the QTL regions on Chromosome 3 was
also reported by Schon et al. (1993). Only for one of
the six QTL for GYP and five for GYI, QTL support

intervals overlapped, even though the genotypic correla-
tion was very high for both traits. Two reasons may
account for the discrepancy between the magnitude of
the r, and the number of QTL in common: (i) all QTL
identified for GYP and GYI explained only about half
of 6%, respectively, indicating that several major and
minor QTL remained undetected; (ii) the genotypic corre-
lation between the two traits was overestimated.
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QTL x Environment Interactions

For all traits under consideration, variance component
62, was highly significant, yet 62, was significant only
for 1SCB resistance. The fact that we were able to
demonstrate significant QTL X environment interaction
for only one QTL reflects the low power of the statistical
test due to the small number of environments in our study.
A thorough analysis of QTL X environment interactions
would require increasing the number of test environ-
ments. Differences in the peaks of LOD graphs as ob-
served in Fig. 2 provide a weak indication for the pres-
ence of QTL X environment interaction, because this
interaction is not part of the genetic model fitted (Jansen
et al., 1995). As stated by these authors, even in the
absence of true QTL X environment interactions, the
chance of simultaneous detection of a QTL in several
environments is small.

Relationship between Heterozygosity
and Performance of F; lines

Our RFLP data of the parental F, plants revealed a
great variation in their degree of heterozygosity as pre-
dicted by theory (Franklin, 1977). Numerous studies,
especially generation mean analyses, in maize and other
allogamous crops have demonstrated a close association
between the degree of heterozygosity of plants and their
performance level for heterotic traits such as plant vigor
and yield. For backcross progenies of the elite cross
B73 X Mol7, Stuber et al. (1992) reported tighter corre-
lations of heterozygosity, determined with RFLPs, with
grain yield (r, = 0.68) and PHT (r, = 0.50) compared
with our findings (Table 2). Possible reasons to explain
these discrepancies include (i) a lower heterosis for GYP
in cross CML131 x CML67; (ii) use of F5 lines instead
of backcross progenies, which are expected to display
twice the amount of heterosis; and (iii) a lower accuracy
of our GYP measurements due to a smaller number of
test environments.

Conclusions for Conventional
and MAS Breeding Programs

Efficiency of indirect selection depends on (i) the ge-
netic correlation between the selected trait and the target
trait, and (ii) a high heritability of the selected trait
(Falconer, 1989). While Thome et al. (1994) found a
significant phenotypic correlation (r, = 0.63) between
1SWCB ratings and GYR, no significant correlation be-
tween 1SCB ratings and GYR were observed in the
present study. This result is probably attributable to the
low precision of our GYR measurements determined
from adjacent trials, as indicated by the low h* estimate
and the large standard error associated with 6. Another
explanation for this result is that by assessing the leaf
damage caused by SCB larval feeding, we addressed
only the antibiosis component of resistance, which by
definition refers to a stunting in the development of
insects feeding on resistant plants. Tolerance, the second
component of resistance, defined as the ability of a geno-
type to outgrow leaf damage, was not taken into account.

Because tolerance strongly depends on plant vigor, it
may vary considerably among F; lines, as suggested by
the significant correlation between heterozygosity with
GYR and GYI (Table 2). Hence, a tight correlation
between GYR and 1SCB ratings cannot be expected in
the presence of variation for tolerance. Thome et al.
(1994) eliminated the masking effect of tolerance by
using hybrids out of a series of diallel crosses between
resistant and susceptible inbreds. The significant correla-
tion between 1SWCB ratings and GYR reported by these
authors clearly demonstrates the importance of antibiosis
on stabilizing grain yield under larval attack. Further
research is warranted to investigate both components of
insect resistance in future QTL mapping studies.

Quantitative traits are conventionally improved by
applying recurrent selection procedures. The relatively
small number of genes involved in leaf feeding resistance
to 1SCB as well as the additive type of gene action
found in our study suggests that all methods of recurrent
selection should be highly effective for improving the
antibiosis type of resistance. Full-sib selection is one
attractive option, because the trait can be measured before
flowering and, hence, two selection cycles can be com-
pleted in one year. Alternatively, S1 line selection should
result in a 30% higher selection gain per cycle for traits
with pure additive gene action, but only one cycle can
be completed per year. Thus, if the breeder wants to
improve only antibiosis, our results from QTL mapping
would suggest a superiority of full-sib selection with two
cycles per year over Sl line selection with one cycle
per year.

We have studied 1SCB resistance for line per se perfor-
mance. With regard to applications in hybrid breeding,
1SCB resistance of hybrid combinations is a major objec-
tive. Due to the preponderance of additive gene action
found for 1SCB resistance, a high correlation between
line per se and testcross performance can be expected
for this trait but we have found no published reports on
this issue. A breeding procedure based on line per se
performance is attractive, because at least twice the
genotypic variance can be exploited for selection com-
pared to testcrosses. However, for obtaining a high level
of resistance in a hybrid, both parental inbred lines need
to be resistant. Generally, it will not be sufficient to
cross a highly resistant line with a susceptible line to
obtain a resistant hybrid. Other experiments at CIMMYT
showed that in specific hybrid combinations between
resistant and susceptible tropical inbred lines, some nega-
tive heterosis for 1SCB ratings can occasionally be ob-
served (D.C. Jewell, 1995, personal communication).

The knowledge gained in this study can be used directly
in setting up a MAS program. The QTL on Chromosomes
1, 2, 5, and 9 are candidates for incorporating leaf
feeding resistance against 1SCB into lines with good
general combining ability for yield but poor insect resis-
tance. Rapid transfer of these QTL alleles into susceptible
inbreds can be accomplished by marker-assisted back-
crossing. Marker information can be employed in select-
ing for the desired genomic regions as well as against
remainder genome of donor line CML67. It remains to
be established whether the putative QTL regions on
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Chromosomes 1, 2, 5, and 9 have negative effects on
other important traits such as digestibility of stover or
lodging resistance, which were not evaluated in this
study. We are presently conducting further experiments
with recombinant inbred lines to confirm the results from
this study and to narrow down the genomic regions
conferring resistance to 1SCB.
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