
Introduction

Plant height (PH) not only plays an important role

in plant lodging resistance, but is also closely cor-

related with grain yield, leaf number, flowering

time (Troyer and Larkins 1985) and other impor-

tant agronomic traits, including biomass produc-

tion and forage yield in maize (Lübberstedt et al.

1998). PH is determined by a complex interaction

of many genes, both qualitative and quantitative.

More than 280 PH QTLs have been detected

(Zhang et al. 2007), and some genes influencing

PH have been isolated (Jacobs 1997), including

GA-deficient mutant genes d1, d2, d3, d5 and An1

(Ogawa et al. 1999).

Plant height in maize is composed of ear height

(EH) and top height (TH). Low ear height and a

high ratio of top height/plant height (TH:PH) can

lower the plant center of gravity, and is considered

important in maize breeding when evaluating stalk

lodging. Significant correlations and complex ge-

netic relationships between the plant-height traits

were reported (Li et al. 2007, 2008). The multiple

trait-version of composite interval mapping (CIM)

proposed by Jiang and Zeng (1995) is robust and

estimates parameters with precision. In addition,

at the molecular level the methodology shows a

potentially greater resolution into the nature of ge-

netic correlations between different traits. CIM

multiple trait-version has been used to evaluate the

genetic contributions of varied traits (Flint-Garcia

et al. 2003), the genetic relationship between dif-

ferent popcorn plant-height traits (Li et al. 2007),

and test for significant genotype × environment in-

teractions (Wolyn et al. 2004).
The influence of genetic background on QTL

detection for PH and/or EH has been reported in
many studies using different populations derived
from various parents (Berke and Rocheford 1995;
Melchinger et al. 1998; Flint-Garcia et al. 2003;
Sibov et al. 2003; Wu et al. 2005; Lan et al. 2005;
Tang et al. 2005; Yang et al. 2005; Liu et al. 2007;
Zhang et al. 2007; Zheng et al. 2007), crosses be-
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tween different generations (Veldboom and Lee
1996; Austin et al. 2001; Tang et al. 2006; Li et al.
2007), or several testers and connected popula-
tions (Beavis et al. 1991, 1994; Mihaljevic et al.
2004; Yu et al. 2006). Therefore, to generate ge-
netic characteristics of plant-height traits at the
global level, QTL mapping must be conducted us-
ing a large number of populations derived from
different parents with various genetic back-
grounds. The probability of QTL detection can be
increased using several connected multi-parental
crosses, which can subsequently reveal the effects
of genetic background (Mihaljevic et al. 2004;
Blanc et al. 2006).

High-oil maize hybrids (oil concentration
>6%) are considered a value-added special crop.
The hybrids are superior to conventional maize
hybrids because of increased high-energy content
and improved protein quality (Lambert 2001). In
addition, high-oil maize shows productive poten-
tials in livestock and poultry feeding (Benitez
et al. 1999). To date, in high-oil maize QTLs for
grain composition and yield component traits have
been detected using ‘Illinois High Oil’ (IHO)/‘Illi-
nois Low Oil’ (ILO) genetic background
(Goldman et al. 1993, 1994; Clark et al. 2006;
Dudley et al. 2007), and inbred line ‘By804’ de-
rived from the high-oil population ‘Beinongda’
(Zhang et al. 2007). However, no research on
plant-height traits has been reported for this mate-
rial. In the present study, a high-oil maize inbred
‘GY220’, developed from the Alexander high-oil
maize background, was selected. ‘GY220’ was
first crossed with two elite dent maize inbred lines
to generate two connected F2:3 populations. Our
first objective was to reveal the effect of genetic
background on QTL detection in four plant-height
traits under the same environmental conditions. In
addition, we determined the genetic relationship
between PH and other plant-height traits using
multiple-trait QTL analysis. QTL detection for
plant-height traits has not been conducted in
high-oil maize. Therefore comparisons of the re-
sults from this study with previous reports on nor-
mal maize or popcorn may provide insight into the
effects of the genetic background of high-oil
maize.

Materials and methods

Population development

Two connected crosses were made with two dent

corn inbred lines ‘8984’ and ‘8622’ as the mater-

nal parents and a common high-oil maize inbred

‘GY220’ as the paternal parent. Two hybrid

populations were obtained, i.e. ‘8984’×’GY220’

hereafter referred to as population 1 (Pop.1), and

‘8622’×‘GY220’ as population 2 (Pop.2).

