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Oil, protein and starch are key chemical components of maize kernels. A population of 245
recombinant inbred lines (RILs) derived from a cross between a high-oil inbred line, By804,
and a regular inbred line, B73, was used to dissect the genetic interrelationships among oil,
starch and protein content at the individual QTL level by unconditional and conditional
QTL mapping. Combined phenotypic data over two years with a genetic linkage map
constructed using 236 markers, nine, five and eight unconditional QTL were detected for oil,
protein and starch content, respectively. Some QTL for oil, protein and starch content were
clustered in the same genomic regions and the direction of their effects was consistent with
the sign of their correlation. In conditional QTL mapping, 37 (29/8) unconditional QTL were
not detected or showed reduced effects, four QTL demonstrated similar effects under
unconditional and conditional QTL mapping, and 17 additional QTL were identified by
conditional QTL mapping. These results imply that there is a strong genetic relationship
among oil, protein and starch content in maize kernels. The information generated in the
present investigation could be helpful in marker-assisted breeding for maize varieties with
desirable kernel quality traits.
© 2013 Production and hosting by Elsevier B.V. on behalf of Crop Science Society of China and
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1. Introduction

Kernel oil, protein and starch content are considered as
paramount target traits in maize breeding due to their
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nutritional and economic importance. Genetic improvement
of relative proportions of oil, protein or starch in maize grain
could be beneficial for specific end-uses. High-oil maize with
oil content of >6% has higher caloric and better nutritional
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quality, and is therefore important for vegetable oil for human
consumption and animal feed [1–3]. In addition, high-starch
maize adds value for ethanol production.

The first systematic effort to explore selective responses to
maize kernel chemical compositions was initiated using an
open-pollinated variety Burr's White in 1896, and nine related
populations, such as IHO (Illinois High Oil) and ILO (Illinois Low
Oil), and IHP (Illinois High Protein) and ILP (Illinois Low Protein),
were derived after 103 cycles of selection [4]. In China, the
development of high-oil maize germplasm was readdressed in
the early 1980s [5], and five high-oil populationswere developed
over one decade [6]. Among these populations, one high-oil
population, Beijing High Oil (BHO), was derived from synthetic
variety Zhongzong No. 2, and its oil content had increased from
4.71 to 15.55% after 18 cycles of selection. These long-term
experiments provide useful genetic resources to investigate the
genetic basis of chemical composition in maize kernels [4].

With the development of molecular marker technology and
statistical methods in QTL mapping, several reports were
published on dissection of the genetic basis of kernel chemical
composition, including oil, protein and starch content, in
various populations generated from the Illinois long-term
experiments [7–13] and other genetic background materials
[14–18]. A number of QTL for these quality traits weremapped to
various chromosomal regions in populations with different
genetic backgrounds. However, the genetic relationships among
these three quality traits remained unknown at the individual
QTL level although the relationship among themwas clear from
the phenotypic data.

Identification of conditionalQTLprovides analternativeway
for exploring the genetic relationship of related quantitative
traits. The only difference fromgeneral QTLmapping is that the
phenotypic data used in conditional QTL mapping is the target
trait values conditioned on related traits. A statistical method
was initially proposed for analyzing conditional genetic effects
and variance components [19], and had been mainly used in
developmental quantitative genetics [20–22]. With the combi-
nation of QTL mapping, conditional QTL mapping was widely
used to dissect the genetic basis of agronomic traits in rice,
maize and soybean at different developmental stages [23–29].
Zhao et al. also used this approach to dissect the genetic
interrelationship between two traits at the level of individual
QTL, and to identify additional small-effect QTL that were not
detected in unconditional mapping [30].

