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Abstract Normal maize germplasm could be used to
improve the grain yield of popcorn inbreds. Our Wrst
objective was to locate genetic factors associated with
trait variation and make Wrst assessment on the eYciency
of advanced backcross quantitative trait locus (AB-QTL)
analysis for the identiWcation and transfer of favorable
QTL alleles for grain yield components from the dent corn
inbred. A second objective was to compare the detection
of QTL in the BC2F2 population with results using F2:3

lines of the same parents. Two hundred and twenty
selected BC2F2 families developed from a cross between
Dan232 and an elite popcorn inbred N04 were evaluated
for six grain yield components under two environments,
and genotyped by means of 170 SSR markers. Using com-
posite interval mapping (CIM), a total of 19 signiWcant
QTL were detected. Eighteen QTL had favorable alleles
contributed by the dent corn parent Dan232. Sixteen of
these favorable QTL alleles were not in the same or near
marker intervals with QTL for popping characteristics.
Six QTL were also detected in the F2:3 population.
Improved N04 could be developed from 210 and 208 fam-
ilies with higher grain weight per plant and/or 100-grain
weight, respectively, and 35 families with the same or
higher popping expansion volume than N04. In addition,
near isogenic lines containing detected QTL (QTL-NILs)
for grain weight per plant and/or 100-grain weight could

be obtained from 12 families. Our study demonstrated that
the AB-QTL method can be applied to identify and
manipulate favorable QTL alleles from normal corn
inbreds and combine QTL detection and popcorn breeding
eYciently.

Introduction

Grain yield is subject to complex physiological events and
is determined by simultaneous action of diVerent yield
components. Popcorn germplasm is generally inferior to
normal maize in yield and other agronomic traits. It is com-
mon for breeders to introduce normal maize germplasm
into popcorn to improve grain yield and yield components,
as well as plant, Xowering, and resistance traits (Crumbaker
et al. 1949; DoWng et al. 1991; Ziegler and Ashman 1994;
Li and Lu 2000; Li et al. 2002). Popping characteristics of
derived lines from crosses between popcorn and normal
corn germplasm play a determinant role in marketability.
Elite popping characteristics of the popcorn germplasm
must be recovered through 1–2 backcrosses with popcorn
germplasm as the recurrent parents (DoWng et al. 1991; Zie-
gler and Ashman 1994; Li et al. 2002). Negative correla-
tions between popping characteristics and grain yield and
most grain yield components have kept backcross eYcien-
cies low, with regard to combining traits through pheno-
typic selection (DoWng et al. 1990, 1991; Li et al. 1999).
Progeny or lines from popcorn £ dent/Xint corn crosses
showing improved grain yield components and plant traits
combined with elite popping characteristics have been
obtained through 1–2 backcrosses and successive self and
selection for important target traits in each population
(Johnson and Eldredge 1953; Robbins and Ashman 1984;
Ashman 1991; Li and Lu 2000; Li et al. 2005; Niu 2006).

Communicated by C. Hackett.

Y. L. Li (&) · S. Z. Niu · Y. B. Dong · D. Q. Cui · Y. Z. Wang · 
Y. Y. Liu · M. G. Wei
College of Agriculture, Henan Agricultural University, 
95 Wenhua Rd, Zhengzhou, China
e-mail: yuling_li@126.com
123



130 Theor Appl Genet (2007) 115:129–140
Advanced backcross quantitative trait locus (AB-QTL)
analysis was Wrst introduced to simultaneously identify and
transfer favorable QTL alleles from donor lines (wild or
unadapted germplasm) into the genomes of elite cultivars
(Tanksley and Nelson 1996). From the advanced backcross
population where the favorable QTL alleles were identiWed,
improved lines with the genome almost the same as the
elite recurrent parent, and near isogenic lines (NILs) con-
taining the QTL of interest could be developed rapidly
(Bernacchi et al. 1998a; Xie et al. 2007) and put to use in
breeding or production, and used to further genetic
research. This strategy has been successfully applied in
tomato (Tanksley et al. 1996; Bernacchi et al. 1998a, b;
Fulton et al.1997, 2000), rice (Xiao et al. 1998; Moncada
et al. 2001; Septiningsih et al. 2003a, b), normal maize (Ho
et al. 2002), wheat (Huang et al. 2003), and Barley (Pillen
et al. 2003). To date, the QTL strategy has not been applied
in an eVort to improve popcorn.

In popcorn, QTL for popping characteristics have been
detected with BC1 (Lu et al. 2003) and F2:3 (Babu et al.
2006; Li et al. 2006a, b) early generations derived from
dent/Xint corn £ popcorn crosses. However, simulation
results showed that the eYciency of marker-assisted selec-
tion (MAS) declined in later generations partly because of
recombination between markers and QTL (Gimelfarb and
Lande 1994; Edwards and Page 1994). The result of com-
parative QTL mapping in F2:3 and F6:7 generations in nor-
mal corn by Austin and Lee (1996) further suggested some
of the QTL detected during early generations of maximum
linkage disequilibria may be due to multiple, linked genes
that are separated via recombination. This may result in dis-
sipation of eVects and reduce the potential gain from selec-
tion. Using a population of 220 BC2F2 families derived
from a cross between a dent corn inbred Dan232 and an
elite popcorn inbred N04, QTL for popping expansion vol-
ume (PEV) have been detected (Niu 2006). In consideration
of the main objective to incorporate normal corn germ-
plasm into popcorn, six grain yield components were inves-
tigated in this BC2F2 population in the present study. Our
study was designed to locate and characterize genetic fac-
tors associated with trait variation and assess the eYciency
of AB-QTL analysis for the identiWcation and transfer of
favorable QTL alleles for grain yield components from the
dent corn inbred. Second, we compared the detection of
QTL in the BC2F2 population with results from a previous
study using F2:3 lines of the same parents grown at the same
location and evaluated in the same year with the same culti-
vation practice (Li et al. 2006a, b). Previous studies have
evaluated the consistency in QTL detection in diVerent
populations, environments, and generations, but have not
evaluated the same parents at early unselected (F2:3) and
later selected (BC2F2) populations under the same environ-
ment.

