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Abstract Maize silage is a significant energy source for
animal production operations, and the efficiency of the
conversion of forage into animal mass is an important
consideration when selecting cultivars for use as feed.
Fiber and lignin are negatively correlated with
digestibility of feed, so the development of forage with
reduced levels of these cell-wall components (CWCs) is
desirable. While variability for fiber and lignin is
present in maize germplasm, traditional selection has
focused on the yield of the ear rather than the forage
quality of the whole plant, and little information is
available concerning the genetics of fiber and lignin.
The objectives of this study were to map quantitative
trait loci (QTLs) for fiber and lignin in the maize stalk
and compare them with QTLs from other populations.
Stalk samples were harvested from 191 recombinant
inbred lines (RILs) of B73 (an inbred line with low-to-
intermediate levels of CWCs) x De811 (an inbred line
with high levels of CWCs) at two locations in 1998
and one in 1999 and assayed for neutral detergent
fiber (NDF), acid detergent fiber (ADF), and acid
detergent lignin (ADL). The QTLs were detected on
nine chromosomes, mostly clustered in concordance
with the high genetic correlations between NDF and
ADF. Adjustment of NDF for ADF and ADF for
ADL revealed that most of the variability for CWCs
in this population is in ADF. Many of the QTLs
detected in this study have also been detected in other
populations, and several are linked to candidate genes
for cellulose or starch biosynthesis. The genetic
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information obtained in this study should be useful to
breeding efforts aimed at improving the quality of
maize silage.

Introduction

Maize silage is an important forage in animal produc-
tion operations, specifically for beef and dairy cattle.
Silage is an energy feed, the value of which is partially
determined by the efficiency its conversion to animal
product, which in turn is determined by the digestibility
of the forage, animal intake, and the efficiency of feed
utilization (Roth et al. 1970; Deinum and Struik 1986).
Maize breeders have traditionally selected silage varie-
ties on the basis of grain yield since grain is highly
digestible, but more recent efforts have focused on
improving the digestibility of the whole plant (Hunter
1978; Deinum and Struik 1986; Wolf et al. 1993). The
change in breeding methods has lead to increased re-
search on the factors limiting the digestibility of stover,
in particular fiber and lignin (Lundvall et al. 1994;
Liibberstedt et al. 1997; Méchin et al. 2001).

Fiber and lignin, which can be quantified as neutral
detergent fiber (NDF), acid detergent fiber (ADF), and
acid detergent lignin (ADL), have been negatively cor-
related with digestibility (—0.53< r <—0.91), and se-
lection for reduced fiber and lignin should result in
improved digestibility (Hunt et al. 1992; Wolf et al. 1993;
van Soest 1994). Fiber and lignin are composed largely
of plant cell-wall components (CWCs), with NDF con-
sisting largely of cellulose, hemicellulose, and lignin and
ADF consisting largely of cellulose and lignin. Genetic
variability for these traits is present in temperate maize
germplasm, and selection has successfully altered levels
of CWCs (Buendgen et al. 1990; Lundvall et al. 1994;
Beeghly et al. 1997).

A wide range of heritabilities has been reported for
NDF, ADF, and ADL (0.24-0.96), indicating that dif-
ferences in germplasm and evaluation methods can
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greatly affect the analysis of CWCs (Ferret et al. 1991;
Liibberstedt et al. 1997; Cardinal et al. 2003). Few
studies of quantitative trait loci (QTLs) for CWCs have
been reported, and while QTLs have been localized on
16 of the 20 chromosomes arms of maize, there is little
consistency across studies (Liibberstedt et al. 1997
Cardinal et al. 2003; Méchin et al. 2001; Krakowsky
et al. 2003). Several candidate genes for enzymes of the
biosynthetic pathways involved in the synthesis of
CWCs have been identified and mapped in the maize
genome, such as cellulose synthases (ZmCesA1-ZmCe-
sA9) and mutants in the lignin biosynthetic pathway
(bml-bm4), but these represent only a small fraction of
the total number of genes involved. A greater under-
standing of the genetics of CWCs should enhance efforts
to alter their concentration and composition and im-
prove the value of maize as forage.

The objectives of this study were to assess genotypic
and environmental components of variation for the
concentration of CWCs in the stalk of recombinant
inbred lines (RILs) of B73 x De811, calculate the
genotypic correlations between the concentrations of
CWCs, map QTLs for fiber and lignin concentration,
and compare QTLs mapped herein with those of F3 lines
of B73 x De811 and with other populations.

Materials and methods
Plant materials

The RILs were derived from a cross between maize (Zea
mays L.) inbreds B73 and De811. One F, plant was self-
pollinated to produce F, individuals that were advanced
by single-seed descent to the Fg generation. Inbred B73
is widely used in temperate maize breeding programs
and has low-to-intermediate levels of CWCs, while
inbred De811 has high levels of CWCs (Table 1).

