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General Introduction

General Introduction

Maize (Zea mays L.) production has rapidly increased in Germany during the last
decades. This development entails many maize-specific pests, headed by the European corn
borer (ECB, Ostrinia nubilalis Hbn.), which reaches an alarming extent in Central Europe
(Eder 2002, Langenbruch 2002). The ECB originaly appeared in grain maize production
regions of Southern Germany, but now it is also endemic north of Bonn and Cologne. As
the name suggests, the insect originated from Europe, and was transferred to the U.S.A. in
the late 19™ century (http://www.ent.iastate.eu/pest/cornborer/intro/intro.ntml). In both
Europe and North Americait represents a severe pest, in addition to other stem borers or the
corn root worm (Diabrotica virgifera virgifera LeConte). The ECB causes kernel yield
reduction of up to 30% and reduces grain quality (Bohn et a. 1996). In silage maize,
damage caused by ECB larvae feeding is not significant (Kritzfeldt, Bavarian State
Research Institute of Agronomy, personal communication 2003). Nevertheless, the demand
for maize cultivars with an improved ECB resistanceis high.

Occurrence and damage by the ECB

In Central Europe, the ECB occurs only univoltine, whereas in the U.S. Corn Belt up
to four generations can occur (http://www.ent.iastate.edu/pest/cornborer/intro/intro.html).
Thefirst generation of ECB is characterized by sheath collar feeding. In contrast, the second
generation of ECB damages the plants by stalk and ear shank tunneling, causing stalk
breakage and ear loss (Guthrie et al. 1960). In Europe, the observed damage is comparable
to that of the second generation in the U.S. Corn Belt. In Germany, the larvae occur at the
pre-tasseling stage of maize in late June until early July, when moths of ECB deposit their
eggos a the late whorl state before anthesis. After hatching, larvae migrate into the whorl or
the tassel, where they feed on the epidermis and pollen up to the third instar stage. At this
developmental stage, the larvae start to penetrate into the stalk for further development until
the fifth instar stage. The main damage is caused by tunneling in the stalk and the ear shank.
After overwintering in maize residues left in the field, pupation starts in spring (Hoffmann
and Schmutterer 1983).
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Plants damaged by ECB larvae feeding often show secondary infection with fungal
diseases like Fusarium spp., Asperigllus spp., Ustilago maydis, and others (Schaafsma et al.
2002). The main problem for grain production is the infection with Fusarium spp., because
not only ear and stalk rots are caused by these fungi, but they also produce mycotoxins often
causing chronic or acute mycotoxicoses in livestock and humans (Logrieco et a. 2002).
Immunosuppression, embryo abortion and deformation, swine endrogenic syndrome, por-
cine pulmonary edema and liver cancer in rats, as well as human esophageal cancer are re-
ported to be related with the intake of mycotoxins (Reid et a. 1999). Depending on the
Fusarium spp., a wide array of different mycotoxins is accumulated, comprising type B
trichothecenes, nivalenol, fusarenon-X, fumonisin, and moniliformin. Therefore, the dam-
age caused by the ECB larvae as well as the possibly linked accumulation of mycotoxinsin
the crop, emphasize the great importance of resistance against ECB larvae.

Control of ECB damage

Reduced tillage facilitating an undisturbed overwintering in maize residues in the field
IS in some regions responsible for the increasing occurrence of ECB larvae. Thus, crushing
and plowing maize residues are the classical control methods. In addition to chemical (e.g.,
pyrethroids) and biological (Trichogramma parasites and Bacillus thuringiensis, Bt) control
methods, natural host plant resistance (HPR) decreases the level of ECB infestation. An-
other very efficient way to reduce the damage caused by ECB larvae is the use of geneti-
cally modified maize hybrids carrying the Cryla gene, encoding the Bt toxin. Currently, the
use of genetically modified crops is very controversialy discussed. Based on their mono-
genic inheritance and high efficacy of Bt-mediated resistance, it is likely that Bt resistant
ECB larvae develop. In order to avoid or at least to slow down this development, the farmer
has to apply sophisticated Bt management systems (Ostlie et al. 1997). Furthermore, the
possible impact of transgenic plants on non-pest organisms and the dispersion of transgenic
pollen in the ecosystem are not completely clarified. Even if the cultivation of transgene Bt
cultivars is permitted in Germany and some new cultivars may officialy be registered in

2005, it is questionable whether they will appeal to farmers and consumers.
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Natural host plant resistance: possible resistance mechanisms

Compared with the monogenically inherited Bt resistance, HPR would offer consider-
able advantages. Because of its polygenic nature it might be more stable and the develop-
ment of resistant insects is less likely. In areas with less severe occurrence of ECB larvae,
maize cultivars with arelatively high level of HPR may provide a sufficient control. More-
over, the combination of HPR and the Bt gene could protect maize plants against Bt resistant
larvae occurring in the field. Nevertheless, maize hybrids with HPR are difficult to develop,
because HPR is governed by a multiple of genes.

HPR against the second generation of ECB larvae feeding is based on non-preference,
antibiosis, and tolerance (Painter 1951). Non-preference is due to a lack of attractiveness of
the host plant to the ECB moths as an egg deposit. Antibiosis decreases larval development
and the number of larvae per plant, whereas tolerance is the ability of the maize plant to
withstand the feeding of ECB larvae. In experiments with mandatory infestation with ECB
larvae, like in the present study, only antibiosis and tolerance were eval uated.

The chemical and physiological background of HPR against stem boring insects was
mainly evaluated using tropical and subtropical material as well as maize genotypes from
the U.S. Corn Belt (Bergvinson et al. 1994a, 1994b, Bohn et al. 1996, Groh et al. 1998).
Owing to the different feeding behavior of the ECB generations, no correlation was found
between genetic control of resistance and resistance mechanisms against the first and second
generation of ECB larvae (Cardina et a. 2001). Nevertheless, it seems likely that resistance
mechanisms against the first generation are of importance for leaf and pollen feeding in the
first instars of the second generation.

In temperate maize germplasm, resistance against the first generation of ECB larvaeis
highly associated with the content of 2,4-dihydroxy-7-methoxy-(2H)-1,4-benzoxazin-3-
(4H)-one (DIMBOA) concentrations, as well as the content of lignin and phenolic acids in
leaf material (Bergvinson et al. 1994b). In addition, leaf toughness was associated with |eaf
feeding resistance (Bergvinson et al. 1994a, Groh et al. 1998). However, DIMBOA levels
decrease with progressing plant development and, therefore, resistance against the second
generation of ECB is mainly related to cell wall fortification and stalk toughness, as well as
silage quality traits like digestibility (Viereck 1981, Buendgen et al. 1990, Buxton et al.
1996, Flint-Garcia et al. 2003).
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Selection for ECB resistance with mandatory infestation trials is very time-consuming
and cost-intensive even if it is the most accurate method to evaluate the level of resistance.
Indirect selection based on specific plant constituents, tightly linked to ECB damage, such
as lignin or phenolic acids and plant toughness, would be very advantageous for breeding
progress. Furthermore, it would be important to know which agronomic characters or qual-
ity traits are negatively correlated with ECB resistance. It is difficult to improve these traits
with the resistance of maize hybrids, because favorable alleles for both traits must be accu-
mulated, which are supposedly often in repulsion phase linkage. Another positive aspect of
HPR with different resistance mechanisms may be obtained with a horizontal resistance

against more than one insect species or pathogen.

Marker-assisted selection

Conventional breeding strategies for improving ECB resistance in maize are often ex-
pensive and labor-intensive. Generally, several breeding cycles with mandatory infestation
and evaluation of resistance are necessary to select the most promising genotypes. In some
cases, the approach of marker-assisted selection (MAS) offers an effective method of selec-
tion without infestation trials. Guthrie et a. (1960) concluded that resistance to ECB was
controlled by more genes. Therefore, in the first studies of resistance against leaf feeding of
ECB larvae, trandocation stocks were produced to identify chromosome arms carrying re-
sistance factors (Scott et al. 1966, Onukogu et a. 1978). These studies indicated that ECB
resistance was conditioned by many genes, and that recurrent selection in resistance breed-
ing would be advantageous over backcrossing programs. During the last ten years, many
QTL studies were conducted with various materials including tropical and subtropical popu-
lations (Schon et a. 1993, Groh et al. 1998, Khairallah et al. 1998, Jampatong et al. 2002,
Krakowsky et al. 2002), as well as early-maturing European dent maize (Bohn et al. 2000).
A common question of all studies was whether QTL regions were consistent across various
populations, environments, and progeny types, e.g., lines per se and their testcrosses (TC).
In maize breeding, the performance of aline in TC is more important than its performance
per se. If TC performance could be predicted on the basis of line per se performance, the

resource-demanding testcrosses of several types of progenies might not be necessary.
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For areliable application of MAS, the consistency of QTL regions across populations
and progenies is important. In addition, a relative efficiency (proportion of genotypic
variance explained by the respective QTL / heritability, RE) of MAS over conventional
phenotypic selection (CPS) would be an indicator of a promising integration of MAS in
breeding programs designed to improve resistance. For stalk damage ratings, Bohn et al.
(2000) found a low RE. They suggested that MAS could only be superior over CPS when
less-expensive marker techniques are available in contrast to cost-intensive mass rearing of
ECB larvae. In contrast, Jampatong et al. (2002) proposed to set up a MAS program with
prospective QTL regions for resistance against second generation of ECB in chromosome
bins 5.05, 5.08, and 9.02. In their study, these QTL caused mgor genetic effects and were
consistent across environments.