Materials and methods

Population development

The dent corn inbred Dan232 was used as the female par-
ent to make a cross with N04, a popcorn inbred. Dan232
was derived from Lu 9 kuan £ Dan340, which are classi-
Wed as members of the Ludahonggu heterotic group
according to pedigree. N04 was derived from a Chinese
popcorn variety BL03. The F1 plants were backcrossed to
N04 as the recurrent parent to develop 235 BC1F1 plants.
All BC1F1 plants were backcrossed a second time to N04
as the recurrent parent to develop BC2F1 seeds and were
selfed simultaneously. The 72 best BC2F1 families were
selected based on grain weight per plant (>N04), 100-grain
weight (>N04), and PEV (¸N04) of selfed ears of BC1F1

plants, and grown in the Weld to produce BC2F2 seeds. Sub-
sequently, 220 of 812 BC2F2 families were selected
according to the same criterion used to select the best
BC2F1. During the selection, the grain weight per plant,
100-grain weight and PEV for N04 were 25.6 § 0.4 g,
8.6 § 0.1 g, and 20.2 § 0.2 ml/g, respectively, which was
used as the threshold for BC2F1 and BC2F2 families. Grain
yield and grain yield component and other traits were mea-
sured in these 220 families.

Field trials and trait evaluation

The 220 BC2F2 families, F1 and both parents were evalu-
ated in a completely random design of one-row plots with
two replications in two environments, spring and summer,
at the ScientiWc Research and Education Center of Henan
Agricultural University near Zhengzhou, Henan, China, in
2004. The rows were 4 m long with 0.67 m spacing
between rows. Plots were planted by hand at a density of
60,000 plants per ha. Standard cultivation management
practices were used at each environment.

Ten plants from the middle of each plot were chosen for
evaluation of the six yield components: ear length (EL,
cm), ear diameter (ED, cm), kernel number per row (RKN),
row number per ear (ERN), grain weight per plant (GWP,
g), and 100-grain weight (100GW, g). Trait measurements
averaged over the two replications were used as the prelim-
inary data in the analyses.

Phenotypic data analysis

The correlation coeYcients among the six grain yield com-
ponents and PEV were calculated using PROC CORR of
SAS Software (SAS Institute Inc. 1989). CoeYcients of
genotypic correlations between two traits were estimated by
dividing the genotypic covariance between them (Covg12) by
the square root of the product of their genotypic variances
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(�2
g1 and �2

g1). Broad sense heritabilities for the BC2F2 fami-
lies on an entry mean basis were calculated by dividing the
genotypic variance by the phenotypic variance (Hallauer and
Mirando 1981). ConWdence intervals on heritability estimates
were calculated according to Knapp et al. (1985).

SSR analysis and map construction

Twenty seeds per BC2F2 family, F1 and the two parents
were cultivated in a climatic chamber, and the leaf tissues
(<2 weeks old) were collected and bulked for each entry.
All leaf samples were stored at ¡80°C, and DNA was
extracted using a CTAB procedure (Saghai-Maroof et al.
1984). SSR analysis was conducted as reported in Senior
and Heun (1993).

A total of 613 SSR primer pairs, chosen from Maize
GDB (http://www.maizegdb.org) for their uniform distribu-
tion throughout all ten maize chromosomes, were initially
screened for their polymorphism between the two parents.
Ultimately, 193 markers that clearly showed co-dominant
segregation, were used to genotype the 220 BC2F2 families
for which phenotypic data were available. Twenty-three
SSR markers that showed serious segregation distortion
were excluded from the analysis. Finally, 170 SSR markers
were used to construct the linkage map with Joinmap 3.0b
(van Ooijen and Voorrips 2001), according to the genetic
linkage map constructed using 259 F2 populations derived
from the same cross. This linkage map covered ten maize
chromosomes with a total length of 1,575.1 cM and an
average interval of 9.3 cM.

QTL analysis

Composite interval mapping (CIM) was used to map QTL
and estimate their eVects for each trait (Zeng 1993, 1994).
Model 6 of the Zmapqtl procedure in QTL Cartographer
Version 2.5 (Wang et al. 2006) was employed, specifying
the Wve markers identiWed by stepwise regression that
explained most of the variation for a given trait as genetic
background parameters and a window size of 10 cM on
either side of the markers Xanking the test site. To identify
an accurate signiWcance threshold for each trait, an empiri-
cal threshold was determined for CIM using 1,000 permuta-
tions (Churchill and Doerge 1994).

Results

Marker segregation and genome composition 
of BC2F2 families

In an unselected BC2 population, the expected genotypic
ratio would be 75% homozygotes (N04/N04) to 25% het-

erozygotes (N04/Dan232), or an allele frequency of 87.5%
N04 to 12.5% Dan232 alleles. The ratio in our study popu-
lation was 68% N04/N04 to 30% N04/Dan232 and 83%
N04 to 15% Dan232, respectively, which clearly showed
skewness to N04/Dan232 genotype and Dan232 alleles.
This was due to skewed allele frequencies at 82 of 170
(48%) of marker loci. Seventy-seven of these loci (94%)
were skewed toward N04/Dan232, while Wve (6%) were
skewed toward N04 (�2 > 6.63 and P < 0.01). The distorted
markers were distributed along all ten of the chromosomes,
with 9, 6, 12, 6, 5, 3, 12, 10, 6, and 5 on each chromosome,
respectively. Skewing toward the heterozygotes N04/
Dan232 could be explained by the superiority of heterosis
in selection carried out in the BC1 and BC2 generations
during population development.