Field experiments
Four trials were planted in three environments: one each

at the Agronomy and Agricultural Engineering
Research Center (AAERC) near Ames, Iowa, and the

Hinds Farm near Ames on May 5th and May 1st, 1998,
respectively, and two on May 20th, 1999, at the AA-
ERC. Originally there were to be two different planting
dates at the AAERC in 1999, but unfavorable weather
compelled the planting of the two trials on the same
date. Soil fertilization, weed control, and cultivation
practices were consistent with optimum maize produc-
tion for this region. The entries in each trial consisted of
200 RILs and five entries each of B73 and De811. The
entries were evaluated in 3.8-m single-row plots ar-
ranged in a 14 x 15-alpha-lattice design with two repli-
cations per trial.

Trait evaluation

The harvest of stalk tissue samples has been described by
Cardinal et al. (2003). Entries were harvested approxi-
mately 1 week after 50% of the plots in an experiment
had reached anthesis, with anthesis defined at when 50%
of the plants in the plot were shedding pollen. Stalks
were sampled from the three internodes above and one
internode below the primary ear and dried for 1 week at
60°C. In 1998, stalk tissue was only harvested from one
replication at each location, while in 1999 it was har-
vested from both replications in each trial. We analyzed
stalk tissue using the method of Beeghly et al. (1997).
Briefly, the samples were scanned using NIR spectros-
copy, and prediction equations were developed using
data collected from a subset of samples analyzed using
the van Soest detergent method (Robertson and van
Soest 1980). The R? values of those equations for each
year were 0.92-0.98 for ADF and NDF, and 0.72-0.84
for ADL. NDF, ADF, and ADL were measured in
grams per kilogram dry matter (DM).

Analysis of phenotypic data

For each trait and entry, least-square means (Ismeans)
were calculated, with trials and complete and incomplete
blocks as random effects and entries as fixed effects
(Cardinal et al. 2003). Adjustments of NDF for ADF
and ADF for ADL were performed by including the
correlated trait as a covariate in the model used for

Table 1 Means, variances (ng, genetic variance) and heritabilities (H?) for cell-wall components in the stalk of the RILs of

B73 x De811(CI confidence interval)

Cell-wall components® Inbred line B73 Inbred line De811 RILs

Mean Range o’ 95% CI H? 95% CI
NDF 563 (12)° 690 (12) 620 (18) 539685 816  664-1029  0.92  0.90-0.94
NDF adjusted for ADF 617 (3) 621 (3) 626 (7) 603-650 62 49-82 0.81 0.73-0.85
ADF 316 (12) 421 (12) 357 (16) 302408 453 368-571 0.92 0.89-0.94
ADF adjusted for ADL 324 (8) 411 (8) 359 (12) 318408 262 210-336 0.89 0.85-0.91
ADL 40 (2) 53 (2) 46 (3) 36-55 10 7-13 0.74  0.62-0.78

“NDF, Neutral detergent fiber; ADF, acid detergent fiber; ADL, acid detergent lignin

® Mean (standard error of mean)



calculating the Ismeans (Cochran and Cox 1957; Kra-
kowsky et al. 2004). Genotypic correlations (r,) and
their standard errors were calculated among traits by
applying standard procedures (Mode and Robinson
1959). The necessary computations were performed
using the MANOVA statement in PRoC GLM of the SAS
software package (SAS Institute 1999), with entries and
trials treated as random effects. Entry means averaged
across environments were used for the QTL analysis.
Genotype, genotype X environment (GxE), and error
variance were calculated treating environments,
complete and incomplete blocks, and entries as random
effects (Cardinal et al. 2003). Broad-sense heritabilities
on an entry-mean basis and their exact confidence
intervals were calculated according to established pro-
cedures (Knapp et al. 1985; Fehr 1987).

Detection of QTLs

The protocols we used for DNA isolation, Southern
hybridization, and collection of segregation data at
restriction fragment length polymorphism (RFLP) loci
have been described by Veldboom et al. (1994). One
hundred and eight genomic and cDNA probes detected
113 RFLP loci. In addition, segregation data for 33 loci
defined by simple sequence repeats (SSRs) were collected
according to a standard protocol (Senior et al. 1996).
The RILs with non-parental alleles at more than 5% of
the loci or heterozygotes at more than 10% of the loci
were excluded from the analyses. Segregation distortion
was tested using the chi-square test.