So far, only one European dent population has been analyzed for resistance against
ECB (Bohn et a. 2000). For the assessment of MAS in maize resistance breeding, a further
evaluation of European maize germplasm would be of interest, even though it was
demonstrated that most of the QTL of several germplasm pools are located in common
resistance clusters. Furthermore, studies about underlying resistance mechanisms are scarce
and were only performed with U.S. or tropical maize material. Even though the present
study can only be a further step in analyzing the physical and chemica background of
resistance, it may provide a first basis to detect possible candidate genes involved in ECB
resistance. The objectives of the present study were to:

(i) identify and characterize QTL for ECB resistance and agronomic traits in an early-

maturing European dent population (Population A),

(ii) evaluate the consistency of QTL for line per se and TC performance in Population B,
(i) investigate the consistency of QTL across two independent European dent populations

(Populations A and B),

(iv) determine the resistance mechanisms in a subset of 20 extremely resistant or suscepti-
ble genotypes of Population B, and
(v) evaluate the relationship between ECB resistance and mycotoxin contamination

caused by Fusarium spp. for a set of transgenic, isogenic, and commercia hybrids.
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ABSTRACT - The Evropean cormn borer (ECH, Ostrinio
rbilalis Hioboery 15 a major pest of maize in central Eu-
rope, The objectives of our study were to (1) identify QTL
for resistance o BECB, (2 estimate their genetic effects,
ancl (33 investigate the consistency of QTL across two dif-
ferent populations. A total of 230 Fpy familes derived
from cross 13904 (resistant) ® FA78 (susceptible) were
used for QTL analyses, Each Fy g family was evaluated for
resistance traits wnnel length (TL), stalk damage matings
(SDRY, and reladve grain vield (RGY) vsing manual infes-
tation with ECBH larvae. The agronomic traits comprised
prain vield under insecticide protection (GYP) and manu-
al infestation (GYT), date of anthesis (ANT), dry matter
content CDMCY, ad o eifro digestble ongame matier (Y-
OMY of stover. The feld experiment was performed
with two replications in fwo environments in 1995, Two
QTL for SR and twe QTL for TL were detected explain-
ing 24.7% and 26.0% of the genotyplc varince (op), re-
spectively. For agrmonomic traits one o three OQTL were
found, explaining between 2.0% and 11.8% of oF No
common (¥TL for resistance traits were found across pogp-
ulation 130AxFATE and a second population of 230 Fy
Fumilies derived from cross D06 Cresistant) © D408 (sus-
cepribde), Two QTL for IWDOM and DMC were in com-
mon ameng both populations. Due o the low consisten-
oy of QOTL across populatons, marker-assisted selection
(MAS) i3 not recommended for improving ECB pesistance
in carly maturing dent germplasn.

KEY WORDS: European com borer: Host plant resistance;

Oistrinia suilalis; QTL; RFLP; Maize

INTRODUCTION

The European Corn Borer (ECB) is 4 muajor pest
of maize in Central Europe. Feeding of ECB larvae
in stalks and ears causes reduced plant growth, bro-

* For cormespondence (ho +49 711 459 2343 e-mail; mbohin
#uni-hohenheimade )

13

ken stalks, and dropped ears, resulting in grain yield
losses of up to 30% (MELCHINGER ef ai, 19983 Bomy
el al, 1999, Moths of the ECE hatch berween the
end of June and early July and deposit their eggs on
the leaves of the maize plants. First- and second- in-
star larvae migrate into the whorl and feed on leaves
and pollen. For futher development the larvae pen-
etrate the stalk and tunnel towards the basis of the
stem CHoFmass ef af, TOH3),

[n the U5 Combelt the FCB occurs bivoltine,
whereas up to four generations were observed in
the southern states of the USA. In contrast, only one
generation of ECH is observed in Central  Europe,
Here, the occurrence as well as the feeding damage
caused by the larvae is comparable to the 2M ECH
generation in the LS, Cornbelt Chitps/Samwe ent ias-
cate_edu/ pest cornborerd introy intro. tmb .

In addition o maize hybrids transformed with
the B gene Cryld and the use of pesticides. natural
host plant resistance decreases the level of ECB in-
festation and, therefore, protects maize production
in affected areas. Matural host plant resistance
against the second gencration of ECB larvae feeding
s based on non-preference, antibiosis, and toler-
ance. Non-preference is due 1o a lack of atractive-
ness of the host plant for the ECH moths to serve as
an egg deposit. Antibiosis decreases lanval develop-
ment as well ag the amount of larvae per plant. The
level of antibiosis is assumed o be associated with
lignin content, biogenic silicea, phenolic acids, and
fiber contert (Bercvinson et al., 1994). Tolerance is
the ability of a maize plant to withstand the feeding
of ECB larvae, The host plant resistance against BECB
larvae feeding based on antibiosis s quantitatively
inherited. Many studies evaluated the U5, Cormnbelt
maize germplasm (Sonos ef all, 1993, OsTRaNDER of
etd,, 1907, JampaTonG ef af, 1996), but only a few ex-
petiments screened Furopean maize germplasm for
ECB resistance (Scouiz et al, 1997, MELCHINGER of
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al., 1998a). Bouy et al. (2000) performed an analy-
sis of quantitative trait loci (QTL) in European dem
germplasm and found eleven QTL, which explained
ahout half of the genotypic varance Tor the raits
nnel length (TLY and stalk damage ratings (SDR).
They suggested that marker-assisted selection (MAS)
might be more efficient than conventional pheno-
typic selection for SDR, if costs of marker analysis
are reduced, compared to the costs of mandasiory
manual infestation with ECD larvae, However, they
pointed oul that the uselulness of MAS depends on
the consistency of QTL across populations.

The objectives of our study were to (1) map
OQTL conferring resistance against ECB larvae feed-
ing in a population of Fy familics denved from a
cross between a highly susceptible and a highly re-
sistant maize inbred line originating from early ma-
tering Furopean dent germplasm, (2) estimate their
genelic effects, and (3) investigate the consistency
of QTL across populations derived from crosses be-
tween different inbred lines.

MATERIALS AND METHODS

Plant materials

The eardy mamring demt lnes 15064, developed by M. Men-
7, FAP, Firch-Reckenholz, Switzerland, and F475, dL"\'I_'l‘I'I]'.II_'d hfa‘
Institute Matioml de la Becherche Agronomigue (INRA), France,
were chosen as parents. Inbroed line 13904 s resistant and F478
= mm_{*p{ilﬂu 1o FCR larvae rl.!I.‘.Iji!IH {MEICHNOER of @, T00HL)
Both inbred lines were crossed o produce Py plants, During the
summer season 1994, 230 F, plants derved from o randomly
chosen Fy individuals were selfed 10 produce 230 Fy lines, For
ench Fy line, 20 Fy plants were selected 1o form an “immeortilized
Fy" (1F;) population by mndomly erossing ten F, plants as fe-
makes with ten Fy plants as males in the 1994 winter nursery, In
the further course of this paper the [F,; families are denoted as Fy
families. The second mapping populstion was produced in the
same manner by crossing inbred lines DG (resistanty = D408
(susceptible). For a deiled descripiion sec Bosn e al. (20000

Field trials

The By families were planted for phenotypic evaluation at
Fokartsweier and Scherzheim in the summer scason of 1995,
Bl experimental sites are located inthe Upper Rhine Valley,
one of the main maize growing regions of Germany. The experi-
mental design at each site wies a splin plot with whole plots com-
prising the inbred lines, The trestments in two neighbouring
one-rowe subplots were “insecticide proteciion” and "manual in-
festution”, The 1,-;1;:-1_:ri|11|.-r|.1:;'| unit for .w:'nﬂ.'l'lirlg af inbrecs was a
one-row plot with 25 plants, 3 m long, and a row spacing of
75 m. In the mapping experiment, one-row ploss 4 m long,
with 20 plants and a row spacing of .75 m, were wsed as exper-
iment units. Trials were over-planted and later thinned to the fi-
mul plant density of 8 plarts me2 In the mapping experment,
230 Fy familics and both parent inbreds as well as their Fp aml
Fy gencration were evaluated Inoa 10 = 24 e-design with twe
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replications in each environment Parems were included as do-
plicate entries, whereas the F, and F; generanon were included
as iriplicate entries

Furopean corn borer treatments

For evaluating the level of resstance against ECH, every
]'_lI;lnI, of e $I.I|'!]'ILI|! WS r|1:|r|.11:|.||'|.' infested. On average X
neonate ECB larvae were applicd three-times at weekly intervals
for a waal of abour &0 lavae per plant. The oaber subplot was
protected against natwral infestation of ECR with an insecticide
(FASTAC SCE) applied three times starting at the end of June im
100ty 14 impervls, The tme of manoal infesotion as well as
protection was synchronized with the matersl ocoumence of ECE
maohs cought with a light-traps, The planes ar this wme vased
from mid-whord stage 10 asseling or silking, Freshly Bached lar-
vae were mixed with maize-cob grits and placed inte the whaorl
of leal collar of maize plants with dispenscrs (Miss, 19830 Egg
masses tor the infestation were provided by D P Aupinel, 18-
BA, Le Magneraud, France,

Evaluation of resistance and agronomic traits

The level of antibiosis against ECB larvae feeding was evitlu-
ated for TL and SDKE before harvest. TL was measured noom by
sphiting the stalks longitudinally below the primary ear node.
SDR was evaluated based on o 1 w0 9 rating scake 01 for intact
plant, @ for dropped ears of breakage below the card as de-
scribed I:r}' HFLUDON and CHIANG (1991) For the i‘lgrl.:-l'll,_:ll'l'lit.'
tralis ten plants from the cemter of the protected row and the 1en
plams thar were manually infested with ECT lanvae were hand-
harvested from each subplot. Grain vield in t % ha-! under pro-
tection CGYP) amd under infestation (GYT) was adjusted o 15.5%
grain moistere, The relative grain vield CRGYD in % was caloulat-
ed as RGY = (GYLGYPIM. The date of anthesis (ANTY in days
after soming, i pitro digestible organic matter (IVDOM) of
stover in %, plant beight (PHT), and cdre matier content (3O
weere reconded for plants from the insecticide-protected plots, TV-
1O was determined by near-mfrared reflecrance specifoscopy
according to the procedure described by TcesHannT (19943,

Marker analyses

For genomic DNA extraction, leaf material of each Fo individ-
witl was Iyophilized, ground e a fine powder and digested with
resdricTion ENEVITIES FooRtl, foolY, Hiad(l, o SamHl A otal of
152 maize DNA probes from the standard probe colbecion avail-
able at the Undversiey of Missoun, Columbia. was employed o
screen the parents 13904 and FAT8 for polymorphisms. The ne-
sulting 80 palymorphic RFLF probes wene applied wo the F; pop-
ulation for segregation and linkage analysis.

Three mapped microsatellite (S5R mardsers were analyzed
The sequences of these primers were obtained from the maize
daabase amd  synthesized by Amessham Pharmacia Biotech
(Freiburg, Germanyd, The polymerase chain reaction-amplifica-
mon and MetaPhor gel-elecrrophoresis were performed as de-
seribwe] by LNERersTenT eof al, (1956,

Segregation and Unkage analysis

Segregaiion of the genetic markers: in each F, plant was
checked For deviations from expected Mendelian segregation by
standard p< rests. A linkage map was created using RFLP and 55K
marker data by applying the softwane package MAPMAKER (Lax-
neR e el 19871 For declaring significant linkage betacen two
mrarkers, a LOD (o, of the likelihood odds rated cheeshold of

A and @ maxbmom pecoamlkncsEms I'|L'||1||.'r|.¢".I of (Ll werne
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vl Gemetic map distances berwesn markers were estimaned by
recombination frequencies and  innsformed inm. centidMargmns
{eM) using Harpane's (19190 mapping function.