We compared the results of this study with our previous
study of the F2:3 population, which included the same par-
ents and the same 613 SSR markers, and found that more
markers showed distortion in the BC2F2 population. Only
16 markers showed distortion in the F2:3 population, with 7,
6, and 3 (44, 38, and 19%) toward N04, Dan232, and N04/
Dan232, respectively. Among them, only Wve markers
showed distortion in both studies. However, the direction of
skewness was diVerent for each marker, with all toward
N04/Dan232 in this study, while four were toward Dan232
and one was toward N04 in the previous F2:3 population
study.

Performance of BC2F2 families for grain yield components 
and comparison with the F2:3 population

All traits diVered greatly between the two parents and
among BC2F2 families, and showed a pattern of continuous
distribution around the mean (Table 1 and Fig. 1). Com-
pared with the F2:3 population, the performance of all traits
was lower in the BC2F2 population, especially for GWP and
100GW. Heritability estimates for all traits were from low
to high (Table 2). About 100GW, EL, ERN, and ED all
showed high positive phenotypic and genotypic correla-
tions with GWP, indicating they all played important roles
in determining GWP. The directions of correlation between
RKN and GWP for phenotype and genotype were nega-
tively and positively opposed, perhaps due to low heritabil-
ity. Besides the phenotypic and genotypic correlations
between EL and RKN and between ERN and RKN, and the
genotypic correlation between 100GW and ERN and RKN,
signiWcant positive correlations were detected among all
other traits, suggesting the potential for simultaneous
improvement. For the correlations of PEV with grain yield
components, both signiWcant negative phenotypic and
genotypic correlations between PEV and 100KW, and sig-
niWcant negative phenotypic correlations between PEV and
RKN and signiWcant negative genotypic correlations
123
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between PEV and GWP were detected. SigniWcant positive
phenotypic or genotypic correlations between PEV and
ERN, and ED were found. The main reason for the positive
correlations might be the very low GWP for BC2F2 families,

ranging from 19.2 to 50.5 g (average 32.3 g). Interestingly,
similar results were reported in previous studies using pop-
corn lines (Li et al. 2005). In the F2:3 population, both sig-
niWcant negative phenotypic and genotypic correlations

Table 1 Phenotypic performance of 220 BC2F2 families, parents, F1 based on combined data across two environments, and comparison with F2:3
families

GWP grain weight per plant, 100GW 100 grain weight, EL ear length, ERN row number per ear, RKN kernel number per row, ED ear diameter

Traits N04 Dan232 BC2F2families F2:3 families

Range Mean CV (%) Skewness Kurtosis Over-N04 
families (%)

Range Mean

GWP (g) 26.31 39.09 19.18–50.45 32.29 18.81 0.30 ¡0.36 95.46 25.38–95.89 56.55

100GW (g) 8.90 22.39 8.85–15.16 11.71 10.72 0.35 ¡0.36 94.55 10.04–24.46 17.98

EL (cm) 13.25 13.03 11.90–16.28 14.27 5.57 ¡0.03 0.20 88.87 10.20–17.85 14.45

ERN 14.75 14.00 12.00–17.00 14.67 7.16 ¡0.08 ¡0.47 37.96 12.00–18.30 15.46

RKN 27.65 19.88 18.63–38.50 30.85 11.22 ¡0.97 1.26 81.59 16.50–36.50 28.15

ED (cm) 2.55 3.65 2.50–3.43 2.94 5.57 0.25 0.21 92.05 2.96–4.15 3.54

Fig. 1 Frequency histograms 
for grain yield component traits 
of 220 BC2F2 families based on 
combined data across two 
environments

Table 2 Trait correlations for grain yield components and their heritabilities (hB
2 ) for BC2F2 families based on combined data across two envi-

ronments

Genotypic correlations above diagonal, phenotypic correlations below

GWP grain weight per ear, 100GW 100 grain weight, EL ear length, ERN row number per ear, RKN kernel number per row, ED ear diameter,
PEV popping expansion volume, C.I. conWdence interval

*SigniWcant at P < 0.05

**SigniWcant at P < 0.01

Trait GWP 100GW EL ERN RKN ED PEV

GWP 0.56** 0.46** 0.21** 0.39* 0.62** ¡0.25**

100KW 0.15* 0.19** 0.08 0.06 0.55** ¡0.42**

EL 0.31** 0.32** 0.07 0.39** 0.22** 0.13

ERN 0.85** 0.28** ¡0.07 0.06 0.52** ¡0.07

RKN ¡0.35** 0.81** 0.70** ¡0.07 0.22* ¡0.03

ED 0.81** 0.30** 0.15* 0.84** 0.21** 0.33**

PEV ¡0.13 ¡0.63** ¡0.06 0.26** ¡0.76** ¡0.14

hB
2 0.70 0.78 0.65 0.43 0.38 0.72 0.63

90% C.I.on 
hB

2
0.61–0.77 0.72–0.83 0.55–0.73 0.26–0.56 0.19–0.52 0.63–0.78 0.51–0.71
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between 100GW and RKN, and signiWcant negative pheno-
typic and/or genotypic correlations between PEV and
GWP, 100GW, ED, RKN, and RKN were detected.