Linkage analysis was performed using MAPMAKER/
exp ver. 3.0 (Lander et al. 1987). Loci were assigned to
linkage groups using the program’s default settings
[minimum log; of the likelihood odds ratio (LOD) score
of 3.0; maximum distance between loci of 50 cM].
Multipoint analysis was performed using the ORDER
command (informativeness criteria of 160 individuals,
2 ¢cM between loci). The 146 loci comprised a genetic
map of 1,551 cM, with an average distance of 11.2 cM
between loci.

The QTLs were detected using pLABQTL with cofactor
selection performed as described (Utz and Melchinger
1996; Austin et al. 2000). First the cov SELECT option was
used to select cofactors using stepwise regression. Out-
lier or influential observations, based on statistics cal-
culated by pLABQTL (Andrews-Pregibon statistic second
factor, AP2<0.5; influential value of an observation,
infl>0.4; Studentized residual, stdRes>3.5), were
eliminated from the data set. The LOD threshold value
of 2.5 was used to declare the presence of a QTL. While
previous reports suggest a LOD threshold value between
2 and 3 (Lander and Botstein 1989) or a permutation
test to calculate the LOD threshold value for a specified
type-1 error rate (the probability of detecting a false
QTL; Churchill and Doerge 1994), the LOD threshold
value of 2.5 has been used in similar studies of QTLs in
maize (Cardinal et al. 2003; Krakowsky et al. 2003) and
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(1) allows for comparisons with the B73 x De811 F3 and
B73 x B52 RIL populations (LOD > 2.5) and (2) mini-
mizes the risk of a type-II error (i.e., missing a QTL).
The critical value for the LOD score calculated in pLA-
BQTL using the Bonferroni chi-square approximation
(136 intervals, 2 df) was 3.5 for the experiment-wise
error rate of P<0.05, while the permutation test per-
formed using PLABQTL calculated a LOD of greater than
4.5 at the 5% level for a type-I error. However, the goal
of this study was to compare QTLs in the RILs of
B73 x De811 with those observed in other studies, so the
lower LOD value (2.5) was used and the risk of
increasing the number of type-I errors accepted. For an
LOD of 2.5, the experiment-wise error rate was 0.43 and
the comparison-wise error 0.003. Then, the cov/+ SELECT
and cov/- SELECT options were used to detect closely
linked QTLs. All QTL were then integrated into a model
using the sEQ/s option in PLABQTL. Model selection was
performed using forward and backward stepwise selec-
tion. If the akaike information criterion (AIC) values of
the two models differed by less than 2.0, the model with
the fewest parameters was chosen (Jansen 1993; Cardi-
nal et al. 2003).

Fivefold cross validation (CV/G) was performed for
the RILs as described in Papst et al. (2004) using PLA-
BQTL. Briefly, the whole data set was randomly split into
k=15 subsets, four of which were combined to form the
estimation set (ES) for QTL detection and estimation of
genetic effects, while the remaining one subset formed
the test set (TS) in which predictions derived from ES
were tested for their validity by correlating predicted and
observed data. By permuting the subsets, five different
CV/G runs were possible for a fivefold CV/G. Subsets
were formed randomly 200 times, yielding a total of
1,000 replicated CV/G runs. Using a LOD threshold of
2.5, each CV/G run yielded different estimates for the
number of QTLs, their location, and genetic effects in
the ES. Estimates of medians and percentiles and fre-
quency of QTL detection in ES and TS were calculated
over all replicated CV/G runs.

Digenic epistatic interactions between all pairs of loci
were tested using EPISTACY, which uses least-square sta-
tistics (Holland 1998). Interactions at P <0.00026 were
considered to be significant. This threshold was based on
an estimate of the number of independent linkage
groups in maize, with each chromosome arm re-
presenting one independent linkage group (Holland
et al. 1997). Interaction terms were added to a model
that included all main-effect QTLs in PLABQTL, and those
interactions that increased the AIC by at least 2.0 were
deemed significant.

Comparisons of QTLs across populations, while
complicated by sampling variation and differences in
environments and methodology and limited by the
number of common genetic loci, can provide an
opportunity to further validate the association between
a genomic region and a QTL (van Ooijen 1992; Jansen
and Stam 1994; Zeng 1994; Visscher et al. 1996). The
QTLs herein can be compared with those observed in F;
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lines derived from the same hybrid (109 of the RILs used
herein were derived directly from Fj3 lines used by Kra-
kowsky et al. 2003) to ascertain some of the effects of
population structure and environment on the detection
of QTLs for CWCs, and with RILs of B73 x B52 that
were grown in common environments (Cardinal et al.
2003) to evaluate differences in the genetics of CWCs
between De811 and B52. Comparisons were made based
on common loci between the genetic maps of the dif-
ferent populations, and QTLs were considered to rep-
resent the same or closely linked loci if the most likely
positions were within 20 ¢cM.