The level of heterozygosity (%) of the Fy plants relatve o
the heterorygosity of the Fp (=100 was estimatedd by dividing
the ohserved beterogygous marker loct by the ol mumber of
svorable marker laci in the respective plant. In the same way the
percentape of the 1396A genome was caloulited by divicing the
sum of all 139%0A marker alleles by pvice the number ol scorble
marker oo in the respective plant

For comprrisen of QTL locations across populations 13964 =
FaThH amd 106G = 1408, a combined linkage map was constrocmsd.
The pasition of markers not common (o both: populitions wene
caleubited relative w the position of the 3% common markers.
Rin locations were desgnated by an 1Y code, where X s the
linkage group containing the Bin and ¥ is the locations of the
Bin within the linkage group (Garmser ef af, 19593,

Statistical Analyses

The experiment @t Eckartsweier had 1o be discarded due w
extremely low temperatures in June that damaged plant develop
ment. Therefose, only the ficld trial in Scherzheim was evaluated.
Analyses of varinee were cakulated for subphd means, Dt of
inlivicual plants of cach subplot wene averaged o obitiin a sub-
o mean for SDR and TL Onhogonal contrasts among the Fy
Fmilies versus the r||i|,|.'|1:|.rg'|1l value J_'I-? = Pl & P2S were calew-
latedd weith Schefte's tests by SAS procedure GLM (5AS Institute,
198, Components of varmnee for the Fy familes were comput-
el considering all effects in the stistieal moded a3 sndom, Esn-
mates of varminee components & lermor vananced and a:;; Lgeno-
typic variance) were caleobiled as desenbed by SEARLE (10713
Hermabilites (<1 for Fy familics were computed on an a entry-
mean basis. Al calculations were performed  with PLABSTAT
(LirE, 19501}

OTL Analyses

Analyses of QTL were ;x-rﬁ;:-rrru:'n;:l with 230 F, families for
which both complete molecular and phenotypic data were avail-
able, The methad of composite imtervil mappring (CIM) was em-
plovesd for QTL deteation and estimation of QTL effecis. A 1LOD
threshold of 2.5 was chasen for declanng a putative QTL signifi-
At Q'_I'I_. ]1rmiti-:|r.w were defermined ar the LOD maxima in the
regions under consideration. Cofacors were selected by stepavise
regmession, Pubitive QTL were examined For prescnee of digenic
epistatic mlersclions. Estimates of the total genotvpic varniascoe
explained by all QTL 6% wis obtained by the square of the par-
tial correlation g'l:-{-'l'ﬂn;'il;-r;r (R, The ]'n'npr:-niun of SerHHYpic varl-
ance explained by the respective QTL 4 0F) was calculated as H,-’,,;.
B faftware package PLABQTL (Ure, 19951 was used w0 per-
fearm all mecessry computations,

OTL results obtained for cross 13%08 @ FAT8 were compared
with QTL cletected for cross 06 = D408 (Boss e al. 20000 using
meEn s acrass balh enviromments amd r:-l'n:::l:uaij.'pi.f. means from in-
diviclual Fecations,

RESULTS
Marker analyses

Thiry-cight markers were in cOmmon  across
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populations 13964 x F478 and D06 = D408 (Figure
1k The level of heterozygosity in Fy plants of popu-
lation 1390A x F478 were approximately normally
distributed and varied from 25.8% to 7700 with an
average of 47.9% and a standard deviation of 9.6%
The percentage of parent F478 genome in Fy plants
ranged from 31.8% 1w 71.8% with an average of
5003% and a standard deviation of 7.5,

Large marker imervals (=50 M) were observed
on all chromosomes except on chromosomes 4, 8,
and 10. Four marker intervals were detected with not
significantly linked (LOD=3.00 flanking markers. The
resulting  partial linkage groups of a chromosome
were commbined according o published dara obtained
from the Maize Daa Base (hitpe//www agron.mis-
sourtedu/probes himl). All marker intervals with a
LOD = 3.0 span a distance of 1475 oM with an aver-
age marker distance of 18.0 cM.

Phenotypic data

Estimates of & were low for resistance traits
(020 = B = 038 and of moderate size for agro-
nomic traits (0.54 £ B £ 0.79) (Table 1). The differ-
ence between the overall mean of Fy families and
the midparent value was not significant for the re-
sistance traits. The phenotypic mean of the bulked
Fy individuals was significantly different (F < (.05}
from the midparent value for GYP but not for the
other traits. The F| progenies showed significant
midparem heterosis (P < 0.05) for the agronomic
traits GYF, GYL and PHT. The distribution of the
phenotypic means of the Fy families for TL, SDE,
and RGY followed approximately a Gaussian disiri-
hution (Figure 2). Transgressive segregation o both
sidles of the distribution was chserved For RGY,
whereas ransgressive segrepation only to the nega-
tive side was ohserved for SDR and TL.

Correlations among resistance traits in Fy FBamilies
were highly significant OF < 0.01) but of small mag-
nitude CTable 2) RGY was negatively commelaed
with TL and SDR, whereas TL and SDR were posi-
tively  correlated. Correlations among  agronomic
traits and between resistance and agronomic traits
were moderate to low, SDR was negatively associat-
ed with GYT and ANT, but positively cormelated with
DMC. The correlation between the percentage of re-
sistant parent 13904 genome and agronomic trits
was positive for PHT and ANT, bur negative for
DMC. Correlation  coefficients observed  between
heterozygosity and agronomic traits as well as be-
tween heterozygosity and resistance traits were not
significant (data not shownd,
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FIGURE 1 - Combined RFLF and 55R linkage map of maize based on 230 F; individuals from crosses 153904 % F478 and DG = D408 as
well as QTL detected for resistance against European comm borer. The map shows 132 BFLP and five 85K marker locl sith 38 markess in
comimen acrass bath populations, The short arm of cach chromasome s shown towards the top of the figure, Underlined marker boci in
dicate mew loca detected with the respective molecular marker. Bold marker locl are common 1o bath mapping populatons, whereas loca

in ialics are unigue for cross 13904 FATE, loci in roman are unigue For croas D00 3 D408, QUL positions are indicated by boxes. Large

marker intervals =50cM in cross 13904 « FATE are indicated by black boxes within the chromosome
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TABLE 1 - Mens of infieed fines T390 el FOTH, e 1) anad Fy gevwesationns, el 23000, famifies, os well ox derifabilities for vesistionce

gl @ErDROMmC fronts

) Resistance Lraits Agromomic traits

Crrnemi-
i Entrics

LN TL R oY Gl PHT ANT T VRN

149 scale cm 4 tha'l that om days L %

Meanst
13004 2 157 £ 0.25 LTI £ 0% Q130 + 12 481 £0.9] 4.2 + 0.4 1T488 + T BaH0 2057 GibH £ 108 S4BTt 204
FiTa 2 444 £ {158 G2 £ i 400 1 TR Tpdoe L2y LIT £ {114 B £ 145 Tha2 & 06T ATk 106 S04 4 0.5
Fif 0 A0 ¢ 1M 442¢ 20dp  6TTS3:285Ba ARREL1Ga LTE+ 1772 15331 24903 8061 £48iab  S3Hl + L0la 3550+ L4l
F, i 3.0 + 0. 3ha L3 e055a 00+ 7Ma R4l £ 0.25h HM z048h 18438050 7528 2 0dih S 2 06T T 06%
F, G| ARG & Ldla ARe Lida T3 e 2573a A06 ¢ L5 d42 4 11% 19034 £ ARk Th246 4 DAh SR04 0208 ST+ 175
Fy 230 IMz0Ta SM6e180a GO EITHeR 451 004 MMIzl0Zr 15228+630 #0552 2% 50201278 STt Ll
Herahiliry {133 Ik21} {38 163 {71 .79 072 034 1.5

a-c Mean values with different leners wre significantly different at the (00 probability level,

t .":l_:lru|:lr~;| errors are allached,
it P = mean of 13004 and P478.

TSR = salk damage ceings, TL = nnel kenggh, BGY = reltive grain yield (GYLGYPRI0D, GYP = grain vield of protected subplots, GY1
= prain yield in infested subplots, FHT = plant helght, ANT = date of anthesis, DMC = dry matter content, IVDOM = fn pitre digestble or-

BN Imancy of stover.

QTL analvses

Two putative QTL for SDR (chromosomes 1 and
51 explained in @ simultaneous fit 24.7% of a2
{Table 33, The'resistance allele of the QTL on chro-
mosome 1 orviginated from the susceptible parent.
Two putative QTL for TL {chromosomes 2 and 43
explained 20,0 % of ai The allele on chromosome
4 alsor originated from the susceptible parent. The
putative QTL on chromosome 2 for TL is at the
same position as one QTL for DMC. Al four resis-
tance QTL showed additive gene action, No QTL for

RGY vield was detected. Estimated digenic epistatic
effects among putative QTL were not significant for
all traits,

For GYP and GY1 one QTL was detected @t the
same Bin location (4.09) explaining 2.0% and 4.8%
of d‘ﬁ, respectively For PHT wwo putative QTL ex-
plaining 11.8% of of were found. One putative QTL
for DMC on chromosome 2 explaining 8.5% of o2
and three putative QTL for IVDOM on chromo-
somes 1, 3, and 8 explaining 10.5% of @f were de-
tected, No QTL for ANT was revealed, All putative

TABLE 2 - Phendyvic cowvelation cosfficients comong resistarge trais el dgromoneic tnaits i oo popedation of 230 Py famities deviced from

criss | 3064 % 78,

Resistance traits Agronomic traits

T RGY GYP Gl FHT ANT DandC IVIXOM
SR (31 —37 .03 - =112 ). B 0.3 L
TL L 011 =006 =001 003 017 00
RGY 13 076t 023 023 .24+ T
oy [ 41 =15 .28™ =12
Gl .44 003 .00 —ro1
PHT 247 =111 i3
ANT i), 58 .26
L —p 25
= Phenotypic comrelation was significant at at the 001 probability level,