‘GY220’ was derived from an Alexander high-oil

maize population, and was selected and provided

by the China Agricultural University. The two

normal maize inbred lines ‘8984’ and ‘8622’ were

developed at our laboratory, and were part of the

China Reid heterotic group. Each F1 plant from the

two crosses was self-pollinated. Unselected 284

and 265 F2 plants were self-pollinated to produce

their respective F2:3 families.

Field trials and trait evaluation

In 2006, all the 285 and 265 F2:3 families, both F1

hybrids and three respective parental lines, were
evaluated in two adjacent trials with two replica-

tions. The study employed an �-design with one
row plot under two environmental conditions, i.e.
in the spring-sowing season at Luoyang and in the
summer-sowing season at Xuchang, Henan,
China. Each row was 4 m long with 0.67 m spac-
ing between rows. Plots were planted by hand and
the numbers of plants per row were kept to 16.
Standard cultivation management practices were
used at each study site.

Following anthesis of all plants, ten plants from
the center of each plot were evaluated for the fol-
lowing plant-height traits: plant height (PH), ear
height (EH), top height (TH), and the ratio of top
height to plant height (TH:PH). PH was measured
from soil level to the tip of the tassel, EH from soil
level to the top ear node of attachment, while TH
was calculated as PH minus EH, and TH:PH as the
ratio of TH to PH.

Phenotypic data analysis

Correlation coefficients between the four

plant-height traits were calculated using the SAS

statistical package (SAS Institute, Inc. 1989).

Broad sense heritabilities for the F2:3 families on

an entry mean basis were calculated by dividing

the genotypic variance by the phenotypic variance

(Hallauer and Miranda Filho 1981). Confidence

intervals on heritability estimates were determined

according to Knapp et al. (1985).

SSR analysis and map construction

Leaf samples were collected at the seedling stage

from each F2 plant, both F1 hybrids and the three

parental lines ‘8984’, ‘8622’ and ‘GY220’, and

stored at –80oC. The CTAB method of
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Saghai-Maroof et al. (1984) was used for DNA ex-

traction. SSR analysis was conducted as reported

in Senior and Heun (1993).

A total of 665 SSR primer pairs were selected

from Maize GDB (http://www.maizegdb.org) in

terms of their uniform distribution throughout all

ten maize chromosomes. The primer pairs were

initially screened for polymorphisms between the

two pairs of parents, ‘8984’+‘GY220’ and

‘8622’+‘GY220’, respectively. Ultimately, 212

and 205 polymorphic markers were selected that

clearly showed co-dominant segregation in the

two respective populations. A total of 12 and 14

pairs of SSR markers showed segregation distor-

tion and were excluded from the analysis. In addi-

tion, 15 and 18 markers failed to be assigned to

any linkage group in the two populations. Finally,

185 and 173 SSR markers were used to construct

the genetic linkage map using Mapmaker 3.0 at an

LOD threshold >3.0 (Lincoln et al. 1992). Linked

loci recombination frequency was transformed

into centimorgan (cM) distances using Kosambi’s

mapping function (Kosambi 1994). The total

length of the two genetic linkage maps was 2111.7

cM and 2298.5 cM, with a respective average in-

terval between markers of 11.4 cM and 13.29 cM.

QTL analysis

QTL mapping for each trait in both F2:3 popula-

tions was conducted using CIM (Zeng 1994). Five

markers were identified by stepwise regression

that explained most of the variation for a given

trait. The five markers were specified in Model 6

of the Zmapqtl procedure in the QTL Cartogra-

pher Version 2.5 (Wang et al. 2006) using a win-

dow size of 10 cM on either side of the markers

flanking the test site. To identify an accurate sig-

nificance threshold for each trait, an empirical

threshold was determined for CIM using 1,000

permutations (Churchill and Doerge 1994). QTL

positions were assigned to relevant regions at the

point of a maximum LOD score. If two peaks for

the same trait on the same chromosome were ob-

served, and at least two markers and a minimum

distance of 20 cM separated the two peaks, they

were accepted as two different QTLs. QTLs were

named according to “q”+ “trait abbreviation” +

“population number”+“–”+ “chromosome num-

ber”+“–” +“QTL number”. QTL confidence/sup-

port intervals were calculated by subtracting one

LOD unit on each side of the maximum LOD posi-

tion. The total contribution to phenotypic variation

for each trait was calculated for all QTLs by multi-

ple interval mapping (MIM) (Kao et al. 1999).