Results
Phenotypic data

Significant differences between the inbred parents and
among the RILs were observed for all CWCs (Table 1).
Heritabilities for NDF, ADF, and ADF adjusted for
ADL were very high, with those for NDF adjusted for
ADF and ADL being lower (Table 1). The genetic cor-
relation between NDF and ADF was 0.99 (standard
error = 0.40); correlations could not be calculated with
ADL, possibly due to the relatively large error variances
associated with this trait (data not shown).

QTL analysis

One hundred and ninety-one RILs were used for linkage
mapping and QTL analysis. Eight RILs were excluded

from all analyses due to the detection of non-parental
alleles at more than 5% of the loci, and one RIL was
excluded due to the detection of heterozygotes at more
than 10% of the loci. Non-parental alleles were observed
at 0.5% of the total loci, and the eight lines removed
from the study contained 83% of the non-parental al-
leles observed. These alleles may have resulted from any
of a number of possibilities, including contamination of
the RILs during inbreeding, mutations, use of parental
lines that were still segregating at some alleles, or
incomplete digestion of the DNA during RFLP analysis.
No marker showed more than 4% non-parental alleles.

The simultaneous fit of the 16 QTLs for NDF and the
18 QTLs for ADF explained 71 and 70% of the phe-
notypic variation, respectively, in the full data set, and
39% and 39% of the phenotypic variation, respectively,
in the cross validation runs (Tables 2, 3). Only one QTL
for NDF and two for ADF were observed in 90% or
more of the cross validation runs. The allele from De811
was associated with increased NDF and ADF at 10 and
12 loci, respectively, and all QTLs for NDF were map-
ped within 25 cM of QTLs for ADF, which is in
agreement with the high genetic correlation between the
traits. The De811 allele was associated with an increase
in ADL for six of the ten QTLs, and the simultaneous fit
of all QTLs explained 43% of the variation in the full
data set and 23% in the cross validation runs. Seven
QTLs for ADL are linked to QTLs for NDF and ADF
(Table 4). Nine QTLs were observed for NDF adjusted
for ADF, three of which were not linked to QTLs for
NDF, and 17 QTLs were observed for ADF adjusted for
ADL, one of which was not linked to QTLs for ADF

Table 2 Chromosomal locations, estimates of effects, and partial R? of QTLs for NDF

Bin Locus LOD a* (gkg™h Partial R* (%) é%TS.ES)
Median (10, 90) Percentile Frequency (%)

1.02 csu691 9.8 11.4 31 10.0 (3.8, 16.0) 95
1.06 ume58 4.6 5.3 7 7.1 (0.2, 13.1) 44
1.07 umc33a 5.2 7.6 13 7.4 (0.3, 14.3) 51
1.11 isu6 2.6 5.3 6 5.1 (—1.7,12.3) 36
2.02 isuld7 4.9 -7.4 13 —4.5 (—13.5, 3.1) 40
2.04 umc34 11.7 9.6 23 8.9 (3.0, 15.8) 79
2.08 umc4 3.7 6.8 13 5.5 (-0.7, 12.1) 68
3.05 bnig420 4.8 10.1 24 6.5 0.2, 12.9) 63
4.06 umcl56 2.8 -5.0 8 -29 (-9.1, 2.8) 24
4.10 umelll 2.8 —4.6 8 -2.6 (-8,2.9) 37
5.02 isu92 6.1 7.3 15 5.0 (—0.9, 10.5) 50
5.06 bnig609 5.0 -53 8 -2.8 (-9.3,3.2) 21
5.07/8 bnlgli8 6.3 -7.9 16 -8.5 (—15.5, =2.2) 63
6.07 phil23 32 4.8 9 5.0 (—0.8, 11.0) 66
7.04 dupssri3 8.0 6.8 13 6.9 (—0.2, 12.5) 68
7.05 bni8.44a 4.3 -5.6 10 —4.2 (—12.1, 1.1) 69

Total adjusted kz =71%9

Total adjusted R =39% (22, 53)°

“The allele from De811 is associated with an increase (+) or de-
crease (—) in the value of the trait. All effects were significant at
P<0.01

Percentage of phenotypic variation explained by the QTL, main-
taining all other QTL effects fixed

“Median, percentiles, and frequency of QTL detection were calcu-
lated based on 200 fivefold CV/G runs

dpercentage of phenotypic variation explained by a model includ-
ing all QTLs as main effects and adjusted for the number of
parameters in the model

*Median (10, 90 percentile) based on 200 fivefold CV/G runs
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Table 3 Chromosomal locations, estimates of effects, and partial R*> of QTLs for ADF

Bin Locus LOD a'g kg™ Partial R*® (%) {15 ES)
Median (10, 90) Percentile Frequency (%)