Compared with the popcorn inbred N04, all grain yield
components were highly improved for BC2F2 families. For
GWP, 100GW, and ED, 92–95% BC2F2 families had traits
that were higher than N04; 82–89% for EL and RKN, and
38% for ERN.

QTL detected for each trait and comparison 
with the F2:3 population

A total of 19 QTL signiWcantly associated with six grain
yield components were detected in BC2F2 families in this
study. The QTL were located at chromosomes 1, 2, 3, 4, 5,
8, and 10, respectively, each with 1–5 per chromosome
(Fig. 2 and Table 3).

GWP

Four QTL for GWP were detected and were located on
chromosomes 1, 4, 8, and 10. The contributions to pheno-
typic variations for a single QTL varied between 5 and
19%, with qBEW-8-1 recording the highest contribution.
The total contributions were 29%. All of the positive alleles
were contributed by the dent corn parent Dan232 (the par-
ent with much greater GWP in this and other environ-
ments). In the F2:3 population, only one QTL on
chromosome 5 was detected. No identical QTL were
detected between the two populations.

100GW

Three QTL for 100GW were detected on chromosomes 1,
5, and 8. The contributions to phenotypic variations for a

Fig. 2 SSR linkage map for Dan232 £ N04 F2:3 and BC2F2 families.
QTL one-LOD support intervals were indicated by vertical bars, and
the maximum LOD peak positions were indicated by open/solid

diamonds. QTL detected in the BC2F2 and F2:3 populations were indi-
cated in solid and open vertical bars, respectively
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single QTL varied between 7 and 15%, with qB100GW8-1
the highest. The total contributions were 32%. All of the
positive alleles were contributed by the dent corn parent
Dan232 (the parent with much greater 100GW in this and
other environments). QTL on chromosomes 1 and 5 were
also detected in the near chromosome interval and with
similar contributions in the F2:3 population. However, the
QTL on chromosome 8 of the BC2F2 was not detected in
the F2:3 population, while a QTL on chromosome 7 was
detected in the F2:3 population.

EL

Three QTL for EL were detected on chromosomes 3 and 4,
with one QTL on chromosome 3 and two QTL on chromo-
some 4. The contributions to phenotypic variations for a
single QTL varied between 7 and 11%, with qBEL4-1 con-
tributing the highest percentage. The total contributions
were 29%. The positive allele on chromosome 3 was con-
tributed by the popcorn parent N04, while all of the positive
alleles of the other two on chromosome 4 were contributed

Table 3 QTL detected for grain yield components in BC2F2 families and comparison with F2:3 generations from the cross of Dan232 £ N04

a The linkage map constructed using BC2F2 population had breaks on chromosome 1 and 4. The positions for QTL detected in BC2F2 population
were calculated from the break again