In this study, an RIL population, derived from a single cross
of high-oil line By804 and regular line B73, was used to: map
unconditional and condition QTL for oil, protein and starch
content in maize kernels; explore the genetic interrelation-
ships among three quality traits based on identified condi-
tional and unconditional QTL.
2. Materials and methods

2.1. Plant materials and field experiments

An RIL population consisting of 245 F7:8 lines derived from a
cross between regular inbred line, B73, and high-oil inbred
line, By804 (derived from BHO after 13 selection cycles), was
utilized in the present study. The RIL population, along with
its parents, was evaluated in a randomized complete block
design with three replications at the Agronomy Farm, China
Agricultural University, Beijing, over two years (2005 and
2006). Each line was grown in a single row of 3 m with a
planting density of 45,000 plant ha−1. The row-to-row dis-
tance was kept at 67 cM. For each line, more than six plants in
each row were pollinated with bulked pollen collected within
the row. Only pollinated ears were harvested at maturity, and
equal amounts of grains from each harvested ear were bulked
for measuring oil, protein and starch content.

2.2. Measurements of oil, protein and starch content

Two hundred and twenty four RILs with sufficient amounts of
well-developed kernels from three field replications over two
years were utilized for phenotyping. For each line, approxi-
mately 200 randomly chosen kernels from the bulked grain
were analyzed by a VECTER22/N near-infrared analyzer (Bruker
Corporation, Germany) for oil, protein and starch content.

2.3. Genotyping and construction of genetic linkage map

Genomic DNA was extracted from young leaves of 245 RILs
using the CTAB method [31]. DNA amplification procedure
was: template DNA 50 ng, 0.67 μmol L−1 of each forward and
reverse primer, 1.5 μL of 10× PCR reaction buffer, 2.5 mmol L−1

MgCl2, 0.2 mmol L−1 of each dNTP, Taq DNA polymerase of
0.5 U, made to the final volume of 15 μL with deionized double
distilled water. PCR were programmed as denaturation at
95 °C for 5 min, followed by 35 cycles of denaturation at 95 °C
for 0.5 min, annealing at 58 °C for 0.5 min and elongation at
72 °C for 1 min, with a final extension at 72 °C for 10 min and
storage in a refrigerator at 4 °C. Amplified PCR products were
separated by 6% polyacrylamide gel electrophoresis (PAGE)
and visualized by silver-staining [32].

MAPMAKER/EXP 3.0 [33] was used to construct a genetic
linkage map for the RIL population. The critical LOD score for
the tests of independence of marker pairs was set at 3.0 and
the Kosambi mapping function was used for the calculation of
map distances. The sequence command was used to obtain
linkage groups for all markers. The order of markers within
the linkage groups was determined by the ‘compare’ com-
mand, and finally the ‘ripple’ command was used to establish
the most likely marker order.

2.4. Data analysis and QTL mapping

The variance components of oil, protein and starch content
were estimated using PROC GLM in SAS 8.02 software (SAS
Institute, Kerry). On the basis of variance components, broad-
sense heritability (H2

b) was calculated according to Knapp et al.
[34]. The Shapiro–Wilk normality test was used to test whether
the trait values follow normal distribution. Genotypic and
phenotypic correlation coefficients were calculated for oil,
protein and starch content using the MINQUE method, and
significance levels of the correlation coefficientswere derived by
a jackknife re-sampling procedure [35]. Conditional phenotypic
values y (T1|T2) were obtained using a mixed model approach
for the conditional analysis of quantitative traits [19], where T1|
T2 means trait 1 conditioned on trait 2.



Table 1 – Descriptive statistics of oil, protein and starch content in the RIL population and parents.

Trait Parents RILs

B73 By804 Range Mean ± SD W-test p-Value

Oil (%) 3.71 10.41 3.64–9.32 6.33 ± 1.00 0.995 0.734
Protein (%) 8.67 12.19 7.89–14.70 11.81 ± 1.23 0.979 0.002
Starch (%) 73.30 67.70 67.10–74.40 70.34 ± 1.22 0.995 0.676

36 T H E C R O P J O U R N A L 1 ( 2 0 1 3 ) 3 4 – 4 2
QTLmapping and estimation of QTL effects were conducted
following composite interval mapping (CIM) [36] using Model 6
of the Zmapqtl procedure in QTL Cartographer Version 2.5 [37].
QTL were identified at 2 cM intervals with a window size of
10 cM. Five background cofactors were chosen by forward–
backward stepwise regression, and genome-wide threshold
values (α = 0.05) for declaring the presence of QTL were
estimated by 1000-permutations [38,39]. The marker interval
of each QTLwas considered by 1-LOD support interval on either
side of the peak, and the position of the highest LOD peak
within the rangewas taken to be the QTL position. The additive
effect andpercentage of phenotypic variation explained by each
QTL were obtained from the final CIM results. The total genetic
variance explained by all QTL was estimated by multiple
interval mapping (MIM) [40] using windows QTL Cartographer
Version 2.5 [37].
3. Results