TSR = stalk damage ratings, TL = wnnel length, BGY = relative grain vleld (GYIGYPPF100, GYP = grain yield of protecied subplos, GY

= grain yviekd in infested subplos, PHT = plant height, ANT = date of anthesis, MO = diy maitter confent,

aamic matter of sover,
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FIGURE 2 - Histogrms for sialk damage ratings, wnned bength, and relative grain yield, for means of 230 Fy families derived from the cross
13064 = F4TH. Arrows indicate the means of parental lines, & solid line, respectively = grand mean for all 230 F, fmilies, SO = sandacd
deviation of all Fy fimilies,
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TABLE 3

20k

Peargreters asgocictiod with pedanive QFL for stalk damage ratings, tuanel length, grain vield wnder protection, grain yield ender

trnfestation, fand Seight, dey matter conderd, ond VDOM. Parpometers were estimeted fromy phoenongrc diafe off 230 F; faogilies froom crose

130404 x F4 78 evaliated af one localion i 1095,

Marker IntervalGenctic effectt™

Bint Position M lelt marker right marker  LOD A, Doain,. Gene acliont RIS

srlk Ll.'nnquqe- r:|rin¥5 1-% seale

1.01 1 w104 brl3.02 253 =0.27 [k A 3.6

S04 Té Hae27a danc 10 353 036 NS A 6.8 4.7
Tunmel length m

21407 ®E [T sy Jaed a1 1.5 MY A 7.5

4.4 108 bplp 57200 w2 406 0,42 et A 0.2 26.0
Cirin vield uncler progection [ ha!

401 130 barlg 57 wmnc .20 272 .25 NS A 3 2.0
Grain vield under infestation t ha-!

441 130 talg 572 wne 1 20 3.00 —.32 {150 o 24 4.8
Plamt height om

3405 e 3] petne T Rpih 5.26 NS 270 Oy 100

PR 170 bl T4 28 0 peame i 1w 3.na 283 ] A 11.7 11.8
Ty makler confend U

247 et T S wmcl 340 0,95 o A i 8.5
IVDIOME s

1.11 202 e IGTa snicia 278 —.25 NS A 54

A07 134 brig 197 anrets die A4 .35 bk A (R

R 42 Dl cEl Sdc 201 =046 N5 A 37 10.5

U Bim Jescations ane dl;"ﬂigl‘l:lll.‘l,l by am XY cocde, where X is the |:ir|k:|g1.' EROLE ConTaining the Bin and ¥ is the location of the Bin within the

linkage group {Garpexer ef al., 19930

T Genene effects were estimated in a simultaneous fit using multiple regression.

A = wddiive gene sction, Cldg 1 Tag ] < 0.2 o0 o was noc significandy diffesent from zero, PD = panial dominance (0.2 < 1dp 1 Tagl <
0.8, D = dominance (0.8 < |d, | /la, | < 1.2, OD = overdominance CEdy 1/ lag ! = 1.2)

# R = Propormion of phenotypic vamancoe explained by the respective QTL

i s proponkon of genatypic variance caloulated as: 8,y heritabilivy

B IWDOM = i etro digestible organic matter of stover in %.

QTL displayed additive gene action except for the
GY1 and PHT OTL, which showed overdominance.

For resistance traits, we found no common QTL
across populations 13904 x F478 and D06 x D408,
For agronomic traits one commaon QTL for TWTHOM
on chromosome # and one common QTL for DMC
on chromosome 2 were detected. Using phenotyp-
ic data of cross DOG x D408 from single locations
for QTL analyses two commoen QTL for SDR and
one common Q7L for TL were detected across lo-
cations (Table 4). The analysis employing means
across environments detected one QTL for SDR
and tewo QTI for TL, which could not be detected
in the single location analyses.

19

DISCUSSION

QT detection in cross 13964 x F478

In the present QTL study, the number of detected
QTL for resistance taits and agronomic charctens-
tics wias considerably smaller than in previous studies
(Schdn ef el 1993, Bewrs, 1994, LOBBERsTEDT @f il
1998, Bonn e al, 20000, The lack of dentibed OQTL
can be explained by the low power of QTL detection
realized in this experiment. The power of QTL detec-
tion is a function of the size of the mapping popula-
tiom andd the heritabiling of the it under considera-
ton (Ut ef al, 1994, Mewcimcer ef af, 19980,

In this study, we tested 230 genotypes for their



Maydica 46 (2001): 195-205

202

C. PAPST, AE. MELCHINGER. . EDER, B. SCHULZ, D. KLEIMN, M, BOHN

TABLE 4 - List of aletorchond QU for posistatiice Iraits e crosses TI06A s F478 aird D06 = D4R DT analises were porfemed on B, family

meeries olained for an individuel lacation and across localions

Cross | 3964 x Fa78

Cross D00 = DHE

Scherzhwim Scherzhesim Eckarnsweicr Across Locations
Bin Loct LOD JeEt Bin Loct LoD ' Bim Loct Lo R Bim Loct L B
Stalk damage rating
1.01 253 4.5
1.05 2R i)
2.05 1063 23
503 353 7.7
5.06 3.23 38 5.05 2 B 5.7
5.07 A,060) A6 507 A3 5
6,07 00 7.9 6,08 4.0006 e 6.07 T.13 135
T05 .50 23
BO3 4.24 4.3 .05 5.52 linh
{2 .7 16.0 3.5 515
Tunnel length
1.07 4.87 5.3 1.7 /08 +.1% (1
2.07 A9 7.5
309 Gl 4l 309 4,20 0.3
4.0m 46 9.2
5.03 A5 34
5.0 305 [IE4] 5.05% A%
603 373 29
6,05 305 5.4 607 3.30 349
B.05% A0k 29
2.03 349 T
10.08 2.8] g1
o 20 28.5 208 4.8

b Bin locations are designated by an XY code, where X is the linkage group containing the Bin and Y is the location of the Bin within the

linkage group (Garmses e al, 1903)

I g = propoion of phenotvpic varance expliined by the respective (7T
= proposion of genotypde varance by the respective OTL calculated as: Hﬁm.f ! heritability.

resistance against ECB larvae feeding. In contrast to
the majority of published QTL studics, this is a con-
siderably larger populaton. However, the number
of detecred QTL is higher in other studies. Boms e
al (20000 alse employed 230 genotypes bur found
11 QTL for resistance traits TL and SDR. CaRpiwal @f
gl (2001 detecred nine QTL for ECH tnneling
with 200 genotypes, Therefore, other factors than
solely the population siee might be responsible Tor
the low number of revealed QTL.

Due 1w low emperatures during early develop-
ment of the maize plants at Eckansweier, only data
from Scherzheim were analyzed. This resulted in low-
er hemability estimates that were also upwardly bi-
ased due o genotvpe X enviromment inferactions. In
addition, if we assume QTL X environment interac-
tions o be a major cause of variation between geno-
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types it might be very likely that QTL remained ande-
tected, However, OQTL @ environmen!  intermctions
were found o be low for ECB resistance traits, even
though genotype ® envitomment interaclions were
highly significant (Gron of al, 1998b, Boux ef al,
19971 In order to determine QTL ® environment in-
teractions with high precision, a large number of loca-
tions (A= 100 would be necessary (U2 of af, 2000,
In addition, the screening for polymorphism be-
tween parental lines revealed large proportions of
monomorphic chromosomal regions. Regions on
chromosomes 1, 3, 8, and 9 that contained impor-
tant ECH resistance (JTL in other mapping popula-
tions (ScHON e al, 1993, Bovn et al, 20000 were
monomorphic in this study, making it impossible
to identify further QTL for SDR and TL. However,
the paremtal lines 1390A and FA78 were significantly
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(P = 0.01) different for the resistance traits TL and
SDR indicating that other important resistance QTL
remained undetected.,

Resistance traits

Both parental lines contribured QTL alleles for
ECB resistance and susceptibility. However, for TL
and SDR transgressive segregation among Fy fami-
lies was observed only towards susceptibility. Sam-
pling effects may explain the lack of genotypes with
an increased level of ECB resistance,

All QTL for TL and SDR showed additive gene
action confirming  earlier 'ranslocation studies on
ECB resistance (Jenmancs ef af., 1974). This result is
also in accordance with Bouw et af. (20000, who
mainly detected QTL with additive effects for TL.
However, due to the large error of dominance ef-
fects and the low power of QTL detection, it is not
possible o draw frm conclusions about the impor-
tance of dominance in the inhermance of FCR resis-
tance in the cross 1396A » F478.

In agreement with earlier studies (Russen, 1994),
SDR was significantly (P < 0.01) nepatively correlat-
ed with ANT but significantly (P < 0.01) positively
associated with DMC, These findings were substan-
tiated by common QTL positions for TL and DMC,
Humon e gl (19970 explained these associations
with the improved stalk quality of late maniring
germplasm at harvesting time. Pleiorropy and link-
age in repulsion phase are possible reasons for the
observed associations between ECB resistance and
maturity. Linkage in repulsion phase makes it difti-
cult to combine the alleles for eary flowering and
high level of resistance against ECB larvae fecding
in one genotvpe using conventional breeding tech-
niques. Many breeding cyveles with artificial infesta-
tion would be necessary to identify recombinant
genotvpes, However, the mean of ANT in the map-
ping population 1390A = F478 was six days earlier
than in population D06 % D408, even though the
difference between the mean SDR values of both
poptlations was only marginal. This indicates that it
may be possible o select early maturng genotypes
with an increased ECB resistance level from cross
15390A = F478, Boun ef al. (2000} also found with
graphical genotyping some individuals in cross DOG
= D408, which combined carly flowering with a
high level of resistance,

Resistance mechanisms
Bercvinson et af (1994) and OstRanDER & al
(1997) detected  significant  relationships  between
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cell wall components, e, neutral detergent flre,
acid detergent fibre, and lignin, cell-protein content
and ECB resistance. In the present study, a QTL for
SDR and the Bmid locus Chitpe/www.agron. mis-
sour.edu/maps.htmi) were located in adjacent inter-
vals on chromosome 5.0 beed is involved in lignin
production and results in the brown midrib pheno-
type with a lower content of lignin than the wild
type. Because lignin is a major component in cell-
wall fortification, a relationship between the level of
resistance against ECB larvae feeding and the bm3
gene was proposed (Bonn ef al, 1996), Other stud-
ies also showed an association between high levels
of resistance against oopical stem borers and in-
creased leaf toughness and cell-wall fortification
(GroH e af, 1998a).