1.02 csu691 5.2 6.3 21 5.4 (1.1, 9.6) 88
1.07 umc33a 3.8 5.9 16 6.5 (-1.2, 8.9) 50
1.11 isu6 5.9 6.0 14 5.1 (—0.5, 10.1) 66
2.02 isul47 3.8 -59 13 —4.7 (=99, 1.1) 54
2.04 umc34 5.5 6.9 20 6.0 (0.8, 10.9) 82
2.08 umc4 4.8 4.2 10 4.0 (—0.8,9.0) 72
3.05 bnlg420 9.8 8.6 30 6.6 (1.5, 11.4) 97
4.06 umcl56 4.0 —4.0 8 -2.5 (—6.8, 2.3) 20
4.10 umelll 3.1 -3.6 9 -1.9 (6.0, 2.2) 40
5.02 isu92 3.1 3.4 5 3.0 (—1.6, 7.5) 36
5.03 bnl5.02 4.3 4.2 8 5.0 (=0.1,9.9) 67
5.06 bnlg609 4.2 —4.7 11 -3.5 (—8.6, 1.4) 54
5.07/8 bnigll8 5.4 -5.7 14 -59 (-10.7, —1.2) 80
6.05 bnl5.47 39 2.7 5 0.7 (=39, 5.5) 23
6.07 phil23 4.3 3.7 8 3.8 (0.2, 8.6) 69
7.04 dupssrl3 10.4 6.7 21 5.6 0.7, 9.9) 90
7.05 bni8.44a 3.4 —4.2 9 -3.6 (—8.8, 1.3) 74
10.03 npil05 4.1 4.5 11 4.1 (—0.8, 8.1) 63

Total adjusted R>=70%¢

Total adjusted R>=39% (22, 54)°

“The allele from De811 is associated with an increase (+) or de-
crease (—) in the value of the trait. All effects were significant at
P<0.01

®Percentage of phenotypic variation explained by the QTLs,
maintaining all other QTL effects fixed

“Median, percentiles, and frequency of QTL detection were calcu-
lated based on 200 fivefold CV/G runs

YPercentage of phenotypic variation explained by a model includ-
ing all QTLs as main effects and adjusted for the number of
parameters in the model

*Median (10, 90 percentile) based on 200 fivefold CV/G runs

Table 4 Chromosomal locations, estimates of effects, and partial R of QTLs for ADL

Bin Locus LOD a'(g kg™h Partial R* (%) Q%TS.ES)
Median (10, 90) Percentile Frequency (%)

1.07 umc33a 4.7 1.3 17 1.1 (0.4, 1.8) 84
2.08 phil27 7.4 1.1 14 0.9 0.2, 1.6) 95
3.02 php20042 3 0.8 6 0.8 (0.1, 1.6) 56
5.03 bnl5.02 5.4 1.2 12 0.8 (0.0, 1.6) 56
5.04 bnl7.71 3.4 -0.9 7 -0.4 (—1.5,0.7) 28
5.07 phil28 3.5 -1.3 16 —1.1 (1.9, —0.2) 41
6.05 bnl5.47 11.3 1.3 17 1.6 0.7, 2.4) 94
6.07 phil23 3.1 0.7 6 0.4 (—0.4, 1.0) 18
7.06 umcl68 35 -0.7 6 -0.4 (-1.2,0.3) 54
9.03 bnlg127 2.6 -0.7 6 -0.4 (—1.1,0.4) 35

Total adjusted R>=50%¢

Total adjusted R>=23% (8, 38)°

4The allele from De811 is associated with an increase (+) or
decrease (—) in the value of the trait. All effects were significant at
P<0.01

“Percentage of phenotypic variation explained by the QTLs,
maintaining all other QTL effects fixed

“Median, percentiles, and frequency of QTL detection were calcu-
lated based on 200 fivefold CV/G runs

(Tables 5, 6). Significant digenic epistatic effects were
detected for all CWCs, but no interactions remained
significant when incorporated into the models.

Several QTLs were mapped in close proximity of each
other (within 30 ¢cM; e.g., NDF on chromosome 1), and
it was not possible to distinguish whether these QTLs
represent multiple linked loci or a single loci with a large

dpercentage of phenotypic variation explained by a model includ-
ing all QTLs as main effects and adjusted for the number of
parameters in the model

*Median (10, 90 percentile) based on 200 fivefold CV/G runs

effect that could not be conclusively mapped to one
location. Therefore, they are presented as two separate
QTLs in the tables and on the map.