3.1. Variations in oil, protein and starch content

Significant differences between the two parents and ranges of
variation in the RIL population were investigated for oil, protein
and starch content (Table 1). Normal distributionswereobserved
for all traits except protein content (Table 1). The mean value of
RIL was 6.33%, 11.81% and 70.34% for oil, protein, and starch
content, respectively. The genotypic and phenotypic correla-
tions among these traits showed highly significant negative
correlations between starch content and oil and protein content
whereas there was a significant positive correlation between oil
and protein content (Table 2). Thus, conditioning the content of
one component over another led to a strong reduction of
variance (Table 2). The broad-sense heritabilities (H2

b) for oil,
protein and starch content were 94.0, 92.1 and 91.3%, respec-
tively. High heritability levels indicated that kernel composition
was stable over environments (Table 2).
Table 2 – Genotypic (above diagonal), phenotypic (below diagon
on the other two traits) and broad-sense heritabilities (H2

b) for

Trait Correlation

Oil Protein Starch

Oil (%) – 0.618 ⁎⁎ −0.780 ⁎⁎

Protein (%) 0.584 ⁎⁎ – −0.592 ⁎⁎

Starch (%) −0.708 ⁎⁎ −0.554 ⁎⁎ –

⁎⁎ P ≤ 0.01; the example “oil|protein” indicates oil content conditioned o
3.2. Genetic linkage map

A total of 236 molecular markers including 211 SSR (Simple
Sequence Repeats), 6 CAPS (Cleaved Amplified Polymorphic
Sequences), 5 STS (Sequence Tagged Sites), 2 SNP (Single
Nucleotide Polymorphisms) and 12 IDP (InDel Polymor-
phisms) were used to construct a genetic linkage map of the
B73 × By804 RIL population (Fig. 1). The proportion of lines
with B73 homozygous markers ranged from 27.5 to 70.2% with
an average value of 48.9%, and that of lines with By804
homozygous markers ranged from 29.8 to 72.5% with an
average value of 51.1%. Seventy eightmarkers showed slightly
distorted segregation, and among them, 27 were skewed
towards B73 and 51 towards By804. The total length of the
genetic mapwas 1693.3 cMwith an averagemarker interval of
7.18 cM. The numbers of markers on each chromosome
ranged from 17 (chromosomes 4 and 5) to 36 (chromosome
6), whereas the linkage groups varied in size from 101.2 cM
(chromosome 10) to 273.3 cM (chromosome 1).

3.3. Unconditional QTL for oil, protein and starch content

For oil content, unconditional QTL mapping identified nine
QTL across all chromosomes, except chromosomes 3 and 7
(Fig. 1 and Table 3). Each QTL explained 2.4 to 20.6% of the
phenotypic variation, and all QTL accounted for 76.1% of the
total phenotypic variation. By804 alleles at all loci had
increased effects on oil content.

Five unconditional QTL were detected for protein content
on five chromosomes (Fig. 1 and Table 4), explaining 32.0% of
the total phenotypic variation. The phenotypic variation
explained by each QTL ranged from 5.2% to 9.0%. All favorable
alleles were from By804.

Eight unconditional QTL were associated with starch
content and explained 53.4% of the total phenotypic variation
(Fig. 1 and Table 5). These QTL, accounting for 4.0% to 10.2%
of the phenotypic variation, were distributed across all
al) correlations, phenotypic variances (one trait conditioned
oil, protein and starch content.

Variance H2
b

Direct Conditioned on (%)

2.19 1.36oil│protein 1.01oil│starch 94.0
3.35 2.11protein│oil 2.26protein│starch 92.1
3.47 1.67starch│oil 2.34starch│protein 91.3

n protein content.