Comparison across fwo popelations

Commaon QTL for resistance traits TL and SDR
across populations 1390A x FA78 and D06 x D408
were not found. In addition, only poor agreement
with other studies (Brais ef af, 1994, Bouw et al,
1997, GroH e al, 1998a, Jasparonc of al, 1998)
were obsenved. Two of the detected QTL, one for
TL in Bin 2.07 and one for SDR in Bin 1.01, were
mapped in a cross between U5 Corn Belt inbred
lines BT3 and B52 (ScHon ef al, 1993), In an inde-
pendent population derved from cross B73 x BS2,
Carpinal el al (20010 found marker locus s 104
(Bin 5.04) to be linked with a QTL for TL. Marker
npiI0d also mapped to Bin 4.09, a Bin location car-
rving one of our QTL detected for TL. A possible
translocation event might explain the correspon-
dence between both genomic regions, In contrast to
rhe resistance traits, two common QTL for the agro-
nomic raits IVDOM and DMC were found on chro-
mosomes 2 and 8, respectively.

Previous studies also demonstrated a low consis-
tency of QTL for insect resistance. BOHN & al
(1997 found only three common genomic regions
for resistance to southwestern corn borer (SWCB)
across the two Fagy populations CML131 = CMLAT
and Kid x CML139, Grod ef all (19982} compared
these F,, lines with their corresponding recomibi-
nant inbred lines (RILs). They showed that across
the RIL populations two out of nine QTL for leaf
feeding damage caused by SWCB larvae feeding
were in common, GROH ef el (199%8a) concluded
that the detected QTL regions are populstion specif-
i, In addition, a mther low consistency across the
Fy5 lines and the RILs was observed. They ex-
plained these findings with different sample sizes in
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each population and dominance effects of some
QTL in the Fy4 lines, which prevented their detec-
tion in populations of RiLs. Addiional reasons for
the low consistency across bath populations might
be the high level of monomorphism in 13904 =
F478, sampling effects, and the possible low power
of QTL detection in bath populations.

Conclusions for MAS

Boin ef el (20000 pointed our thar MAS for insect
reststance could be superior o conventional selec-
tion, if the relative efficiency (RF = ‘drg"»fbaj of MAS
over conventional selection is higher than 1, and the
detected QTL are consistent across populations. In
the present study RE, for SDR was 0.7 and for TL 1.3.
This is in good agreement "with resulis obained for
population D06 = D408 (Boaw af al, 2000). Howev-
er, the consistency of QTL for resistance traits across
both populations was inadequate 1o justify the initia-
tion of a MAS breeding program. Furhermore, the
low consistency across populations i this study and
between populations of Fy; lines and RILs as it was
observed by Groa e all (1998) rather supports alter-
native selection methods like recurrent selection. An
early study of Pensy et al. (19673 showed that three
cycles of recurrent selection were sufficient 1o sub-
stantially increase the level of ECB resistance. Based
on recent screening studies (MELcHGER et al, 1998a;
SchuE ef all, 19971, it should be possible to identify
early maturing maize lines that combine promising
high levels of ECB resistance with superior general
combining ability for yield in order to initiare 3 recur-
rent selection program.
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Abstract In hybrid breeding the performance of lines in
hybrid combinations is more important than their per-
formance per se. Little information is available on the
correlation between individual line and testcross (TC)
performances for the resistance to European corn borer
(ECB, Ostrinta nubilalis Hb.) 1In maize (Zea mavs L.).
Marker assisted selection (MAS) will be successful only
if quantitative trait loci (QTL) found in F; derived lines
for ECBE resistance are still expressed in hybrid combi-
nations. The objectives of our study were: (1) o identify
and characterize QTL for ECB resistance as well as
agronomic and forage quality traits in a population of
testcrossed Fa; families; (2) to evaluate the consistency
of QTL for per se and TC performances; and (3) 1o
determine the association between per se and TC per-
formances of Fo.4 lines for these traits. Two hundred and
four Fs.; lines were derived from the cross betwesn maize
lines D06 (resistant) and D408 (susceptible]. These lines
were crossed to D171 and the TC progenies were eval-
uated for ECB resistance and agronomic performance in
two locations in 2000 and 2001, Using these TC pro-
genies, six QTL for stalk damage rating (SDR) were
found. These QTL explained 27.4% of the genoiypic
variance in a simultanecus fit. Three QTL for SDR were
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detected consistently for per se and TC performance.
Phenotypic and genotypic correlations were low for per
se and TC performance for SDR. Correlations between
SDR and quality traits were nol significant. Based on
these results, we conclude that MAS will not be an
efficient method for improving SDR. However, new
molecular tools might provide the oppartunity to use
(QTL data as a first step to identify genes involved in
ECB resistance. Efficient MAS procedures might then be
based on markers designed to trace and to combine
specific genes and their alleles in elite maize breeding
germplasm.

Introduction

The European comn borer (ECB., Ostrinia nubilalis Hb.) is
a pest of maize (Zea mays L.) with growing importance in
European maize production. In contrast 1o the ULS. corn
belt, where the ECB has up to four generations, only one
generation is observed in Central Europe. Leaf feeding
and stem tunneling by ECB larvae reduce plant growth
and cause stalk lodging and ear dropping. resulting in
severe yield losses of up to 30% (Bohn et al. 2000),
Chromosomal regions affecting ECB resistance in the
resistant LS. inbred B52 were first identified using
translocation stocks (Onukogu et al. 1978), B32 and the
resistant inbreds DES11 and Mod7 were also investigated
in QTL studies in crosses with susceptible inbreds B73
and Mol7 (Lee 1993; Schin et al. 1993; Jampatong et al.
2002). In agreement with the ranslocation study, the
QJTLs with the largest effects on ECB resistance were
detected on chromosomes | and 2. In early maturing
European dent maize, QTL found for tunnel length and
stalk damage ratings explained approximately one half of
the genotypic variance. However, agreement of QTL
results across the different mapping populations and the
resistance traits measured was low. This low consistency
was explained by the partly different genetic basis of the
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different resistance traits, as indicated by the low to
moderate correlation between these traits, and the low
power of QTL detection (Melchinger et al. 19598). In
addition, the populations used might differ for the set of
segregating resistance gene alleles and their epistatic
interactions {Stuber 1995).

Even though the consistency across these studies was
low, simulation experiments showed that most QTL de-
tected in Fa populations are not likely to be false positives
(Beavis 1994) and might be used for marker assisted
selection. However, after 10 years of penetic studies using
molecular markers to identify a large set of putative QTL,
the guestion of whether these can be used for marker
assisted selection to improve ECB resistance In maize is
unanswered, A few studies concluded that MAS might
be promising (Jampatong et al. 2002; Flint-Garcia et al.
2003), whereas other studics pointed out that the use of
MAS would not result in increased selection gains based
on relative efficiency calculations (Bohn et al. 2000; Papst
et al. 2001). However, in order to finally judge the
prospects of MAS to improve ECB resistance in maize,
information on the correlation between per se and testcross
(TC) performance for ECB resistance is needed.

In hybrid breeding programs the performance of maize
lines in hybrid combinations is more important than their
performance per se. Little information is available on the
correlation between ling per se and hybrid performance
for ECB resistance Imn temperate maize germplasm,
Correlations between per se and TC performance were
high for stalk damage ratings, but low for tunnel length
and yield reduction caused by ECB larvae feeding (Kreps
et al. 1998). In tropical maize the association between per
se and TC performance was low for corn borer resistance
{Thome et al. 1992; Groh et al. 1998) and the consistency
of QTL mapped for per se and TC performance was poor,
These results suggest that MAS can only be successfully
employed to improve ECB resistance in maize if QTL
identified in lines per se are expressed in hybrid combi-
nations. Therefore, the objectives of our study were: (1) to
identify and characterize QTL for ECB resistance, as well
as agronomic and forage quality traits, in a population of
testerossed Fa.; families derived from a cross between two
early-maturing European dent lines; (2) to evaluate the
consistency of QTL for per se and TC performances; and
(3) 1o determine the association between per sc and TC
performances of Fp.1 lines for these traits.

Materials and methods

Plant materials

Dent lines D06 (ECB resistant) and D408 (ECB susceptible) were
crossed to produce 230 Faa families; these families were evaluated
for per se parformance and wsed for QTL mapping as described in
datail by Bohn et al. (20000, Qur of this set of Faa families, 204
families were testcrossed by crossing ten randomly chosen plants
per family with DI 71, a susceptible line from the flint pool, Seeds
were harvested from all ten plants and bulked to evaluste TC

progenies.

Field trials

Experiments with manual infestation of ECB larvae and those under
pratection (insecticide application without infestation) were con-
ducted in Pulling and Frankendorf in the summer seasons of 2000
and 2001, Forage quality traits were evaluated in Frankendorf and
Srraubing in 20001, All experimental sites are located in southeasterm
Germany and are charactenized by increasing ECB  population
densities over the past 5 years (Zellner, Landesanstalt fiir Land-
wirtschaft Freising, personal communication), Each year-location
combination was Created as an environment im the subsequent
statistical analyvses. A total of 210 TC. entries were evaluated,
including the 204 Fz; families and duplicate entries of the parental
lines, and the F, hybrid as duplicate entries. The experimental
design was a 21x10x-design with two rephications at all locations.
The experimental unit was a two-row plot with 50 plants, 4 m long,
and a row spacing of 0.75 m, Trals were over-planted and later
thinned to a final plant density of 8 plants/m®. The first and the last
two plants of each row were eliminated before grain harvest. These
plants were used for forage quality analyses in 2001,

ECE treatment

An average number of 20 neonate ECB larves were applied three
times at weekly intervals for a total of about 60 larvee per plant,
Freshly hatched larvas wene mixed with maize-cob grits and placed
into the whorl or leaf collar of maize plants with special dispensers
{Mihm 1983}, The manual infestation was synchronized with the
natural occurrence of ECB moths berween the end of June and mid-
Tuly. The plant development stages varied at infestation time from
mid-whorl stage to tasseling or silking. Egg masses for manual
infestation were provided by Dr. P. Aupinel, INRA, Le Mangeraud,
France. The insccticide-protected whole plots were treated with
FASTAC S8C applied twice starting at the end of June in 10- to 14-
day intervals.