The heritabilities for NDF and ADF herein (Table 1)
were higher than those observed in the F; lines (0.74 and
0.76, respectively), while the value for ADL herein was
slightly lower than that reported in an earlier study
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Table 5 Chromosomal locations, estimates of effects, and partial R* of QTLs for NDF adjusted for ADF

Bin Locus LOD a* (g kg™ Partial R* (%) é?TS.ES)
Median (10, 90) Percentile Frequency (%)

1.02 csu691 14.1 4.5 25 4.2 (2.2, 6.1) 89
1.08 umec83 2.6 2.9 12 2.2 (0.3, 4.0) 52
2.04/5 umec8a 4.9 2.7 12 2.0 0.1, 3.7) 56
5.05 bnl5.71 34 -1.8 9 —0.6 (-2.3, 1.3) 36
6.02/3 npis65 3.5 -2.2 6 2.4 (—4.2, —0.3) 37
6.05 bnl5.47 4.0 -2.2 7 —-14 (-3.7,0.5) 26
7.04 bnl7.61 4.0 -2.3 8 —-14 (—4.0, 1.2) 8
7.04 umc80 5.1 2.7 6 1.1 (—0.6, 3.4) 57
9.03 bnlgl27 3.0 -1.7 4 -0.8 (=2.5, 1.5) 30

Total adjusted R>=47%"1

Total adjusted RZ=19% (7, 33)°

“The allele from De811 is associated with an increase (+) or de-
crease (—) in the value of the trait. All effects were significant at
P<0.01

Percentage of phenotypic variation explained by the QTLs,
maintaining all other QTL effects fixed

“Median, percentiles, and frequency of QTL detection were calcu-
lated based on 200 fivefold CV/G runs

dPercentage of phenotypic variation explained by a model includ-
ing all QTLs as main effects and adjusted for the number of
parameters in the model

“Median (10, 90 percentile) based on 200 fivefold CV/G runs

Table 6 Chromosomal locations, estimates of effects, and partial R*> of QTLs for ADF adjusted for ADL

Bin Locus LOD a* (g kg™ Partial R*® (%) é'c(TS.ES)
Median (10, 90) Percentile Frequency (%)
1.02 csu691 7.9 5.6 26 5.6 (2.1,9.4) 96
1.07 bnl7.08 4.1 5.7 19 5.6 (2.0, 9.4) 54
1.11 isu6 2.7 3.5 7 3.1 (=0.6, 6.6) 32
2.02 isul47 4.1 —44 11 —34 (=7.0,0.2) 36
2.04 umc34 9.0 6.9 28 6.0 (2.5,9.8) 91
2.08 ume4 2.6 22 4 1.1 (=2.5, 4.5) 24
3.05 bnlg420 7.0 49 14 4.1 (=0.7, 8.7) 68
3.06 umc60 3.3 3.1 8 3.7 (=0.2, 7.6) 69
4.07 umel9 3.7 -2.7 6 -2.6 (—6.6, 1.3) 31
5.02 isu92 3.3 43 16 32 (-0.8, 6.7) 38
5.06 bnlg609 45 -238 7 —1.1 (—4.9, 1.9) 65
5.07/8 bnlgl18 5.2 —42 15 —49 (—8.6, —1.1) 91
6.07 phil23 2.7 2.4 6 2.1 (~1.3,5.5) 56
7.02 bnlg398 3.4 2.6 6 2.7 (=0.9, 5.9) 65
7.04 dupssri3 5.5 4.5 14 3.7 (0.1, 7.4) 83
7.05 bnl8.44a 2.7 3.5 9 -23 (—5.8, 1.3) 56
10.03 npil03 2.7 3.9 13 2.8 (=0.8, 6.1) 59
Total adjusted R*= 71%*¢ Total adjusted R*= 43% (26, 56)°

“The allele from De811 is associated with an increase (+) or de-
crease (—) in the value of the trait. All effects were significant at
P<0.01

®Percentage of phenotypic variation explained by the QTLs,
maintaining all other QTL effects fixed

“Median, percentiles, and frequency of QTL detection were calcu-
lated based on 200 fivefold CV/G runs

(0.72; Beeghley et al. 1997). Eleven and twelve main-
effect QTLs for NDF and ADF, respectively, were ob-
served in the F3 lines (Fig. 1; Krakowsky et al. 2003), of
which eight and nine were linked to the QTLs for NDF
and ADF, respectively. For ADL, nine QTL were ob-
served in the F; lines, three of which were linked to
QTLs.