Trait Generation QTL Marker interval Positiona LOD Additive eVect R2

GWP BC2F2 qBGWP1-1 umc2025 » bnlg1811 4.0 3.4 ¡3.30 6.4

qBGWP4-1 nc005 » phi079 41.0 3.4 ¡3.17 4.5

qBGWP8-1 phi115 » bnlg1863 41.8 11.0 ¡5.68 18.9

qBGWP10-1 umc2163 » phi323152 40.4 4.1 ¡3.05 5.6

F2:3 qGWP 5-1 phi109188 » umc1221 93.9 4.0 ¡5.29 6.8

100GW BC2F2 qB100GW1-1 umc2025 » bnlg1811 8.0 4.5 ¡0.89 9.3

qB100GW5-1 umc1097 » umc1478 12.0 3.8 ¡0.72 6.7

qB100GW8-1 bnlg1863 » umc2147 54.0 7.6 ¡1.00 14.9

F2:3 q100GW1-1 bnlg1811 » bnlg1884 208.0 5.5 ¡1.14 9.2

q100GW5-1 umc1478 » bnlg565 35.9 4.0 ¡0.82 6.6

q100GW7-1 umc2057 » umc1567 87.3 10.9 ¡1.56 18.8

EL BC2F2 qBEL3-1 bnlg1452 » umc1012 17.9 3.5 0.51 6.9

qBEL4-1 phi079 » bnlg1621 54.1 5.6 ¡0.65 11.2

qBEL4-2 bnlg2291 » dupssr28 20.0 4.7 ¡0.54 9.5

F2:3 qEL1-1 phi427913 » bnlg1429 29.5 7.9 0.53 13.2

qEL3-1 umc1773 » bnlg1035 81.8 4.2 0.40 6.2

qEL7-1 umc2332 » phi069 151.5 3.9 ¡0.03 5.4

ED BC2F2 qBED2-1 umc2372 » bnlg1329 75.2 3.7 ¡0.11 8.3

qBED4-1 phi079 » bnlg1621 47.7 3.6 ¡0.12 8.4

qBED8-1 phi115 » bnlg1863 41.8 8.3 ¡0.14 16.0

qBED8-2 umc2147 » umc1741 61.3 5.0 ¡0.11 11.4

qBED10-1 phi059 » umc2017 11.9 3.1 ¡0.09 4.4

qBED10-2 umc1938 » umc1053 31.5 4.8 ¡0.10 7.2

F2:3 qED4-1 phi079 » bnlg1621 67.2 9.8 ¡0.12 14.8

qED5-1 phi109188 » umc1221 91.9 5.7 ¡0.11 8.39

qED8-1 bnlg2046 » umc1562 61.4 5.5 ¡0.09 7.1

qED10-1 umc1677 » umc2122 53.0 6.2 ¡0.11 9.3

ERN BC2F2 qBERN5-1 phi109188 » umc1221 26.6 4.1 ¡0.68 7.9

qBERN10-1 umc2017 » umc1877 20.0 3.0 ¡0.67 9.1

F2:3 qERN4-1 phi079 » bnlg1621 65.2 6.8 ¡0.51 12.8

qERN7-1 umc1409 » bnlg2160 26.0 5.5 0.53 23.0

qERN7-2 umc2057 » umc1567 85.3 5.4 0.96 11.9

qERN10-1 umc1677 » umc2122 53.0 4.7 ¡0.57 9.2

RKN BC2F2 qBRKN8-1 phi115 » bnlg1863 39.8 3.6 ¡2.06 8.3

F2:3 qRKN7-1 umc2332 » phi069 157.5 3.7 0.77 7.6
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by the dent corn parent Dan232, although the EL of N04
was a little longer than Dan232. In the F2:3 population, three
QTL on chromosomes 1, 3, and 7 were detected. The QTL
on chromosome 3 was located in the near chromosome
intervals umc1773 » bnlg1035 and bnlg1452 » umc1012,
with similar contributions (7 and 6%) between the two pop-
ulations.

ED

Six QTL for ED were detected on chromosomes 2, 4, 8,
and 10, with one QTL on chromosomes 2 and 4, and two
QTL on chromosomes 8 and 10. The contributions to phe-
notypic variations for a single QTL varied between 4%
and a maximum of 16% for qBED8-1. The total contribu-
tions were 55%. All the positive alleles were contributed
by the dent corn parent Dan232 (the parent with much
greater ED in this and other environments). In the F2:3 pop-
ulation, four QTL on chromosomes 4, 5, 8, and 10 were
detected. Although the QTL on chromosome 4 were in the
same chromosome interval, phi079 » bnlg1621, their con-
tributions were 8 and 15% for the BC2F2 and F2:3 popula-
tions, respectively. qBED8-1 (phi115 » bnlg1863) and
qBED10-2 (umc1938 » umc1053) were in the near chro-
mosome interval with the QTL detected in the F2:3 popula-
tion (bnlg2046 » umc1562 and umc1677 » umc2122),
also varied, contributing 16 and 7% and 7 and 9%, respec-
tively.

ERN

Two QTL for ERN were detected on chromosomes 5 and
10, with contributions to phenotypic variations of 8 and 9%
for a total contribution of 15%. The positive alleles were all
contributed by the dent corn parent Dan232. This was sur-
prising because Dan232 has lower values for ERN. In the
F2:3 population, four QTL on chromosomes 4, 7, and 10
were detected, with two QTL located on chromosome 4.
Although QTL with similar contributions (9 and 9%) were
detected on chromosome 10 in both populations, they were
located on diVerent chromosome intervals, umc2017
» umc1877 and umc1677 » umc2122 for F2:3 and BC2F2,
respectively.

RKN

Only one QTL for RKN was detected on chromosome 8,
with a contribution to phenotypic variation of 8%. Surpris-
ingly, the positive allele was again contributed by the dent
corn parent Dan232, even though Dan232 has lower values
for RKN. Also, only one QTL were detected in the F2:3 pop-
ulation, and it was located on chromosome 7, with a contri-
bution to phenotypic variation of 8%.

Discussion

Comparison of QTL detected in the BC2F2 
and F2:3 populations

In all, nineteen and sixteen QTL were detected in the BC2F2

and F2:3 populations, respectively, for the same six grain
yield components. Only six QTL (accounting for 32%)
detected in the BC2F2 population were located in the same/
near chromosome intervals as in the F2:3 population, and
only three resulted in similar contributions. Thirteen QTL
were speciWc to the BC2F2 population and ten QTL were
only detected in the F2:3 population. This discrepancy may
indicate a need for caution while carrying out MAS in
backcross breeding using the mapping result with the F2:3

population.
In our study, both the F2:3 and BC2F2 populations were

planted at the same location and in the same seasons in the
same year and cultivated using the same methods. In addi-
tion, the same markers with polymorphism were used to
analyze the genotypes of both populations. The QTL con-
sistency in our comparison of F2:3 and BC2F2 populations
was much lower than in previous studies using F2:3 and F6:7

generations, both for grain yield and yield components and
for Xowering and plant height (Veldboom et al. 1994; Veld-
boom and Lee 1994; Austin and Lee 1996, 1998). The pre-
vious experiments were conducted at the same locations but
in diVerent years. Also, in the F2:3 and F6:7 generation
research, no selection was carried out during the develop-
ment of F6:7 lines, and 150 F2:3 and 186 F6:7 lines, and 103
and 101 RFLP loci and one morphological marker were
used, respectively, of which 84 loci were found in common
between the two lines. Similar QTL consistency across gen-
erations was observed for grain yield and yield compo-
nents, and for six Xowering and plant height traits, with 22
of 35 (63%) of the regions associated with F2:3 QTL con-
taining F6:7 QTL with corresponding parental eVects (Aus-
tin and Lee 1996). Additionally, 16 (70%) of 23 regions
associated with F6:7 QTL contained F2:3 QTL with the same
parental alleles, and all were associated with increasing trait
value.