Evaluation of resistunce and apronomic traits

Resistance against ECBH larvae feeding was determined using stalk
damage ratings (SDR) based on a 1-9 ratng scale {1 for intact
plants, 9 for dropped ears or breakage below the ear) as described
by Hodon and Chiang (1991}, Grain yield, in tonnes per hectare,
under protection (GYP) and manuwal infestation {GYT) was adjusted
to 15.5% grain moisture, and the relative prain yield reduction
(RGY) was calculated as (GYIGYP)=10H. The date of anthesis
{ANT), in days after sowing. plant height (PHT). in centimeters,
and dry matter concentration (DMC), as a percentage, were
recorded for plants from the insecticide-protected plots, The four
plants, not harvested for grain yield in the insecticide protected
plots, were hand-harvested withowt ears ar the end of September o
determine dry matter concentration of stover (DMCS), in per cent,
cellulose-digestible organic matter (CDOM) (De Boever et al.
19B6), concentration of crude peotein (CPY (Kieldhal 1883),
concentration of crude fiber (CF) (Naumann and Bassler 1998),
water-soluble carbohydrates (WSC) (Loff and Schoorl 1929), in
vitro digestible organic matter (IVDOM) (Tilley and Terry 1963),
and digestibility of neutral detergent fiber {DNDF) (Dolstra and
Medema 19900, in g kg™ 107 All forage gquality traits were
analyzed by near-infrared reflectance spectroscopy using calibra-
tions provided by KWS Saat AG, Germany.

Marker and linkage analyses

Details on the marker analyses and the linkage map development
were presented by Bohn et al. (20000, Briefly, a wial of 230 Fp
plants were genotyped for 93 RFLP and two 55R marker loci, The
linkage map was constructed using MAPMAKER.0Ob (Lander et
al. 1987) software. Linkage between two markers was declared
significant in two-point analyses if the LOD score (logg of the
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likelihood odds ratio) exceeded a threshold of 3.0, After determin-
ing linkage proups and the correct linear arrangement of marker
loci along the linkage groups, recombination frequencies betwieen
marker loci were estimated by multi-point analyses and trans-
formed into centiMorgans {cM) by Haldane's mapping funchion
{Haldane 1919).

Statistical analyses

Analyses of varance were performed on field data from each
experiment within each environment. Adjusted eniry means and
effective error mean sguarss were usad 1o compute the combined
analyses of variance and covariance across environments for
experiments with and without ECB infestation. The sums of squares
for entries (210 4f) were subdivided into the variation among TC
progenies of the Fz; families {203 &) and the orthogonal contrasts
among the means TC progenies of the Fps families versus the
midparental value and P1 versus P2, Components of variance for
the TC progenies were computed considering all affects in the
5|ausncal modal as random. Estimates of the genntyplc variance
[cr i gen:ﬂypemwmnmcnt interaction varance erTor van-
ance (), and phenotypic variance (o2 and their s'gandnnd errors
were calctlated as described by Searle ("19?1} Heritahilities (k%) for
TC progenics were _:l;tmput:,rj on un entry-mean basis and confi-
dence inervals on &' were estimated according to Knapp et al,
[(1985). Phenotypic {F,) and genetic () correlation coefficients
were calculated among resistance and agronomic traits by applying
standard methods (Mode and Robinson 1950), PLABSTAT (U
2001) and SAS (SAS Institute 1996) software packages were used
for all calculations.

OTL analyses

QTL analyses were performed on the subset of 2001 TC progenies
for which both molecular and phenotypic daa were available,
Composite interval mapping (CIM) was employed for QTL
detection and estimation of (JTL effects. A LOD threshold of 2.5
was chosen for declaring a putative (JTL significant. ensunng a
comparison-wise error rate of P=00036 and an expeniment-wise
error rale of P<0.30. Estimates of QTL positions were obtained at
the position, where the LOD score reached its maximum in the
region under consideration. All putative QTL were examined for
presence of digenic r.p'ml.atic effects and QTL x environment
interactions, The proportion of the phenotypic varance explained
by all QTL was determined by the adjusted coefficient of
determination of regression R ;) fitting a model including all
detected QTL. The proportion o the genolypic variance exp]amed
by all QTL for one trait {p) was calculated as p = ,,,,I!J

Five-fold cross validation {CV/G) was performed for the Faog
lines per se and their TC progenies following procedures described
by Utz et al. (20000 and Bohn et al, (2001}, The whole data set (DS}
containing the entry means across environments for each mapping
population was randomly split into k=5 disjoint subsets. Four
subsets were combined to form the estimation set (ES) for QTL
detection and estimation of genetic effects, The remaining subset
formed the test set {T5) in which predictions denved from ES were
tested for thedr validity by correlating predicted and observed data.
By permuting the subsets, five different CVAG runs are possible for
a five-fold CVAG. Sobsets were formed randomly 200 times,
vielding a total of 1,000 replicated CV/G mns. Following Utz et al.
{20000, the proportion of the genotypic variance explained by the
detecred QTL in TS {frees) was caleulated from the adjusted
squared correlation coefficient between the phenotypic entry means
obzerved in TS (¥ and the predicred genatypic values {Qrs =) on
the basiz of results derived from ES, divided by the heritability of
the trait under study:

Ry Yrs, Orsgs)

ﬁTﬂ.ES = j-ﬂ

1547

Using a LOD threshold of 2.5, each CV/G run yielded different
estimates for the number of QTL, their location, and renetic
effects in the ES. Estimates of p in ES and TS were calculated as
the medizn § over all replicated CV/G runs. The average number
of JTL was determined as the mean across replicated CVJIG mins.
The median additive genctic effect des was calculated for each
scanned chromosomal posttion. For each ags, the corresponding
additive effect from TS {f#rses) was determined by multiple
regression based on the map positions of all QTL detected in ES
and the marker genotypes of the F; family in TS at the respective
flanking marker loci, sccording to described procedures (Haley
and Knott 1992; Utz and Melchingar 199%). Subsequently, the
median frges was calculated across all CVAG runs for a given

position.

Relative efficiency of MAS

The relative efficiency (RE) of MAS over conventional phenotypic
selection was caleulated according to the formula of Lande and
Thempson (19%90). Assumed molecular-marker scores were record-
ed without errors, and selection intensities of MAS and CPS were
equal. If selection is only performed on marker loci, the efficiency
was calculated as RE = -.,-"p,-"P. If phenotypic and molecular data
were combined, the RE was calculated by using the formula

RE, = /p/#* + (1 — p)*/(1 — ph?).

Correlation between TC progenies and Fo.a families

Associations between per s¢ and TC performance of Fa.a fami-
liez were determined using the following three methods. First-
ly, phenotypic correlations (F,) were estimated on entry-mean
hasis for per se and TC performance of the 204 F.; fami-
lies. Because per se and TC performance was not evaluated in
the same locations., genotypic correlation (F,) was calculated as
by = MPJE, (&% « &7, , where MP is the mean produet of entry
means for per se and TC performance, E is the number of
BAVINORments, ﬁi, is the estimated genotypic variance for TC
performance, and &:,_ is the estimated genotypic variance for the
per s¢ performance. PLABSTAT {Urz 2001) was used to perform
the necessary calculations. Secondly, the correlation coefficient
between LOD profiles (rpop) determined in the mapping experi-
ments for per se and TC performance was caleulated. Sigmifi-
cance of this correlation was determined by employing a permu-
tation test (Keightley and Knott 1999), The data were permuted
1,000 times by randomizing the order of chromosomes indepen-
dently for each mapping experiment. The reordered chromo-
somes were lined wp and the comelation berween profiles was
calculated under the null hypothesis that LOD profiles were not
comelated.  All computations were performed using the software
program CORRESP (Utz 2002). Thirdly, multple regression was
wsed to determine the combined effect of the QTL positions
identified for per se perfor- mance in TC progenies. The pro-
por-tion of u::i explained by these chromosomal regions for TC
performance was calculated as pp = R?.d__,{YTC:ﬂTC.mm}f"hzr
where RL, (Vrc, Qroperse) 15 the adjusted squared correlation
coefficient between the phenotypic entry means observed in TC
progenies (¥rch and the predicted genotypic values (@ pes ) o0
the hasis of QTL results derived from the per s performance and it
is the hentability for TC performance of the rant under study. All
calculanons were performed with PLABQTL (Utz and Melchinger
1996) software.
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Results - <
8 =
Phenotypic data E =2 #
i ¥ 523X 27
I i s o — =
TC performance of Fa.; families & § 3 § ﬁ 3 § £
TC progeny means of parental lines D06 and D408, their -E Z| EEEET TF
F; hybrid, and the population TC mean were not Z
significantly different for all traits (Table 1). Genotypic = 2 f; "
variances were highly significant (P<(001) for all traits 2 F = z2zgeme é 2
and o3, estimates were significant (P<0.01) only for SDR, T | :n: S *ﬁ; 35
GYP, DMC, and quality trait DNDF (data not shown for £ |3 |7 %3338 55
DNDF). Heritabilities were low for RGY, GYP and 2 &S MEamE
quality traits DMCS, CP, and DNDF (i = 0.45) (data for &
quality traits not shown) but of moderate size for all other g 5512
traits (0.50 < A < 0.71). £ g| S83R8 =2
,ﬁ e o= H F
g | |g| 2238E 52
g Rt o
=] = =0
QTL for per se performance g ToEET
Here, we report QTL for ECB resistance and agronomie £ = H -
traits obtained by using five-fold cross validation. Cor- F | mworoa =3
responding results found without cross validation were & E ‘333?1 = 3@
i ‘i h 1, ; I bt - e o O S
presented in a previous paper (Bohn et al, 2000) F Z| Sggz=g =S
3
Resistance frails = :E =
E | 2] e33ss 93
For SDR two QTL on chromosomel and one each on ?. E £& é:*_:*jq 4 A8
chromosomes 6 and 8 were detected. These four QTL = £ E E EE E -4
explained 27.6% of E:r; (Table 2). QTL detection frequen- % .
cies ranged from 19.4% 1o 100%. For wnnel length two B |
QTL were found on chromosome 5 and one each on 2 .E = 1.1
chromosomes 1, 2, 3, 7, &, and 10, These QTL explained E E é e Eg g Eg
in a simultaneous fit 10.6% of &2. The QTL detection Eg : | 33T Id
frequencies varied between 19.6% and 79.5%. %’u% < E Heddd So
I =
ol ig S
Agronomic traits 5-5 E oo - a 1‘-_-‘:\\[ %
A total of 32 QTL were found for agronomic traits GYP 2§ o - lr;' E & e iE
(3 QTL), GYI (2 QTL), PHT (7 QTL), ANT (10 QTL),  E :g &| FEREEZ
and DMC (10 QTL) (data not shown). Most of them E_G i
showed additive gene action. The proportion of ai B § <
explained by the QTL detected for each trait ranged from £ = =2 HE
17.3% w 27.0 %, Quantitative trait loci found for grain %'g = 3 ﬁéiég gg_
yield under insecticide protection and ECB infestation 522 = 23483 23
explained less than 3% of 4. Five out of 32 QTL were 22 |Z |8 | A355e 22
detected in more than 97% of all cross validation runs for ;-] g
each trait. The remaining QTL were found with frequen- £ = % _
cies between 13.0% and 94.6 %. fE|E8 a7
85| |a, g
2| S £
cdlg = g
35l [f. B
2208|885, Ffm
= & KB FEabkLro R
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Table 2 Position of detected P i 3 T i
QTL and their respective addi- B m;:an 4 Pries P
tive effects for sralk damage Median  {10; 90) Percentile  Frequency (&)°
ratings (50K} and twnnel length
(TL) determined using the stalk damage 1-9 scale
whole data set {G) or 200 five- ra-lt'ggﬁ - — —_— (0.11; ~0.07) 194
fold cross validation runs 2 : / L1 = L
{75 g ). Parameters were esti- 1.06 166 0.27 0.24 (0.23; 0.24) ES.g
mated from ph,er]gq.-pi.c per se a.07 144 0.27 0.25 (023, 0.25) B4,
data of 210 Fy.y families derived ~ B.03 58 -0.26 2027 (028 0.28) 1000 276
T i TIIJI]BTI o 202 EESd 0.36 (0.35; 0.4 792
luated at two locations i ! : = -
S e RIe. R 204 110 070 036  (-0.40 :-0.25) 196
309 304 0.32 0.28 (027 0.31) 795
5.03 &0 -0.74 .21 {—0.27; -0.20) 360
504 102 0,80 0.26 (0.23; 0.33) 273
705 102 .32 -0.01 (=004 0.03) 215
B.05 58 -0.55 -0.23 (=023, 00T 503
10,06 148 (.86 0.46 (0.42; 0.54) 2.1 10.6