Based on the results of QTL mapping with CIM,

interactions between detected QTLs were ana-

lyzed using MIM in WinQTLCart (Kao et al.

1999; Wang et al. 2006).

The dominance effects calculated for the F2:3

families were expected to be reduced by half when

compared with F2 plants, therefore the effects

were doubled. Average levels of dominance (LD)

were estimated through the ratio: DR=|A| / |D| with

the additive (A) and the dominance (D) effects es-

timated for the F2:3 populations. The LD of QTLs

was based on the criteria of Stuber et al. (1987):

additive (A), DR =0-0.2; partial dominance (PD),

DR=0.21-0.80; dominance (D), DR=0.81-1.20;

and overdominance (OD), DR>1.20. Negative ad-

ditive effects indicated that the allele from the

high-oil parent GY220 increased the value of the

trait, and positive additive effects indicated that

the allele from the dent corn inbred lines ‘8984’

and ‘8622’ increased the value of the trait.

To further test the genetic relationships be-

tween PH and both EH and TH, a multiple trait

version of CIM was employed (Jiang and Zeng

1995) using QTL Cartographer Version 2.5

(Wang et al. 2006). A significance threshold for

quantitative trait loci detection was identified by

the quick method for computing approximate

thresholds (Piepho 2001).

Results

Plant-height traits in two connected F2:3

populations

All the three parents, both F1 hybrids and two F2:3

families exhibited significant differences in all

four plant-height traits (Table 1). Increased TH

and TH:PH values were found in ‘GY220’ com-

pared with the two normal maize inbred lines.

However, the PH and EH means of ‘GY220’ were

intermediate as compared with the two normal

maize inbred lines. For the two normal maize

inbreds (‘8984’ and ‘8622’), ‘8984’ revealed in-

creased values for PH and EH,, while ‘8622’ had

higher values for TH:PH. TH measures for both

inbred lines were similar. All measured traits for

the two F2:3 populations showed a continuous dis-

tribution pattern around the mean and a wide vari-

ance. In addition, transgressive segregations

exceeded the high and low parent values. This re-

sult indicated that the two pairs of parents had dif-

ferent alleles to increase or decrease the values for

all measured traits.

Broad-sense heritabilities for the traits ranged

from low to high (Table 2). A tendency for trait
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correlations was consistent in the two populations.

Significant positive correlations were indicated

for PH and both EH and TH, and TH and TH:PH in

both populations as expected. A significant posi-

tive correlation between EH and TH was identi-

fied in Pop.1. However, TH:PH was negatively

correlated with PH and EH. This result reflected

the observation that lodging resistance cannot be

improved through selection for high TH and

TH:PH. In fact, the same genes might simulta-

neously control PH, EH and TH.

QTL analysis for four plant-height traits in two

connected F2:3 populations

The LOD thresholds to declare a QTL at the 0.05

significance level were 3.70, 3.70, 2.50 and 2.50,

and 3.80, 3.70, 2.80 and 3.70 for PH, TH, EH and

TH/PH in Pop.1 and Pop.2, respectively. A total of

28 QTLs were detected for four plant-height traits

in the two F2:3 populations, 19 in Pop.1 and 9 in

Pop.2. They were located on eight of the ten maize

chromosomes. The contributions to phenotypic

variation for a single QTL ranged from 3.6% to

25.5% (Table 3). Four QTLs for PH were detected

in Pop.1 and located on chromosomes 3, 5, 8, and

10. The contributions to phenotypic variation for a

single QTL varied between 5.6% and 12.9%, with

a total contribution of 28.6%. The highest contri-

bution to phenotypic variation was from QTL

qPH1-10-1. The high-oil maize parent ‘GY220’

carried the alleles to increase PH for qPH1-5-1

and qPH1-10-1 and the dent maize parent (‘8984’)

alleles were associated with an increased PH for

the two remaining QTLs. One PH QTL was de-

tected in Pop. 2 and it was located on chromosome

7 with a 7.8% contribution to phenotypic varia-

tion. ‘GY220’ alleles were associated with an in-

creased PH. The two populations did not share a

common QTL. All QTLs showed different levels

of dominance, including PD, D and OD.