Because the environmental eVects were similar between
the two studies in our comparison, the inconsistency in
QTL detection might be attributable to two things. First,
selection and genetic background may be important.
Through simulation study, Moreno-Gonzalez (1993)
showed that diVerent generations had diVerent eYciencies
for estimating marker-associated QTL eVects by multiple
regression. Beavis et al. (1994) suggested that genetic back-
ground was one of the reasons for diVerences in QTL detec-
tion among two F3 backcrossed lines (Stuber et al. 1992),
F4 lines and topcrossed populations from the same
B73 £ Mo17 cross. Genetic mapping with hybrid progeny
123



136 Theor Appl Genet (2007) 115:129–140
across three testers and two generations (F2:3 and F6:7) for
grain yield and grain moisture conducted by Austin et al.
(2000) showed individual tester QTL eVects were not con-
sistent in rank or detection across generations. During the
development of advanced backcross population, some non-
recurrent introgressions might have been selected against
(Septiningsih et al. 2003a, b; Yan and Gu 2000). By Men-
delian expectation, only 25% of the plants in each BC2F2

family contained the donor parent allele for a given intro-
gression. This “dilution eVect” by non-carrier individuals
could mask small eVects of non-recurrent parent QTL alle-
les occurring at low frequencies (»12.5%) (Ho et al. 2002).
In our study, rigorous selection in BC1 and BC2 generations
during BC2F2 population development might have caused
abandonment of some elite genes, especially those coming
from the non-recurrent parent, Also, large changes occurred
in population structure, resulting from backcross and selec-
tion, with an allele frequency of 83% N04 to 15% Dan232
and a genotypic ratio of 68% N04/N04 homozygotes to
30% N04/Dan232 heterozygotes in this BC2F2 population.
Meanwhile, an allele frequency of 50% N04 to 50%
Dan232 and genotypic ratio of 25% N04/N04 homozygotes
to 51% N04/Dan232 heterozygotes to 24% Dan232/
Dan232 homozygotes occurred in the F2:3 population (Li
et al. 2006b). Therefore, backcross and rigorous selection,
causing changes in genetic background or population struc-
ture could cause inconsistencies in QTL detection.

The second reason for inconsistent QTL detection may
be the mode of gene action. In an F2 population, recombina-
tion can dismantle the assembly of favorable epistatic gene
combination accumulated by traditional breeding (Allard
1996; Ho et al. 2002). If high-order gene interactions play a
signiWcant role in the expression of key agronomic traits in
maize, disruption of favorable epistatic interactions in an
elite hybrid is minimized by initiating selection in an
advanced backcross population. Because an advanced
backcross population is skewed toward the recurrent parent
genome, favorable epistatic interactions among recurrent
parents are less likely to be disrupted. Conversely, there is a
higher probability of detecting donor parent alleles with
useful additive and dominant eVects that will be expressed
in a nearly isogenic background (Tanksley and Nelson
1996). This could be the major reason we observed slightly
more QTL in the BC2F2 population than in the F2:3 popula-
tion, suggesting a higher power for detecting QTL with
additive eVects in this BC2F2 population even through
severe selection.

Austin and Lee (1996) considered that gene action
accounts for some instances in which QTL were detected in
the F2:3 but not in the F6:7 generation. QTL in the F2:3 with
true overdominant gene action would not be expected to be
detected if the additive eVects were small. In their study for
Xowering and plant height traits, of the six QTL in the F2:3

with additive, partial dominant, or dominant gene action,
Wve (83%) were detected in the same regions with the same
parental eVects as the F6:7 generation. Of the 17 QTL in the
F2:3 with overdominant gene action, 11 (65%) were
detected in the same regions with the same parental eVects
as the F6:7 generation. This trend, more consistent detection
for F2:3 QTL with additive to dominant gene action versus
those with overdominant gene action, was also observed for
grain yield components in the same population (Austin and
Lee 1998). In fact, QTL with dominant eVects, might have
their eVects changed according to the homozygosity
through backcross or inbreeding. Of the 16 QTL detected in
our F2:3 population, the numbers of QTL expressing addi-
tive, partially dominant, dominant, and over-dominant
eVects were 2, 10, 2, and 2, respectively. Fourteen (88%)
QTL with diVerent degrees of dominant eVects may play
the most important role in their inconsistency across popu-
lations. Only the two QTL (100%) with additive eVects and
the four with partially dominant gene action (40%), were
detected in the same regions with the same parental eVects
as the BC2F2 population. No QTL with dominant and over-
dominant gene action were detected in the same regions
with the same or diVerent parental eVects as the BC2F2 pop-
ulation. Therefore, using QTL detected in early generations
in separation, and maintaining good results in MAS or Wne
mapping or near-gene line development, requires caution.
Careful attention should be given to QTL with additive
gene actions. Generations developed through severe selec-
tion should have QTL redetected, and marker selection
should be done in each population.

Comparison of QTL detected in the BC2F2 
and other studies in normal maize

Because of diVerences in mapping populations (parents and
progeny type), as well as a paucity of common loci and
environments, direct comparisons of QTL mapping results
across studies are diYcult. One important consideration for
QTL detection is the degree to which QTL location and
eVects from one population are observed in other popula-
tions (Lee 1995) or subsamples of the same population
(Beavis 1994). Inconsistent detection of QTL may be the
result of sampling variation (Beavis 1994), genetic hetero-
geneity of the phenotype (Beavis et al. 1991), and other
factors (Lee 1995). Although studies in maize have indi-
cated few QTL common among populations for most traits
(Abler et al. 1991; Koester et al. 1993; Phillips et al. 1992),
detection of some QTL in the same genomic regions across
populations for some traits have been reported (Bubeck
et al. 1993; Schön et al. 1994; Austin and Lee 1996, 1998;
Yang et al. 2005; Tang et al. 2005). Comparing QTL data
across diVerent studies in maize can provide preliminary/
suggestive information upon which some QTL alleles
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expressed in similar ways across multiple genetic back-
grounds could be distinguished from those interacted with
their genetic background and/or environments (Septi-
ningsih et al. 2003a, b). QTL detection for grain yield com-
ponents using popcorn inbreds has not been reported prior
to this report. Comparison of the results in this study with
previous results in normal maize may provide insight into
the eVect of popcorn background.