Fig. 1 – QTL for oil, protein and starch content in the B73 × By804 RIL population. Bars indicate the QTL identified for each trait.
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chromosomes except chromosomes 4 and 8. The enhancing
alleles at these loci were contributed by B73.

3.4. Conditional QTL mapped for oil, protein and
starch content

When oil content was conditioned on protein and starch
content, eight QTL explaining 52.7% of the total phenotypic
variation and seven QTL explaining 36.5% of the total
phenotypic variation were detected, respectively. QTLmapping
for oil content conditioned on protein content showed that two
of nine QTL for oil content located on chromosomes 8 and 9
failed to show significant effects, whereas one additional QTL
was detected on chromosome 3. Four QTL showed large
reductions in additive effects, whereas the other three showed
only small changes in additive effects (Table 3). On the other
hand, when oil content was conditioned on starch content, six
of nine QTL failed to show significant effects and four new QTL



Table 3 – Putative unconditional and conditional QTL for oil content in the B73 × By804 RIL population.

Trait QTLa Chr. Marker interval p b LOD A c R2 d Subtotal (%) e

Oil oilc1-1 1 Y7AC–umc2112 91.2 19.91 0.46 20.6 76.1
oilc2-1 2 umc1265–kt2 18.2 9.95 0.32 9.6
oilc2-2 2 mmc0271–umc1551 172.8 3.17 0.16 2.4
oilc4-1 4 umc1299–bnlg2291 77.4 3.46 0.17 2.6
oilc5 5 umc1221–umc2026 94.8 7.14 0.28 7.3
oilc6 6 Q8–umc1979 63.0 14.43 0.40 15.4
oilc8 8 bnlg2046–umc1562 65.8 4.61 0.20 3.5
oilc9 9 bnlg1401–umc1037 23.0 5.36 0.23 4.9
oilc10 10 umc1367–umc2016 40.2 7.38 0.26 6.2

Oil|protein f oilc1-1 1 Y7AC–umc2112 92.2 4.78 0.24 8.4 52.7
oilc2-1 2 phi96100–umc1265 6.0 3.24 0.21 7.3
oilc2-2 2 mmc0271–umc1551 174.8 5.26 0.23 8.5
oilc3 3 phi053–sad7004 109.1 2.47 0.14 3.4
oilc4-1 4 bnlg1217–bnlg1755 63.1 2.74 0.15 3.8
oilc5 5 umc1221–umc2026 94.8 2.32 0.15 3.6
oilc6 6 Q8–umc1979 63.0 4.29 0.21 6.9
oilc10 10 umc1367–umc2016 40.2 6.89 0.23 8.6

Oil|starchg oilc1-1 1 Y7AC–umc2112 92.0 2.76 0.15 4.2 36.5
oilc1-2 1 umc1955–ols1 211.4 3.63 0.14 4.3
oilc2-3 2 umc1003–phi092 121.9 2.15 0.11 2.7
oilc4-2 4 umc1466–bnlg2162 104.8 2.95 0.12 3.4
oilc6 6 Q8–umc1979 61.0 4.02 0.16 6.2
oilc8-2 8 umc1663–phi015 129.5 2.34 0.11 2.7
oilc10 10 umc1367–umc2016 40.2 8.17 0.21 10.0

a Number following the four letters represents the chromosome location of the QTL. Different lowercase numbers following the dash indicate
putatively different QTL located on the same chromosome.
b QTL locations on chromosomes were estimated by QTL Cartographer Version 2.5.
c Additive effects estimated by QTL Cartographer Version 2.5. Positive values indicate that the By804 allele increased trait expression, and
negative values indicate that the B73 allele increased trait expression.
d Percentage of phenotypic variation explained by individual additive effects of the mapped QTL.
e Total percentage of phenotypic variation explained by all additive QTL.
g Oil content conditioned on protein content.
f Oil content conditioned on starch content.
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were observed. There were strong reductions in additive effects
by two QTL located on chromosomes 1 and 6, and one QTL on
chromosome 10.
Table 4 – Putative unconditional and conditional QTL for protei

Trait QTLa Chr. Marker interval

Protein proc1 1 Y7AC–bnlg1884
proc2-1 2 umc1265–kt2
proc6-1 6 Q8–umc1979
Proc8 8 bnlg2046–umc1562
proc9-1 9 umc1078–umc1471