Four and two QTLs for EH were detected in the

two populations. The QTLs were located on chro-

mosomes 2, 3, 5, 8 and 10. The contributions to

phenotypic variation for a single QTL varied be-

tween 5.2% and 20.2%, with a total combined con-

tribution of 39.8% and 20.9%. qEH1-8-1 was the

highest contributor. Although one QTL was de-

tected in the two populations on chromosome 3,

they were located at different chromosome inter-

vals (umc1320-bnlg1754/umc2259-bnlg1447)

and different bin loci (3.08–3.09/3.03). In Pop. 2,

both parents ‘8984’ and ‘GY220’ carried alleles

for increasing EH. The allele to increase EH for

the QTL located on chromosome 10 in Pop.1 came

from ‘GY220’. Three types of levels of dominance

were observed, including A, D and OD.
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Table 1. Means for four plant-height traits in parents, F1 hybrids and their F2:3 families based on combined data

across two environments

Population Trait Parents F1 F2:3 families

'8984'/'8622' 'GY220' Range Mean CV (%) Skewness Kurtosis

Pop. 1 PHa(cm) 188 185 235 166–257 215 7.1 –0.15 –0.21

EH(cm) 77 67 94 58–126 87 12.9 0.07 –0.04

TH(cm) 111 118 141 105–150 128 7.0 –0.02 –0.43

TH:PH 0.59 0.65 0.60 0.50–0.69 0.60 5.3 –0.12 0.53

Pop. 2 PH(cm) 174 182 200. 152–213 186 5.5 0.08 0.08

EH(cm) 64 69 80 42–95 69 12.3 0.08 0.60

TH(cm) 111 112 120 97–141 116 6.2 0.25 0.29

TH:PH 0.63 0.62 0.60 0.53–0.72 0.63 5.4 0.05 –0.17

aPH: plant height, EH: ear height, TH: top height, TH:PH: top height/plant height

Table 2. Phenotypic correlations and broad-sense heritability (hB
2) between four plant-height traits for

the two populations based on combined data across two environments

Trait PH EH TH TH:PH hB
2 90% CI on hB

2c

PH 0.66** 0.61** –0.34** 0.58 0.47–0.67

EH 0.77** –0.03 –0.86** 0.59 0.47–0.68

TH 0.71** 0.24** 0.48** 0.40 0.31–0.55

TH:PH –0.43** –0.84** 0.28** 0.42 0.26–0.55

hB
2 0.67 0.73 0.44 0.68

90% CI on hB
2 0.58–0.74 0.66–0.79 0.30–0.56 0.59–0.75

aPop. 2 above the diagonal, Pop. 1 below the diagonal; bPH: plant height, EH: ear height, TH: top height, TH:PH: top height/plant

height; cCI: confidence interval; *Significant at P < 0.05, **Significant at P � 0.01



Five and four QTLs for TH were detected in the

two respective populations. The five QTLs in

Pop.1 were located on chromosomes 3, 5, 7, 8 and

10. The contributions to phenotypic variation for a

single QTL ranged from 6.3% to 12.3%, with a to-

tal contribution of 36.5%. In Pop. 2, four QTLs

were located on chromosomes 1, 3, 5 and 9, with a

5.2% to 7.7% contribution to phenotypic variation

for a single QTL and a total contribution of 26.7%.

The high-oil maize parent ‘GY220’ contributed

the alleles to increase TH on chromosomes 5, 7, 8,

and 10 in Pop. 1 and chromosomes 1 and 3 in

Pop. 2. QTLs detected on both chromosomes 3

and 5 in the two populations were located at differ-

ent marker intervals, with the alleles to increase

TH contributed by different parents. All four types

of levels of dominance were observed, including

A, PD, D and OD.
Six and two QTLs for TH:PH were detected on

chromosomes 4, 5, 6, 8, 9, and 10 in Pop.1 and
chromosomes 3 and 7 in Pop. 2. These QTLs were
not detected simultaneously on the same chromo-
some in both populations. The contribution to
phenotypic variation for a single QTL in Pop.1
was from 3.6% to 25.5%, with qTHPH1-8-1 with
the highest and a total contribution of 51.8%. The
contribution to phenotypic variation for a single
QTL in Pop. 2 amounted to 11.8% and 9.1%, with
the total contribution of 20.3%. ‘GY220’ contrib-
uted the alleles to increase TH:PH for four QTLs
on chromosomes 4, 5, 8 and 9, while the alleles to
increase TH:PH of the two QTLs in Pop. 2 were all
from the ‘8622’ parent. Five QTLs in Pop. 1
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Table 3. QTLs detected for four plant-height traits in the two connected F2:3 families across two environments