Genotypic variance for CWCs in the RILs of
B73 x B52 (Cardinal et al. 2003) was similar to the

9Percentage of phenotypic variation explained by a model includ-
ing all QTLs as main effects and adjusted for the number of
parameters in the model

°Median (10, 90 percentile) based on 200 fivefold CV/G runs

variance we observed in the present investigation for
ADF, but it was higher for NDF and ADL. Herit-
abilities were significantly lower in the present investi-
gation for NDF, ADF, and ADL, but the actual
differences were relatively small for NDF and ADF,
with heritabilities in both studies above 0.90. A large
number of QTLs are located in the same genomic re-
gions in both populations (Fig. 1), and for the majority
of the QTLs in common, the allele associated with in-
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creased levels of CWCs was derived from the non-B73
parent.

Discussion

Cross validation runs were performed to calculate the
upward bias in the values of the additive effects and total
adjusted R? for the full data sets, and while the median
QTL effects calculated from CV/G were mostly similar
to the values calculated from the full data set, the 10 and
90 percentile values indicate potentially large variances
associated with the effects. The median total adjusted R?
values from the CV/G are much lower than those for the
full data set, indicating a strong upward bias in the cal-
culation of the phenotypic variance explained by the
models. Simulation studies have shown an increase in
the overestimation of QTL effects as the actual size of
the effects and the size of the population sampled de-
crease (Beavis 1994; Georges et al. 1995). The large
number of QTLs with small effects observed herein may

have contributed to the upward bias, and a larger
population size may have reduced the effects of multi-
collinearity in the data.

The clustering of QTLs appears to be non-random,
and data from other studies provide further evidence for
this hypothesis (Cardinal et al. 2003; Krakowsky et al.
2003). Some possible explanations for non-random
clustering are that the QTLs are regulatory genes con-
trolling cell-wall synthesis; that cell-wall synthesis is
limited by one factor, and an increase in that factor leads
to an increase in all components; that detection of a
QTL for a CWC is based on QTLs for its sub-fraction(s)
(e.g., ADF is a sub-fraction of NDF; see Cardinal et al.
2003 and Krakowsky et al. 2003). A test of this last
possibility was provided by adjusting NDF for ADF
and ADF for ADL. Significantly lower genetic variation
and fewer QTLs were observed for NDF adjusted for
ADF than for NDF, indicating that most of the vari-
ability in NDF may be due to the ADF fraction. The
results for ADF adjusted for ADL were quite different,
with a much smaller decrease in genetic variation and
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number of QTLs as compared with ADF. This was not
unexpected as the genetic variation for ADL is low in
this population.

Many QTLs in this study may have sequence
homology due to large-scale chromosomal duplications
present in the maize genome, a pattern also observed in
the F3 lines of B73 x De811 (Krakowsky et al. 2003).
These duplications may be the result of an ancient tet-
raploid event or internal duplication and have been
characterized with molecular markers (Helentjaris et al.
1988; Gaut 2001). Some regions containing QTLs ap-
pear to be present in duplicate copies [e.g., chromo-
somes 1 (isu6) and 5 (isu92)], while others appear to be
present in multiple copies in the genome [e.g., chromo-
somes 1 (umc58), 3 (bnlg420), 7 (bnl8.44a), and 10
(npil05)]. The detection of QTLs in homologous se-
quences in different regions of the genome provides
further evidence of an association between those se-
quences and the expression of CWCs.

The QTLs for forage maize quality have also been
observed in two studies using European germplasm. In
the first study, F5 lines derived from two elite flint in-
breds were top-crossed to two testers and evaluated for
six forage traits in whole-plant samples, including ADF
and metabolizable energy content (MEC; Liibberstedt
et al. 1997). Due to the high phenotypic and genotypic
correlations between ADF and MEC (—0.99 and —0.93,
respectively) QTL analysis was only performed for
MEC, and 12 QTLs were observed. The QTLs for ADF
that we identified in the present investigation on chro-
mosomes 1 (umc33a and isu6), 2 (umc34), 3 (bnig420), 4
(umcl56), 5 (bnlg609), and 7 (bnl8.44a) are linked to
QTLs detected for MEC. In the second study, RILs were
evaluated per se and in top crosses for nine forage
quality traits on a whole-plant basis, including NDF and
ADL (Méchin et al. 2001). One QTL was detected for
NDF in the top-cross, and it is linked to a QTL iden-
tified herein for NDF on chromosome 1 (isu6). No
QTLs were detected for NDF in the RILs per se, and the
QTLs for ADL in the top-cross and RILs per se were
not linked to those observed here.