Protein|oil f proc2-2 2 bnlg1520–apat5
proc9-1 9 umc1078–umc1471

Protein|starchg proc3 3 phi053–sad7004
proc6-2 6 bnlg1732–umc2162
proc9-2 9 umc2337–phi065

a Number following the four letters represents the chromosome location
putatively different QTL located on the same chromosome.
b QTL locations on chromosomes were estimated by QTL Cartographer V
c Additive effects estimated by QTL Cartographer Version 2.5. Positive va
negative values indicate that the B73 allele increased trait expression.
d Percentage of phenotypic variation explained by individual additive eff
e Total percentage of phenotypic variation explained by all additive QTL
g Protein content conditioned on oil content.
f Protein content conditioned on starch content.
When protein content was conditioned on oil content, one
of five QTL with reduced effects on protein content was
detected, and one new QTL was identified on chromosome 2
n content in the B73 × By804 RIL population.

p b LOD A c R2 d Subtotal (%) e

87.8 4.84 0.33 6.5 32.0
20.2 3.92 0.33 6.8
63.0 5.30 0.37 9.0
65.8 3.93 0.29 5.2
64.2 4.58 0.36 7.7

193.0 2.62 −0.22 5.2 6.8
66.2 3.37 0.23 5.7

109.1 2.18 −0.20 4.1 7.6
142.7 2.05 0.19 3.5
38.21 2.39 0.22 3.9

of the QTL. Different lowercase numbers following the dash indicate

ersion 2.5.
lues indicate that the By804 allele increased trait expression, and

ects of the mapped QTL.
.



Table 5 – Putative unconditional and conditional QTL for starch content in the B73 × By804 RIL population.

Trait QTLa Chr. Marker interval p b LOD A c R2 d Subtotal (%) e

Starch stc1-1 1 bnlg2086–bnlg1884 89.8 8.31 −0.41 10.3 53.4
stc2-1 2 umc1265–umc1518 23.4 5.69 −0.32 6.7
stc3 3 umc2408–bnlg197 139.3 2.74 −0.27 4.4
stc5 5 umc2373–umc2026 92.8 5.81 −0.33 6.5
stc6 6 umc1614–acda6001 110.6 3.96 −0.30 5.8
stc7 7 bnlg1792–phi091 50.5 3.20 −0.34 7.1
stc8-1 8 bnlg2046–umc1130 65.1 3.46 −0.25 4.0
stc9 9 umc1078–umc1471 56.2 2.86 −0.26 4.2

Starch|oil f stc2-2 2 u4–phi092 119.9 2.95 0.18 4.5 12.2
stc2-3 2 umc1551–bnlg1520 188.7 3.86 0.29 6.3
stc8-2 8 umc1663–phi015 129.5 2.04 0.14 3.2
stc10 10 umc1367–umc2016 40.2 2.17 0.15 3.3

Starch|proteing stc1-2 1 umc1626–umc1988 133.4 2.66 −0.20 4.1 46.6
stc2-1 2 phi96100–umc1265 0 3.31 −0.22 5.0
stc2-2 2 bnlg108–umc1635 119.8 2.25 0.19 3.4
stc4 4 phi213984–phi096 47.6 3.52 −0.32 10.3
stc5 5 umc2373–umc1221 90.3 2.10 −0.21 4.1
stc6 6 acda6001–nc013 118.1 3.84 −0.35 10.1
stc7 7 bnlg1792–phi091 52.5 2.49 −0.28 7.6
stc8-3 8 umc1075–umc1304 16.0 3.23 −0.35 12.4

a Number following the four letters represents the chromosome location of the QTL. Different lowercase numbers following the dash indicate
putatively different QTL located on the same chromosome.
b QTL locations on chromosomes were estimated by QTL Cartographer Version 2.5.
c Additive effects estimated by QTL Cartographer Version 2.5. Positive values indicate that the By804 allele increased trait expression, and
negative values indicate that the B73 allele increased trait expression.
d Percentage of phenotypic variation explained by individual additive effects of the mapped QTL.
e Total percentage of phenotypic variation explained by all additive QTL.
g Starch content conditioned on oil content.
f Starch content conditioned on protein content.
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(Table 4). When starch content was conditioned, all five
unconditional QTL for protein content were detected and
three new QTL explaining 3.5% to 4.1% of the phenotypic
variation for protein content were found.