Trait Population QTL Marker interval Bin loci Position
(cM)

LOD Aa D R2

(%)
LD

PH b Pop. 1 qPH1-3-1 umc1320-bnlg1754 3.08–3.09 249 3.96 4.34 1.07 6.5 PD

qPH1-5-1 umc1162-bnlg2323 5.04 48 5.09 –7.22 2.17 6.8 PD

qPH1-8-1 bnlg2082-umc1360 8.03 158 3.83 3.38 3.02 5.6 OD

qPH1-10-1 umc1506-umc2122 10.05–10.06 131 8.47 –9.83 1.78 12.9 PD

Total 24.77 8.04 28.6 OD

Pop. 2 qPH2-7-1 bnlg2132-umc1068 7.00–7.02 57 3.88 –4.50 2.01 7.8 D

EH Pop. 1 qEH1-3-1 umc1320-bnlg1754 3.08–3.09 253 3.79 2.14 2.06 5.2 OD

qEH1-5-1 nc130-umc1679 5.00–5.01 12 4.21 3.77 1.79 6.5 D

qEH1-8-1 bnlg1067-bnlg2082 8.03 144 11.35 6.40 3.26 20.2 D

qEH1-10-1 umc1152-umc1677 10.02–10.05 45 4.84 –5.79 –0.31 13.1 A

Total 22.6 9.43 39.8 OD

Pop. 2 qEH2-2-1 bnlg1017-bnlg125 2.02–2.03 43 4.49 3.72 0.29 10.9 A

qEH2-3-1 umc2259-bnlg1447 3.03 60 7.15 –2.24 –3.18 12.1 OD

Total 5.96 3.47 20.9 OD

TH Pop. 1 qTH1-3-1 umc1320-bnlg1754 3.08–3.09 249 4.18 3.08 0.25 7.8 A

qTH1-5-1 umc1162-bnlg2323 5.04 48 7.58 –5.57 0.55 12.3 A

qTH1-7-1 dupssr13-umc2197 7.04–7.05 211 2.81 –2.96 –1.33 6.3 D

qTH1-8-1 bnlg2046-umc1562 8.04–8.05 189 5.05 –4.38 2.72 7.7 OD

qTH1-10-1 phi050-umc2163 10.03–10.04 117 5.00 –3.20 –0.43 7.2 PD

Total 19.19 5.28 36.5 OD

Pop. 2 qTH2-1-1 umc1395-umc2237 1.05–1.06 132 2.88 –3.02 1.74 5.8 D

qTH2-3-1 bnlg1047-phi046 3.06–3.08 269 2.99 –0.68 –2.50 7.7 OD

qTH2-5-1 umc1019-umc2305 5.06 57 2.82 2.38 0.12 5.2 A

qTH2-9-1 phi065-umc1267 9.03 41 2.94 0.66 2.45 5.9 OD

Total 6.74 6.81 26.7 D

TH:PH Pop. 1 qTHPH1-4-1 umc1164-umc1757 4.01 4 2.60 –0.01 –0.01 3.9 OD

qTHPH1-5-1 nc130-umc1679 5.00–5.01 16 4.56 –0.01 –0.01 6.5 OD

qTHPH1-6-1 bnlg2191-bnlg1188 6.01–6.02 52 2.61 0.01 –0.01 3.9 OD

qTHPH1-8-1 bnlg2082-umc1360 8.03 158 15.64 –0.02 0.00 25.5 PD

qTHPH1-9-1 umc1040-umc1867 9.01 4 2.74 –0.01 0.01 3.6 OD

qTHPH1-10-1 umc1152-umc1677 10.02–10.05 43 4.58 0.02 –0.01 12.7 OD

0.08 0.05 51.8 OD

Pop. 2 qTHPH2-3-1 umc1102-umc2166 3.05 154 6.66 0.02 0.00 11.8 A

qTHPH2-7-1 umc1066-bnlg1792 7.01–7.02 87 4.30 0.02 –0.02 9.1 OD

0.04 0.02 20.3 OD

aA: additive effect, D: dominance effect, R2: phenotypic variance explained by QTL, LD: level of dominance; bPH: plant height, EH: ear height,

TH: top height, TH:PH: top height/plant height.



showed an OD dominance level and qTHPH1-8-1
demonstrated a PD dominance level. A and OD
dominance levels were shown in two QTLa in
Pop. 2. The average levels of dominance for all
QTLs detected for each trait were all OD, except
for TH in Pop. 2 showing D.