1 Median and percentiles were calculated based on 200 five fold CV/G runs.

® Bin locetions are designated by an XY code, where X is the linkage group containing the Bin and Y
is the location of the Bin within the linkage group (Gardiner et al, 1993},

“ Frequency of QTL detection across 200 five fold CV/AG runs.

¥ & = propostion of genotvpic variance explained by detected QTL caleulated as R‘iﬁ { heritability in
200 cross validation runs (for heritability and results without cross validation see Bohn et al, 2000,

Tahle 3 Position of detected

o pcp = .
QTL and their respective addi- Eau m;mn & 9TSES ¥
tive effects for stalk damage Median  (10; 90y Percentile  Frequency (%)°
ratings (SOR), content of crude
fiber (CF), in vitro digestibility 5!3]5{ damage 1-9 scale
of organic matter (FVIGM) de-  TUNES
ter':n'ﬁ]ad uging the whole data 1.01 25 ={.31 =126 f{".-zﬁ: = 0.2‘“ 0T
set () or 200 five-fold cross I 3l5 (.20 0.14 (0.13; 0.15) 62.1
validation runs {dps gs). Param- 6.06 110 0.59 .53 (0,52, 0.54) 860
eters were estimated from phe- ;g': |§ﬁ _gg _g'lilg E%ﬂ?.sﬂflg‘lm} 2;‘2
noty pic data of TC enies of g - . A8 -0,
A E Botilias Jermel foo oo 160 37 011 (0.10; 0.13) 545 274
the cross DHM=TM08 evaluated 1ber g kg
at two locations in the years 3.010 0 .35 .45 (0.37; 0.46) 24.1
2000 and 2001 ; bold letters f.045 R0 .42 .48 {=0.54; -0.48) 63.7
indicate common QTL positions 902 8 029 028  (0.25032) 14.6 47
across per =& and TC evaloa- In vitro di- g ket 10
tions gestibality of
organic matter
B.06 T 0.65 .55 (0.52; 0.56) 60.8
9.01 26 =047 =060 {=0.66; <0.53) 479 33

# Median and percentiles were calculated based on 200 five fold CV/G runs,

B Bin locations are designared by an X.Y code, where X is the linkage group containing the Bin and ¥
is the location of the Bin within the linkage group (Gardiner et al. 1993},

¢ Frequency af QTL detection across 200 five fold CVIG runs.

¢ p = proportion of genciypic variance explained by detecied QTL calculated as Rzmj I heritability in

20 cross validation runs.

QTL for TC performance

Resistance trairs

Six QTL for SDR on chromosomes 1, 3, 6, 7, 8, and 10
were found, explaining between 67% and 13.4% of 6?,
{Table 3). In the 1,000 CV/G runs, the mean number of
detected QTL was 4.4 for SDE, which explained 27.4% of
Eri in a simultaneous fit. The frequencies of QTL detection
in cross validation varied from 41.09% 1o 91.7%. Except for
QTL in bins 1.01 and 8.04, the resistance allele originated

from the resistant parent DD&. No QTL for RGY was
detected.

Agronomic traits

A total of 16 QTL were found for GYP (4 QTL), GYI (3
QTL). PHT (4 QTL), ANT (3 QTL), and DMC (2 QTL)
{(data not shown). One QTL for PHT accounted for 17.7%
of d—;., whereas the other QTL explained between 3.8%

and 13.6% of &ﬁ Averaged across cross validation runs,
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Table 4 Phenotypic (Fy) and

genotypic {fg, below the diago- PG T

Apronontic trails

nal} correlation coefficients S5DR RGY GYP GYL PHT ANT DmC

among resistance and agro-

nomic traits calealared ina SDR . 445% .03 —.4]%* -D2gHs =324 0. 18==

ulation of 204 testerossed RGY —.34% =) 32%* D.o3=* 0.16* 13 0,08

E.{; families derived from the GYF .03 0.0 0.50%* Q.27+ O.25%* 0.01

cross DO6xDA0S GYI -0.587" 0.69+ 0.46+ 0384  031* 00
PHT —{.44* 036" 27 aa* 043=* —0.14*
ANT —0.50% 0.23* 0547 0,53+ 058 =1 37**
DMC 030 =09 =0.07 -0.13* =) 18" =045

# %% Phenotypic correlation was significant at the (0,05 and 0.01 probability levels, respectively.
*, PGenotypic correlation exceeded once or twice its standard error, respectively.
* 5D = stalk damage ratings, RGY = relative gramn yield, GYP = grain vield undér protection, GY1 =

gram yield under infestation, PHT

QTL explained between 3.3% (DMC) and 18.1% (PHT)
of Er% in a simultaneous fit, One QTL each for GYP {hin
5.07), GYI (bin 3.08), and PHT (bin 9.02) and two for
ANT (hins 3.03 and &.03) were detected in more than
97% of the 1,000 cross validation runs, QTLxenviron-
ment interactions were significant (P<0.05) for ANT,
DMC, and GYP.

Quality traits

Twenty-two QTL were detected for all evaluated forage
quality traits (2 QTL for DNDF, IVDOM; 3 QTL for CF,
DMCS; 4 QTL for CDOM, CP., and WSC; data not
shown, for CF and IVDOM see Table 3). Each QTL
explained between 5.7% and 10.7% of Er:'_ and between

3.3% and B.0% of Er: in a simultaneous fit, The frequency
of QTL detection varied between 14.6% (CF, bin 9.02)
and 89.6% (WSC, bin 10.06) of the cross validation runs.
QTLxenvironment interactions were significant (P<0.05)
for DNDF,

Correlations between resistance and agronomic traits

The genotypic and phenotypic correlation coefficients
between RGY and SDR were highly significant (P<0.01)
and negative (Table 4). Associations between agronomic
and resistance traits were moderate to low. Stalk damage
ratings were negatively associated with GYI1, PHT, and
ANT but positively correlated with DMC. Significant but
low genotypic correlations (r, >-0.27) were found be-
tween SDR and quality traits CDOM, DRDE, IVDOM,
and WSC (data not shown).

Correlations between per se and TC performance

Phenotypic correlations between per se and TC perfor-
mance of Fri families were highly significant (P<0.01)
and of moderate size for SDE, PHT, ANT, and DMC
(Table 5). Corresponding genotypic correlations were
moderate to high for all traits except RGY. The corre-

= plant height, ANT = date of anthesis, DMC = dry matter content.

Table § Phenotypic (7,) and genotypic (7, ) correlation coefficients
between per s¢ and TC performance of 204 Frg families of cross
Da=DE08 az well az comelation coefficients between LOD
profiles (rop) and the proportion of the genotypic varance in
TC performance explained by QTL detected for per se performance
(P}

Trait® £ Fy Fon® P

SDR 0.33%* 062+ 027 230
RGY 09 0.3aor 010 =

GYP 0.16* 030 =0.16 2.0
GYI 17+ 0= 0.1z 21
ANT 056+ 0.74% 0.34% 26.7
PHT [T 1.00+ 0. 44%= 210
DMC (47 0.63+ 0.0a 1.9

*.** Phenotypic cormelation was significant at the 0,05 and .01
probability levels, respectively.

=, PGenotypic comelation exceeded once or rwice its standard
error, raspectively.

* SDR = stalk damage ratings, RGY = relative grain yield, GYP =
grain yield under protection, GY1 = prain yield under infestation,

PHT = plart height, ANT = days to anthesis, DMC = dry matter
content.

b Correlation coefficients of LOD profiles for resistance and
ARFONOMC ails across (estcross progenies and Paos families.
¢ Mo QTL was detected for RGY.

lation between LOD profiles (r op) for per se and TC
performance showed significant (P<0.01) values only for
SDR, PHT, and ANT. QTL identified for per se perfor-
mance explained between 23% and 27% of di, for TC
performance for SDR, PHT, and ANT. Estimates of pr
were practically zero for all other traits.