Some of the QTLs and candidate genes for enzymes
postulated to have direct [cellulose synthase (CS), UDP-
glucose pyrophosphorylase (UGP) and sucrose synthase
(SuSy)] and indirect [glucose-6-P isomerase (PGI),
phosphoglucomutase (PGM), sucrose phosphate syn-
thase (SPS)] roles in cellulose biosynthesis have been
identified in the maize genome (Preiss 1982; Causse et al.
1995a, 1996; Delmer and Amor 1995; Prioul et al. 1999;
Holland et al. 2000). A proposed model for the pathway
of carbon from sucrose to cellulose in plants involves the
conversion of sucrose and UDP into UDP-glucose and
fructose by SuSy, followed by linkage of the glucose to
the growing cellulose molecule by CS. Enzymes such as
UGP, PGI, PGM, and SPS facilitate in the recycling of
the fructose back into sucrose (Delmer and Haigler
2002). The QTLs for NDF and ADF on chromosomes 1
(csu691 and umc33a) and 5 (isu92 and bnl5.02) are linked
(within 20 cM) to QTLs for SuSy, while those on

chromosomes 1 (umc33a), 2 (umc4), and 5 (bnigli8) are
linked to QTLs for SPS. Candidate genes ugp, pgm, and
ZmCesA (CS in maize), among others, are also linked to
QTLs for NDF and ADF (Fig. 1). The detection of
QTLs in genomic regions associated with genes for en-
zymes involved in cellulose biosynthesis suggests that
these genes may be associated with the variability for
CWCs in this population.

Some QTLs identified in the present investigation
may also be associated with enzymes that have pleio-
tropic effects on the synthesis of CWCs, such as ADP-
glucose pyrophosphorylase (AGP), beta-amylase
(AMY), and cell-wall-bound invertase (INCW). While
cell-wall and starch synthesis may not compete for car-
bon entering the stalk tissue cells due to temporal dif-
ferences (Delmer and Haigler 2002), the quantities of
starch in the stalk could affect the concentrations of
CWCs observed in the stalk, with higher starch quanti-
ties diluting the CWC concentrations overall. The
locations of QTLs and candidate genes for these en-
zymes have been localized on nine chromosomes in the
maize genome (Causse et al. 1995b, 1996; Prioul et al.
1999). The AGP is a regulating enzyme in starch syn-
thesis and consists of two subunits, coded by 522 and sh2
in the grain and agpl and agp2 in the embryo, while
AMY is directly involved in the synthesis of starch
(Buchanan et al. 2000). INCW appears to play an
important role in phloem loading of sucrose (Shanker
et al. 1995). The QTLs for NDF and ADF on chro-
mosomes 1 (isu6), 2 (umc34), 3 (bnlg420), 5 (isu92,
bnl5.02, and phii28), and 10 (npil05) are linked to QTLs
for AGP, while the QTLs on chromosomes 2 (umc34)
and 5 (isu92 and bnl5.02) are linked to QTL for INCWs.
Candidate genes for AGP, AMY, and INCW are also
linked to QTLs detected herein (Fig. 1). The effect of
starch levels on CWC concentrations is an important
consideration in selecting germplasm for forage quality,
since a dilution of CWC concentrations through in-
creased starch levels in the stalk may result in decreased
grain yield.

Only two main-effect QTLs for ADL are linked to
candidate genes. A QTL on chromosome 5 (bnl7.71) is
linked to bm 1, one of the brown midrib mutants, and the
QTL on chromosome 7 (bnl8.44a) is linked to peroxi-
dase (PX), an enzyme that may be involved in the lig-
nification process (Whetten and Sederoff 1998). The
QTL on chromosome 9 (npi209) was in the same region
as bm4, but due to a large marker interval in that region
it is not possible to determine how close the QTL maps
to the candidate gene. That so few candidate genes were
linked to QTLs for ADL as compared to the many
candidate genes linked to QTLs for NDF and ADF is
probably attributable to the low variability for ADL in
this population.

An understanding of the genetic basis of CWCs
should be a powerful tool for improving the quality of
maize forage. In the present study, QTLs for CWCs
were observed on nine chromosomes of the maize gen-
ome, many of which are linked to QTLs observed in F;



lines of the same population and other populations as
well. Due to the large number of QTLs observed and the
relatively small effects of most of the QTLs, marker
assisted selection (MAS) for a few QTLs with large ef-
fects along with phenotypic selection for lower CWCs
would likely be more effective than MAS alone. Indi-
cations that a large fraction of the variability for CWCs
in this population is related to ADF, which is largely
composed of cellulose and has low digestibility, may
signify that reducing overall levels of CWCs (selecting
for reduced NDF or ADF) could increase digestibility in
this population. Some QTLs were linked to candidate
genes for enzymes directly involved in the synthesis of
CWCs, such as cellulose synthase and sucrose synthase,
or to enzymes implicated in other pathways of carbon
metabolism, such as starch synthesis. Most of the re-
search on starch synthesis has focused on the developing
kernels on the ear, but analysis of the stalk may provide
some clues about the relationship between starch and
cellulose synthesis, and how important a role each plays
in determining the quality of forage maize.
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