Digenic interactions among detected QTL

A total of 12 pairs of digenic interactions were de-

tected among 28 QTLs for the four plant-height

traits, with six pairs each in the two populations

(Table 4). One pair of digenic interaction each was

found for PH, EH and TH:PH, and three pairs were

found for TH in both populations. In Pop. 1 two

types of digenic interactions existed, one AA (ad-

ditive × additive interaction effect) and five DA

(dominance × additive interaction effect). Three

types of digenic interactions existed in Pop. 2: AA,

DA and DD (dominance × dominance interaction

effect). The LOD values and interaction effects of

each pair of interaction were low, with contribu-

tions of 0.3% – 2.7% and 0.2% – 5.4% in Pop. 1

and Pop. 2, respectively, suggesting their unim-

portant contributions to the four plant-height

traits.

Joint QTL analysis for PH with EH, and PH

with TH in two connected F2:3 populations

To further analyze genetic correlations among dif-

ferent plant-height traits, joint analysis for PH

with EH (PH-EH), and PH with TH (PH-TH) was

conducted (Table 5). The LOD thresholds to de-

clare a QTL at the 0.05 significance level were

3.88 and 3.89 for PH-EH, and 3.84 and 3.83 for

PH-TH in Pop. 1 and Pop. 2, respectively. In Pop.

1, thirteen and nine QTLs were detected for

PH-EH and PH-TH, respectively, with six and

three additional QTLs on chromosomes 2, 4, 6, 8

and 10. Six of the QTLs were located at the same

marker intervals. All QTLs for PH, EH and TH de-

tected in single trait mapping were at the same or

near the same marker intervals.

Eight QTLs were detected for both PH-EH and

PH-TH in Pop. 2, with five and four additional

QTLs on chromosomes 2, 3, 7 and 8. Three QTLs

were at the same marker intervals. QTLs for PH,

EH and TH detected in single trait mapping were

found at the same or near the same marker inter-

vals.
The graph of LOD curve peaks for PH and EH

was generated for Pop. 1 and Pop. 2. Nine marker
intervals on chromosomes 2, 5, 8, and 10 in Pop. 1,

and six marker intervals on chromosomes 1, 2, 3,
5, and 8 in Pop. 2 changed simultaneously and in
the same direction, suggesting pleiotropic QTL ef-
fects concurrently controlling PH and EH. The
graph peaks of LOD curves of PH and TH for two
marker intervals on chromosomes 8 in Pop. 1, and
of PH and EH for two marker intervals on chromo-
somes 2 and 8 in Pop. 2 changed in the same close
direction. QTLs controlling PH and TH or PH and
EH might be tightly linked in these marker inter-
vals. QTLs with pleiotropic effects for PH and TH
were also located on three marker intervals on
chromosomes 3, 5, 10 in the F2:3 families of Pop. 1
(figures not shown).

Five QTLs for PH, EH and TH detected in sin-
gle trait analysis failed to demonstrate significant
effects in PH-EH and PH-TH joint analyses. The
five QTLs included one PH QTL on chromosome
10, one EH QTL on chromosome 5 and one TH
QTL on chromosome 7 in Pop. 1, and one PH QTL
on chromosome 7 and one TH QTL on chromo-
some 9 in Pop. 2. The results suggested these
QTLs might have opposite effects for PH and TH,
or for PH and EH.
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Table 4. Digenic interactions among QTLs detected for four plant-height traits in the two populations

Trait Population QTL1 / Marker interval 1 QTL2 / Marker interval 2 Type LOD Effects R2 (%)

PHa Pop. 1 phi036-umc1012(3.04)b qPH1-5-1 (5.04) DA 1.19 5.22 0.3

Pop. 2 umc1622-bnlg1017(2.01-2.02) umc2166-umc1644 (3.05-3.06) AA 0.16 1.33 0.2

EH Pop. 1 qEH1-5-1(5.00) bnlg2082-umc1360 (8.03) DA 1.86 –4.91 2.0

Pop. 2 umc1622-bnlg1017(2.01-2.02) bnlg2132-umc1068 (7.00-7.02) DD 0.99 –7.74 4.5