Discussion
Consistency of QTL for per se and TC performance

The prime goal of maize breeding is to identify new lines
with superior performance in hybrid combinations. Se-
lection of potential parents is based on their general
combining ability (GCA) to increase the probability of
finding superior hybrid combinations. This is necessary,
because performance of lines per se does not provide an
adeguate measure of their value in hybrid combinations
for most traits of agronomic importance {Hallaver 1990).
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The predictive value of GCA depends on the relative
importance of GUA and the specific combining ability
(SCA) for the trait under study. Based on these relation-
ships, 1t seems logical to use QTL detected for TC
performance or QTL found for per se¢ performance with
consistent expression in TC for identifying potential
hybrid parents uwsing MAS., However, QTL for TC
performance might be tester-specific, resulting in the
need to develop several QTL populations with different
testers. In addition, the use of QTL for per se performance
in MAS is attractive, because this information is available
at least two generations earlier than is TC performance.

Therefore, the detection of QTL contributing to the
GCA of a line for a specific wrait and the consistency of
QTL across line per s¢ and TC evaluations, as well as
berween testers, are of central importance for developing
a successfol MAS program. The level of consistency
depends on the power of QTL detection in per se and TC
evaluations, the type of gene action displayed by the
genes involved in the inheritance of the trait under study,
and the specific allelic effects of the chosen tester. The
power of detecting QTL for per se and TC performance is
a function of the size of the QTL effects, the heritability
of the trait under study, and the size of the mapping
populations. In addition, the power of detecting the same
QTL in per se and in TC evaluations is the product of the
power of QTL detection in the separate studies. There-
fore, a QTL will only be consistently detected in per se
and TC evaluations, if the power of QTL detection is high
in both studics.

In per se evaluations of Fz.5 families most likely QTL
with additive effects will be found, because only a guarter
of the dominance effects present in the F, generation can
be detected in a population of Fyy families. In contrast,
the average effect of a gene substitution is determined in
TC evaluations. The average effect of a gene substitution
is a function of additive and dominance effects as well as
allele frequencies in the tester. The latter shows the
influence of the tester allele, If the tester allele is dom-
inant or partially dominant over the alleles of the two
parental lines, it may mask the effect of the QTL allele
segregating in the mapping population and hence this
QJTL is not detected for TC performance.

For TC performance, we detected six QTL for SDR
explaining an average of one quarter of the genotypic
variance across cross-validation runs. Three of these were
in adjacent chromosomal bins (on chromosomes 1, 6, and
8) to QTL for SDR per se performance. In agreement with
the above outlined expectations, QTL for per se perfor-
mance displaying overdominance were not detected for
TC performance, if their additive effect was not of con-
siderable size, such as for the QTL for SDR in chromo-
somal hin 1.06. In addition, QTL alleles of the tester may
be dominant over the alleles of the parental lines. These
effects and the decreased genotvpic variance displayed
by testcrossed Fay families reduced the power of QTL
detection using TC progenies and resulted in a low
consistency of QTL across per se and TC evaluations,
Despite these disadvantages of TC progenies in QTL
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detection, threc QTL were found for TC performance that
remained undetected for per se performance. One possible
explanation for this result could be the use of a highly
susceptible tester. This tester was selected based on its
high level of susceptibility o ECB larvae feeding
combined with otherwise good agronomic performance
(Schulz et al. 1997). In the case of a susceptible tester,
specific interactions of the tester and segregating alleles
facilitate the detection of new QTL (Kreps et al. 1998}, In
addition, this finding might be due to the low power of
QTL detection in the per s¢ and TC evaluations as a result
of the relatively small population size (N<210), the low o
moderate heritabilities for the evaluated ECB resistance
traits, and the fact that per se and TC evaluations were
performed in different environments.

Similar results were reported by Groh et al. (1998),
who evaluated two tropical maize populations of recom-
binant inbred lines for their resistance against tropical
stem borer species (Diafraea spp.) in per se and TC
evaluations. Based on the mostly additive gene action
found in early generations of both RIL populations (Bohn
et al. 1996), it was expected 1o find several common
resistance genes between per se and TC evaluations. But
the reported consistency was low. The authors explained
their findings by the low power of QTL detection in the
TC progenies and the evaluation of both progeny types in
different environmenis.

In a set of 16 European flint and 24 dent lines, cor-
relations between per se and TC performance were high
for stalk damage ratings, but low for tunnel length and
yield reduction caused by larvae feeding (Kreps et al,
1998). In tropical maize the association between per se
and TC performance was low for corn borer resistance
{Thome et al. 1992). In accordance with these studies, we
found low but significant phenotypic and genotypic cor-
relation coefficients between per se and TC performance.
However, based on the size of these correlations, it was
not surprising that only half of the QTL detected in Faa
lines per se were rediscovered using their TC pro-genies.

In most ECB QTL studies, the majority of QTL
associated with resistance showed additive effects and
only to a minor extent dominance (Bohn et al. 2000; Papst
et al. 2001; Krakowsky et al. 2002). Therefore, tight
correlations between per se and TC evaluations were
expected. However, as already state above, QTL with
additive effects will be preferentially detected in popu-
lations of Fa.3 families, resulting in an underestimation of
dominance involved in the inhentance of ECE resistance
and in an overestimation of the association between per se
and TC performance. In addition, predictions were based
on QTL that often explained less than 50% of the genetic
variance for the evaluated ECB resistance trait.

Clustering of QTL for insect resistance

The QTL regions for SDR detected only for TC perfor-
mance in our study were located in adjacent intervals
known 1o carry QTL for tunnel length observed for per se
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performance (chromosomes 3, 7, and 10). All QTL found
for TC performance were located adjacent to QTL regions
detected for stem borer resistance in other temperate and
tropical maize populations (Schén et al. 1993; Groh et al,
1998; Khairallah et al. 1998; Bohn et al. 2000; Papst et al.
2001 Jampatong et al. 2002, Krakowsky et al. 2002). A
compilation of all known QTL positions based on their
bin location showed that QTL for stem borer resistance
were not randomly distributed across the maize genome
but occur in clusters on chromosome 1, 5, and 9. This
information is a possible starting point o determine
candidate genes involved in the inheritance of stem borer
resistance. Previous findings suggested cell wall fortifi-
cation caused by increased lignin content as one putative
resistance mechanism (Buendgen et al. 1990; Bergvinson
et al. 1996). Known genes of the lignin biosynihesis
pathway are located in the stem borer resistance gene
clusters. It might be possible to substantiate the hypoth-
esis that lignin is an important factor in stem borer
resistance by applying new molecular wools to determing
the association between allelic vanation at candidate gene
loci and a specific phenotype { McMullen et al. 1998;
Buckler and Thornsberry 2002).

Correlations between traits

We determined tissue digestibility characteristics to test
the hypothesis that cell wall fortification is one possible
resistance mechanism. In our study no significant asso-
clation was found between digestibility traits (CDOM,
IVDOM, DNDF) and SDR. This is in good agreement
with Kreps et al. (1998), who evaluated a set of 41 inbred
lines for their per se and TC performance and reported no
significant phenotypic correlation between in vitro di-
gestibility of organic matter (IVDOM) and ECB resis-
tance. Two possible reasons might account for the lack of
association between digestibility traits and ECB resis-
tance. First, the physical properties of a lignin polymer
largely depend on its monolignol subunit composition. In
maize, genes are known that directly influence lignin
content in cell walls and its subunit structure. Specific
alleles at these loci may cause the production of lignin
with a subunit composition in cell walls that result in an
increased [VDOM without compromising cell wall
strength. These genes might also improve digestibility
traits without increased SDR. Next to cell wall fortifica-
tion and reduced forage gquality, high concentrations of
foliar phenolic acids are assumed to Increase resistance o
insect herbivores by causing oxidative stress in the midgur
of insects (McMullen et al. 1998). Phenols are oxidized to
quinones, which bind amino acids and proteins reducing
their nutrional valoe andfor bicavailability and thus
inhibiting larval development (Felton et al. 1989, Duffey
and Felton 1991; McMullen et al. 1998). However, to-
bacco plants overexpressing a key gene involved in
phenolic production did not exhibit higher levels of re-
sistance against Heiorhis virescens (Johnson and Felton
2001).

We found a negative association between SDR and
ANT and a positive association between SDR and DMC
in testcrosses in accordance with previous studies (Groh
et al. 1998; Bohn et al. 2000; Magg ct al. 2001). Bohn et
al. (2000 found F.; family genotypes that combined
early flowering with a high level of ECB resistance. They
conjectured, by examining graphical genotypes, that the
correlation between ANT and ECB resistance was mainly
caused by tight linkage instead of pleiotropy. The Faa
families, which combined early flowering with a high
level of ECB resistance for per se performance, also
showed this trail combination for TC performance.

Prospects of MAS for ECB resistance

The main goal of QTL mapping is the identification of
chromosomal regions involved in the inheritance of
economically important quantitative traits as a starting
point for MAS. In the case of improving ECB resistance,
costs for mass rearing of larvae and manual infestation are
high and #° of ECB resistance traits are low. Therefore,
marker-based technologies could offer a more efficient
way o develop new genoiypes with improved ECB
resistance. In our companion study, the relative efficiency
of MAS over conventional phenotypic selection was (.87
for SDR indicating that conventional phenotypic selection
is more efficient than MAS (Bohn et al. 2001). Even with
low relative efficiencies (RE<1) MAS may be competi-
tive over conventionzl phenotypic selection, if cost-
effective PCR-based marker systems are available and
costs of artificial infestation are high. Howewver, the
effectiveness of MAS strongly depends on the accuracy of
QTL mapping results. Here, we reanalyzed data reported
by Bohn et al. (2001) using CV. QTL for 5DR explained
27.6% of cri resulting in a low relative efficiency of MAS

over conventional phenotypic selection (RE=047). If
MAS and conventional phenotypic selection were com-
bined, values of BEE approached 1.05. This result sug-
gested only a small gain in selection response employing
MAS in selection programs for improving ECEB resis-
tance,

What are possible alternative approaches to utilize
QTL information for stem borer resistance gathered in
multiple studies over the last 10 years? A first step to
utilize this wealth of information would be the perfor-
mance of a meta-analysis (Goffinet et al. 2000 to confirm
the hypothesis that QTL for stem borer resistance occur in
clusters. These clusters might be large and will contain
hundreds of genes, but based on knowledge about putative
resistance mechanisms it might be possible to identify the
underlying biochemical pathways and respective candi-
date genes, Their effect on stem borer resistance might be
tested with association studies. Association sindies might
also provide plant breeders with information about the
allelic variation that can be exploited for cach resistance
gene. In this case, MAS will be based on gene sequences
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that allow tracing and combining candidate genes and
their specific alleles directly.
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