Several regions associated with QTL for GWP, 100GW,
EL, RKN, ED, and ERN in our study have been reported
previously, and compared with studies by previous
researchers on yield and yield components in normal maize.
Region 8L (8.03, phi115-bnlg1863) on chromosome 8 is
associated with the QTL with the largest eVects for GWP
and 100KW (bnlg1863–umc2147), and QTL for ED, RKN
herein. At the SSR marker loci of bnlg1834 (near
bnlg1863)/phi115/phi119 (near phi115), Xiang et al.
(2001), Lan et al. (2005), and Xiao et al. (2005) have
detected QTL for GWP, RKN, grain weight per ear, or
100GW. QTL for grain yield, kernel weight/300-grain
weight, ED, EL have also been found associated with
umc48 or its near RFLP marker loci at bin 8.03 by Austin
and Lee (1998), Austin et al. (2000), Melchinger et al.
(1998), Stuber et al. (1992), and Veldboom and Lee (1994).
At region 4L (4.05–4.06), QTL with the largest eVects for
EL (phi079–bnlg1621) and QTL for GWP (nc005–phi079)
and ED (phi079–bnlg1621) have been detected in present
study. Xiang et al. (2001), Yang et al. (2005), and Lan et al.
(2005) have detected QTL for 1000KW/300KW/100KW
on region 4L (4.05/4.08) at bnlg667/bnlg2162/php20608
(near bnlg1621). QTL for 300KW, EL, ED or ERN have
been associated with region 4L (4.08) at npi410 or its near
RFLP marker loci, umc15, npi292, and pio100025 (Austin
and Lee 1996, 1998; Beavis et al. 1994; Veldboom and Lee
1994). Therefore, several regions detected in this study
seem to contribute to trait variation in a diverse array of
normal maize populations and environments.

QTL associated with multiple traits

Previous maize studies showed that correlated traits shared
regions associated with QTL (Abler et al. 1991; Veldboom
et al. 1994; Austin and Lee 1996, 1998; Tang et al. 2005;
Yang et al.2005; Lan et al.2005). In this study, a total of 19
QTL were detected for the six grain yield components, and
these QTL were located in 15 marker intervals comparing
26 loci. Of these loci, nine (33%) were associated with QTL
for two to four traits. 100GW, EL, ED, and RKN, all highly
positively correlated with GWP in phenotype and genotype,
shared at least one QTL for RKN and both QTL for 100GW,
EL and ED. Meanwhile, EL and ED, 100GW, ED and RKN,
and ED and ERN shared one QTL each, and the QTL were
located on chromosomes 4, 8, and 10, respectively.

Genetic explanations for multiple associations include
QTL with pleiotropic eVects or the presence of linked QTL
controlling diVerent traits. According to Austin and Lee
(1996), the linkage pattern and parental eVects of QTL for
multiple traits in a region may indicate which of the two pos-
sibilities is more likely, although these two possibilities can-
not be resolved in this type of study. In the marker interval
nc005 » bnlg1621 on chromosome 4, four QTL for three
traits were detected in four marker intervals, with all favor-
able alleles contributed by the dent corn parent Dan232. One
QTL for GWP was located in the marker interval
nc005 » phi079 (6.74 cM), one QTL for EL and one QTL
for ED was in the marker interval phi079 » bnlg1621
(13 cM). Because one QTL for EL was detected in the
marker interval located with one QTL for ED, linked QTL
controlling GWP, EL and ED could be present in this region
(nc005 » bnlg1621), which might be a cluster for QTL con-
trolling diVerent grain yield components. One QTL for
100GW and one for ED were detected in the near regions,
bnlg1863 » umc2147 and umc2147 » umc1741, on chro-
mosome 8, and one QTL for ED and one for ERN were in
near regions phi059 » umc2017 and umc2017 » umc1877
on chromosome 10, respectively. It may be that two-linked
QTL control two diVerent traits in these two regions. In the
marker interval umc2025 » bnlg1811 on chromosome 1 and
phi115 » bnlg1863 on chromosome 8, QTL for GWP and
100GW, and QTL for GWP, ED and RKN were all detected,
respectively, with all favorable alleles contributed by the
dent corn parent Dan232. A single QTL could be present in
these two regions with a pleiotropic eVect on two or three
traits, respectively. In our previous study with the F2:3

population for the same six traits, 10 of 22 marker loci or 5
of 11 marker intervals (45%) were associated with QTL for
two traits. These results were higher than results in this
study. QTL for the pairs ED and ERN, GWP and ED, and
ED and ERN were all detected on the same marker
interval—phi079 » bnlg1621, phi109188 » umc1221 and
umc1677 » umc2122 on chromosome 4, 5, and 10, respec-
tively, with all favorable alleles contributed by Dan232.
QTL for both EL and RKN, and both 100GW and ERN
were located in the marker interval umc2332 » phi069 and
umc2057 » umc1567 on chromosome 7, with their favor-
able alleles contributed by diVerent parents. In the Wrst case,
a single QTL could be present in these three regions with a
pleiotropic eVect on two traits, while the two-linked QTL
might be present to control two diVerent traits in the later
case.