When starch content was conditioned on kernel oil content,
none of QTL showed significant effects and four additional QTL
accounting for 3.2% to 6.3% of the phenotypic variation were
identified (Table 5). When starch content was conditioned on
protein content, only four of eight QTL were detected with
slightly reduced additive effects. In addition, four newQTLwere
detected, accounting for 3.4% to 12.4% of the variation in starch
content.

In summary, more than half of the unconditional QTL for
each measured trait were not detected or showed large
reductions, when conditional QTL mapping were performed.
These results suggest that there is a strong genetic association
among oil, protein and starch content in maize kernels.
4. Discussion

4.1. Comparison of QTL identified in the present study
with previous reports

We detected 9, 5 and 7 unconditional QTL for oil, protein and
starch content in the presently investigated RIL population, one
of whose parents involved BHO background. In the early
generations of this RIL population (F2, F3 and F2:3), a total of 26
QTL were detected (15 for oil, 6 for protein, 5 for starch) [15,16].
Combining the present and previous studies using B73 × By804
segregating populations [15–18], 10, 4 and 3 QTL were detected
in over at least two generations. In contrast, about 66, 66 and 65
loci for oil, protein and starch content had been reported in six
different populations generated from IHO germplasm [7–13].
Furthermore, QTL for three quality traits detected in IHO and
BHO populations were compared using the IBM neighbor
genetic map (http://www.maizegdb.org/) as a bridge. For oil
content, about 20 QTL were detected in both germplasms.
However, the strongest QTL in IHO germplasm was detected in
Bin 6.04, andQTL in Bin 1.04 had the largest effect on oil content
in BHO germplasm. For protein and starch content, most of the
QTL in BHO germplasm coincided with IHO germplasm except
QTL proc9-1, which explained 7.7% of the phenotypic variation
for protein content on chromosome 9 (Bin 9.04–9.05). These
results suggest that theremight bemanydifferent loci formaize
kernel composition in different maize germplasms in spite of
the positional consistency of QTL for oil, protein and starch
content across different maize populations.

4.2. Correlations among quality traits and QTL co-locations

Oil, protein and starch aremajor chemical components ofmaize
kernels. Consistent with previous studies [13,16], starch shows
highly negative correlations with oil and protein content,
whereas oil content showed a positive correlation with protein
content in the present RIL population. These strong correlations

http://www.maizegdb.org/
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reflect the close genetic relationships among the three quality
traits. Additionally, the positive correlation between oil and
protein content suggests that itmight be possible to increase oil
and protein content simultaneously.

Among 22 unconditional QTL for oil, protein and starch
content detected in the present investigation, 15 QTL were
clustered in six chromosomal regions with each containing
QTL for at least two traits (Fig. 1 and Tables 3–5). These results
also confirmed the strong correlations among oil, protein
and starch content at the molecular level. In addition,
common QTL associated with oil, protein and starch content
on chromosomes 1, 2 and 8 had positive effects on oil and
protein content, and negative effects on starch content,
consistent with the direction of the correlations. Furthermore,
QTL on chromosome 5 for oil and starch content, QTL on
chromosome 6 for oil and protein content and QTL on
chromosome 9 for protein and starch content also might be
common QTL as the directions of these QTL were consistent
with the sign of correlations among them. Similar correlations
among these quality traits at the QTL level were also
investigated in previous studies [9,11,16]. However, it is still
difficult to conclude that the co-localized QTL detected in the
present investigation is the result of true pleiotropic effects or
tight linkage until they are cloned.