TH Pop. 1 qTH1-5-1(5.04) umc1562-bnlg162 (8.05) DA 1.66 –4.06 2.7

phi036-umc1012 (3.04) qTH1-10-1 (10.03-10.04) DA 1.43 3.55 0.8

qTH1-5-1 (5.04) qTH1-10-1 (10.03-10.04) DA 1.4 3.66 2.1

Pop. 2 bnlg1017-bnlg125 (2.02) qTH2-3-1 (3.06-3.08) DD 2.86 6.42 5.4

bnlg1017-bnlg125 (2.02) qTH2-5-1 (5.06) DA 1.23 2.72 1.0

qTH2-5-1 (5.06) bnlg1666-umc2332 (7.04) DA 1.53 –3.33 1.7

TH:PH Pop. 1 umc1323-umc1395 (1.05) qTHPH1-4-1 (4.01) AA 0.34 –0.01 0.3

Pop. 2 umc2237-bnlg1643 (1.07-1.08) umc2127-umc1102 (3.05) AA 0.28 –0.01 0.6

aPH: plant height, EH: ear height, TH: top height, TH:PH: top height/plant height; bGenetic bin loci in brackets



Discussion

This study detected four and one QTL for PH in
the two F2:3 populations. No common QTL was
shared between the two connected populations.
Although consistency among QTLs for PH across
different genetic backgrounds with several re-
lated/unrelated populations and/or testers has been
reported in normal maize in several previous stud-
ies (Beavis et al. 1991, 1994; Austin et al. 2001;
Mihaljevic et al. 2004; Yu et al. 2006), great QTL
inconsistency has been revealed in these re-
searches. Among the four F2:4 populations evalu-
ated by Beavis et al. (1991), no common QTL was
shared between the two populations with the same
parent. Similar results can be seen in the findings
reported by Yu et al. (2006) in three F2:3 popula-
tions and by Mihaljevic et al. (2004) in five
testcross populations. Beavis et al. (1994) detected
only one common QTL in the F4 progeny derived
from ‘B73’×’Mo17’ and their testcross progeny,

accounting for 16.7% and 20.0% of the six and
five QTLs in the two respective populations. Great
differences in QTL consistency between three
testers were also found by Schön et al. (1994),
with a common QTL accounting for 27% to 51%.
The results of these studies demonstrated that con-
sistency in QTL detection greatly depended on
populations, testers and environment traits, which
reflected the complicated genetic architecture of
many important quantitative characters. However,
research has clearly indicated that a substantial
number of different populations is required to elu-
cidate the genetic characteristics of any quantita-
tive trait at the global level. Furthermore, QTL
verification should be conducted before proceed-
ing to marker assisted selection and cloning.

It is well-understood from extensive QTL de-

tection that major QTLs generally exhibit stability

across different generations, environments and

populations (Austin and Lee 1996; Veldboom and

Lee 1996; Austin et al. 2000, 2001; Li et al. 2007,
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Table 5. Putative QTLs detected by joint analysis for PH with EH and PH with TH in both F2:3 populations