Value of favorable QTL alleles for grain yield 
components in popcorn breeding

The breeding value of trait-improving QTL alleles depends
on their possible association with negative eVects on other
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traits, as well as their gene action and germplasm back-
grounds. In popcorn breeding, normal maize inbreds can be
used to improve popcorn germplasm in grain yield and
yield component, plant, Xowering and resistant traits
(Crumbaker et al. 1949; DoWng et al. 1991; Ziegler and
Ashman 1994; Li and Lu 2000; Li et al. 2002). However,
elite popping characteristics of the popcorn germplasm
must be recovered through 1 to 2 backcrosses with popcorn
germplasm as recurrent parents (DoWng et al. 1991; Ziegler
and Ashman 1994; Li et al. 2002). Because grain yield and
most yield components are negatively correlated with pop-
ping characteristics (DoWng et al. 1990, 1991; Li et al.
1999), favorable QTL alleles for grain yield and yield com-
ponents attributed by the normal corn parent should not
have negative eVects on popping characteristics. Compar-
ing QTL detected for six grain yield components in this
study with QTL for three popping characteristics using the
same population (Niu 2006), two QTL for grain weight per
ear and 100-grain weight, qBGWP1-1and qB100GW1-1
(umc2025 » bnlg1811) and two QTL for PEV and popping
rate (bnlg1811 » umc2227), and two QTL for ear diameter
and grain row number per ear, qBED10-1and qBERN10-1
(phi059 » umc2017 and umc2017 » umc1877) and one
QTL for PEV (phi059 » umc2017) were in the near or
same marker intervals, with favorable alleles of three QTL
for popping characteristics all contributed by the popcorn
parent N04, while four QTL for grain yield components
were contributed by the dent corn parent Dan232. In these
two regions, a single QTL or linked multiple QTL could be
present, with a pleiotropic eVect on all three or four traits,
or each controlling one or more traits. So, MAS for
qBGWP1-1 or/and qB100GW1-1, and qBED10-1 or/and
qBERN10-1 could accompany a decrease in popping char-
acteristics. However, QTL for grain yield components and
for popping volume detected on chromosomes 3, 5, and 8,
with favorable alleles all contributed by Dan232, were very
useful for large Xake popcorn breeding. Although QTL for
three grain yield components and for PEV were all detected
on chromosome 4 with favorable alleles contributed by
diVerent parents, they could be interrupted through recom-
bination and selection because their marker loci is 34.2 cM
apart. One QTL for ED and one for popping volume
detected on chromosomes 2 and 7, respectively, could be
used in MAS.

Utility of BC2F2 families in further research 
and popcorn breeding

In this study, 220 BC2F2 families were maintained by
selection in BC2 and BC2F2 according to GWP > N04,
100GW > N04, and PF ¸ N04. Of the 220 BC2F2 families,
GWP of 210 families (95%) and 100GW of 208 families
(95%) were higher than N04, and among these, the PEV of

35 families (16%) was nearly the same or higher than N04
(Niu 2006). After 1–2 generations of self-pollination,
these 35 families could be used to replace N04 in popcorn
breeding. This is the most signiWcant advantage of
advanced backcross generation over BC1 and self-devel-
oped generations (e.g., F2, F2:3, and RILs) in QTL map-
ping, especially in detection and transference of valuable
QTL from wild or unadapted germplasm into elite breed-
ing lines or varieties (Tanksley et al. 1996; Fulton et al.
1997, 2000; Bernacchi et al. 1998a, b; Xiao et al. 1998;
Moncada et al. 2001; Septiningsih et al. 2003a, b; Huang
et al. 2003; Xie et al. 2007). In QTL detection with F2:3

families derived from crosses between normal corn and
popcorn inbreds, almost all of the F2:3 families could not
be used directly in popcorn breeding, even after 2–3 gener-
ations of self-pollination and selection, because their pop-
ping characteristics were very poor (Li et al. 2005; Babu
et al. 2006). Therefore, another cycle of backcross with
popcorn germplasm must be carried out to use these lines
to obtain elite popcorn inbreds.

Practice in normal maize breeding has revealed that
increases in inbred yield have played a very important role
in the increase in yield for hybrids, although heterosis is
critical in maize breeding (Duvick 1992). Therefore,
improvement in yield for popcorn inbreds could be helpful
in increasing the yield for popcorn hybrids. The combining
ability of self-selected lines from these BC2F2 families is
currently being tested. In fact, the increase in 100GW for
the popcorn parent N04 has special value in popcorn
breeding, because hybrids with middle to large grain were
much more favorable in the popcorn market in China.
However, the grain of N04 is a little small, and the result-
ing hybrids belong to the small grain type, for example,
100GW of 9–12 g for Yubao2 (N04 £ N10). Improving
the grain weight of N04 would lead to increased utility in
popcorn breeding.

In this study, the genotypic ratios of Dan232 of 18 fami-
lies in all 220 BC2F2 families were lower than 10%. Among
them, 12 families possessed QTL for GWP and/or 100GW,
and seven families had QTL for popping characteristics,
and their PEV was higher than N04. These families could
be used to develop QTL-NILs for GWP and/or 100GW
through selWng or another 1–2 backcross with N04, con-
ducting MAS for target QTL and N04 germplasm back-
ground. Work is currently being done in this area. Expected
QTL-NILs could be used to study their consistency of
eVects in environments, their interactions with environ-
ments, the interactions among them, Wne mapping, and
even their functions (Tanksley et al. 1996; Fulton et al.
2000; Huang et al. 2003; Brouwer and Clair 2004; Xie et al.
2007; Fan et al. 2006). In fact, successive backcross with
the recurrent parent is the most eYcient way to develop
QTL-NILs for further research.
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