4.3. Comparison between unconditional and
conditional QTL

Combining the conditional genetic analysis method with QTL
mapping provides an alternative way to identify major traits
controlled by common QTL. If the phenotypic correlations
among the measured traits are high, the comparison between
unconditional and conditional analysis shows an abrupt
reduction in variance and a strong alteration in QTL mapping
when one trait is conditioned on another. Strong reductions in
variance for oil (37.9%) and protein (37.0%) content were
observed when oil content was conditioned on protein content
and vice-versa (Tables 2 and 3). Accordingly, two unconditional
QTL for oil content and four for protein content failed to show
significant effects in conditional mapping. These six QTL may
be involved in interaction between oil and protein content, and
could be valuable resources in marker-assisted selection for
simultaneous enhancement of oil and protein content. Five
QTL, oilc1-1, oilc2-1, oil5, oil6 and proc9-1, showed reduced effects
in conditional QTL mapping, indicating that they mainly
affected the unconditional traits and had only weak effects on
the conditional traits. Three QTL, oilc2-2, oilc4-1 and oilc10,
showed similar effects in both unconditional and conditional
QTL mapping, showing independent effects on the uncondi-
tional traits at these loci. Additionally, twoQTL, oilc3 and proc2-2,
were detected in conditional QTL mapping. These results
suggested that the genetic relationship between oil and protein
content was complex and all of the 10 QTL were not useful for
the simultaneous improvement of oil and protein content.

Higher levels of correlation between oil and starch content
than between protein and starch content were reflected by
the higher reduction in variance (about 52%) for oil and
starch content than that for protein and starch content
(about 33%) when these traits were conditioned on each
other. When oil and protein content were conditioned on
starch content, six of nine unconditional QTL for oil content
and all of the five QTL for protein content disappeared. In
contrast, all of eight and four of eight unconditional QTL for
starch content failed to show significant effects in conditional
QTL mapping for starch|oil and starch|protein content, re-
spectively. These QTL are likely to represent substrate level
genes that affect starch content via indirect effects. For these
unconditional traits, some new QTL also appeared in condi-
tional QTL mapping, suggesting that conditional QTL map-
ping could unravel additional QTL with minor effects for
closely correlated traits.

One noteworthy aspect in this study was that the effects of
some major unconditional QTL for these quality traits were
significantly reduced under conditional QTLmapping.Whenoil
content was conditioned on starch content, two unconditional
QTL showed reduced but still significant effects, and likewise,
three QTL for starch content. It indicates that these five QTL for
one trait were partly affected by another trait. In contrast, the
effects of two unconditional QTL, oilc10 and stc6, showed slight
reductions under conditional QTL mapping. It demonstrates
that these two QTL each represent QTL that influence one trait
independently of another trait.

4.4. Application of conditional QTL mapping in
molecular breeding

One of the great challenges to improve the relative proportions
of oil, protein or starch in maize kernels for specific end-uses is
the strong phenotypic and genetic correlations among them. For
each trait, 55 to 100% of unconditional QTL were co-localized
with QTL for the other two traits. Thus, the real genetic
mechanism of the detected QTL regulating target traits remains
unclear due to pleiotropic effects or tight linkages. However, the
genetic interrelationships among oil, protein and starch content
at the individual QTL level can be dissected by conditional QTL
mapping. The information generated in the present investiga-
tion could be helpful in marker-assisted breeding of maize
varieties with desirable kernel quality traits. For example, the
genetic effect of QTL associatedwith oil content on chromosome
1 was sharply reduced but still remained significant when oil
content was conditioned on protein or starch content. This
indicated that this locusmainly affected variation in oil content,
but still had weak effects on both protein and starch content.
Thus, when this locus is targeted for increasing oil content, the
protein content will improve simultaneously along with a
decrease in starch content. Similarly, protein content will
improve simultaneously with no effect on starch content when
a common QTL associated with oil and protein content on
chromosome 6 is used to improve oil content. Therefore,
different strategies for improving oil, protein and starch can be
applied by focusing on different QTL clusters in specific genomic
regions.
5. Conclusions

Nearly all unconditional QTL for oil, protein and starch content
were not detected or showed reduced effects in conditional
QTL mapping. This indicated strong genetic associations
between these important components of maize kernels,
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consistent with the phenotypic correlations. These QTL may
be involved in interactions among oil, protein and starch
content, and could be valuable targets for resource marker-
assisted breeding of maize varieties with specific kernel
quality traits.
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