Population Chrom. Marker interval Bin locus PH-EHa PH-TH

Position (cM) LOD Position (cM) LOD

Pop. 1 2 bnlg1036-bnlg2077 2.06–2.07 54 4.44

2 bnlg1316-umc1525 2.08–2.09 123 4.54

3 umc1320-bnlg1754 3.08–3.09 249 4.59 249 4.46

4 umc1164-umc1757 4.01 8 4.78

4 bnlg1126-umc2206 4.03–4.04 54 3.96

5 nc130-umc1679 5.0–5.01 18 4.54

5 umc1162-bnlg2323 5.04 48 9.23 48 8.90

6 bnlg1422-umc1257 6.01–6.02 44 4.21

8 bnlg2082-umc1360 8.03 156 12.25

8 umc1360-umc2075 8.03 166 12.19

8 bnlg2046-umc1562 8.04–8.05 189 9.67

8 umc1562-bnlg162 8.05 193 11.16

8 bnlg162-umc1149 8.05–8.06 218 8.26

8 umc1960-bnlg1823 8.06–8.07 233 5.39

10 phi118-umc1152 10.0–10.02 18 4.03 14 4.29

10 phi050-umc2163 10.03–10.04 117 7.92

10 umc1506-umc2122 10.05–10.06 129 7.66

10 umc1061-bnlg2190 10.06 153 7.38 153 6.94

Pop. 2 1 umc2237-bnlg1643 1.07–1.08 137 3.88 137 4.14

2 umc1622-bnlg1017 2.0–2.02 22 4.73

2 bnlg125-umc1448 2.02–2.04 83 4.11

2 phi109642-phi083 2.04 110 4.17

2 phi083-umc1635 2.04–2.05 114 3.94

3 umc2259-bnlg1447 3.03 60 6.75 60 5.21

3 phi036-umc1425 3.04 90 4.97

3 umc2127-umc1102 3.05 149 5.48 151 5.08

3 bnlg1160-bnlg1047 3.06 261 4.66

5 umc2305-phi085 5.06 75 4.18

5 phi085-bnlg1306 5.06–5.07 76 4.28

7 umc1066-bnlg1792 7.01–7.02 89 3.94

8 umc1960-mmc0181 8.06 208 4.42

aPH-EH and PH-TH denote joint analysis for PH with EH and for PH with TH, respectively



2008). Actually, all QTLs cloned to date in crops

showed high effects in primary mapping (Alpert

and Tanksley 1996; Frary et al. 2000; Li et al.

2004; Fan et al. 2006; Xie et al. 2007).

In the present study, QTLs for PH, EH and

TH:PH were detected at bin 8.03 in Pop. 1. The ef-

fects ranged from 5.6% to 25.5%. The QTL allele

to increase TH:PH might be applicable in high-oil

and normal maize breeding programs to improve

lodging resistance. Therefore, this region has been

chosen as our primary QTL for further study. The

normal maize parent ‘8984’ contributed the QTL

alleles to increase both the PH and EH. The QTL

allele to increase TH:PH was derived from the

high-oil maize parent ‘GY220’. These results indi-

cated that a QTL cluster might exist in this region

with multiple QTLs controlling different

plant-height traits. Moreover, joint analysis de-

tected QTL for PH-EH and PH-TH at this bin lo-

cus in Pop. 1. This analysis also suggested that

tightly linked QTLs and/or QTL pleiotropic ef-

fects might exist at this bin locus. Several previous

studies have also reported QTLs for PH, EH and

TH at this bin locus (Austin et al. 2001;

Flint-Garcia et al. 2003). In a previous study, ma-

jor QTLs for PH, EH and TH were detected in the

F2:3 and BC2S1 generations, with contributions of

12.2% to 31.4% (Li et al. 2008). Beavis et al.

(1991) detected one PH QTL with a 34% contribu-

tion, which might be associated with ct1 and

Sdw1, two plant-height related genes. Congruence

in QTLs detected in this study with previous re-

ports indicates the robustness of our results. Fur-

thermore, newly detected major QTLs may serve a

complementary role in revealing the genetic na-

ture of plant-height traits, especially in high-oil

maize and high QTLs by genetic backgrounds in-

teraction.

As the high-oil maize inbred was first used for

plant-height trait QTL detection in this study; the

effects of high-oil germplasm could not yet be as-

sessed. The comparison of QTL detection for PH

in this study and oil content (Wang 2007) in the

same two F2:3 populations revealed only one

shared marker for the two traits in Pop. 1. How-

ever, the association of increased oil content with

reduced plant and ear height has already been re-

ported (Miller et al. 1981), which shows promise

for future research.

Joint analysis for PH-EH and PH-TH detected

21 and 17 respective QTLs in the two populations.

Nine additional QTLs were detected in both

PH-EH and PH-TH joint analysis. Most QTLs de-

tected in the single trait analysis were identified in

the joint analysis with the exception of five QTLs

for PH, EH and TH. These results suggested an in-

creased statistical power of the joint analysis

method and also showed great high correlations

between the three plant-height traits (PH, EH and

TH). QTLs for three traits were all detected on

chromosomes 3, 5, 8 and 10, which suggests that

the three traits might be tightly linked and/or ex-

hibit pleiotropic effects at these chromosomes.

The significant positive correlations between PH,

EH and TH and significant negative correlations

between TH:PH and both PH and EH indicated

that selection for any individual plant-height trait

(i.e. lowering EH, or increasing TH and/or

TH:PH) would not be effective in increasing lodg-

ing resistance. High PH values are beneficial to

grain and forage yield in maize breeding, therefore

lowering PH is not practical. However, coordina-

tion between three plant-height traits and/or in-

creases in stalk strength and elasticity might be

most effective. Similar observations were made in

a previous popcorn research (Li et al. 2007, 2008).

The results of this study demonstrated that the

combination of two QTL mapping methods (sin-

gle-trait and multiple-trait QTL analysis with

highly correlated traits) using two connected pop-

ulations resolved the highest number of

plant-height traits QTL.
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