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Abstract Phosphorus (P) is one of the essential ma-
cronutrients for plant growth and development. Grain yield
is the primary trait of interest in maize breeding programs.
Maize grain yield and yield-related traits are seriously
affected by P deficiency. Kernel number per row (KN), as
one of the major components of grain yield, has attracted
the attention of more and more breeders. In our previous
study, one major QTL (named gKN), controlling KN under
different P regimes was mapped to the interval between
molecular markers bnlg1360 and umc1645 on chromosome
10 using a F.5 population derived from the cross between
maize inbreds 178 and 5,003 (107). In order to understand
its genetic basis, we developed a population of near iso-
genic lines (NILs) and two P regimes were used to fine map
and characterize gKN. The QTL gKN was finally localized
in a region of ~480 kb. A single gKN allele of inbred 178
increased KN by 6.08-10.76 % in the 5,003 (107) back-
ground; gKN acted in a partially dominant manner. Our
results will be instrumental for the future identification and
isolation of the candidate gene underlying gKN. The tightly
linked molecular markers that we developed for gKN will
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be useful in maize breeding programs for improving KN
applying the marker-assisted selection.

Abbreviations

cM  Centimorgan

KN  Kernel number per row
NIL  Near isogenic line

P Phosphorus

QTL Quantitative trait loci
RIL  Recombinant inbred line
SSR  Single sequence repeat

Introduction

Maize (Zea mays L.) is one of the most important crops
worldwide, serving as a source of food, feed, and fuel.
Grain yield is the primary trait of interest in maize breeding
programs. By 2020, we will have to produce 31 % more
maize to meet the demands of a constantly increasing
population in China (Zhang et al. 2008). So, it is very
important to study the mechanism of improving total maize
grain yield. Studies about total grain yield are concentrat-
ing on grain yield per plant, 100 kernel weight, ear length,
row number per ear, kernel number per row, ear diameter,
and so on (Austin and Lee 1996; Thomson et al. 2003; Guo
et al. 2008). All of these traits are major components of
total grain yield. As an important yield determinant, kernel
number per row has attracted the attentions of breeders
(Sabadin et al. 2008; Liu et al. 2010; Tang et al. 2010).
Sabadin et al. (2008) indicated that KN has a high herita-
bility coefficient and a high correlation with total grain
yield. Li et al. (2010) suggested that KN has a positive
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coefficient with grain yield per plant, 100 kernel weight,
ear length, ear diameter but has a negative coefficient with
row number per ear.

With the development of molecular genetic markers,
QTL mapping has become a routine strategy for the dis-
covery of genes involved in complex quantitative traits.
During the past decade, many attempts have been made to
characterize QTL for grain yield and yield components in
maize, and many QTLs have been mapped on the linkage
map (Tang et al. 2007). However, most of the materials
used in mapping were primary segregating populations
such as F,.3 lines, recombinant inbred lines (RILs), and
doubled haploid lines (Lima et al. 2006; Ma et al. 2007; Li
et al. 2008; Messmer et al. 2009). Primary segregating
populations capture a single moment in time and thus
cannot be used for multi-year phenotyping, nor is it likely
that the genetic maps constructed will ever be improved.
Lima et al. (2006) mapped a total of 16 QTLs for grain
yield using 256 F5.; families. Ma et al. (2007) detected 31
QTLs for grain yield and yield components using 294
RILs. Although these populations are easy to develop, they
are not suitable for fine mapping or cloning of QTL
because of excessive genetic background noise.

The crucial step for identifying the candidate gene(s) is
to delimit a QTL/gene into an interval as short as possible
(Salvi and Tuberosa 2005). Advanced populations such as
near isogenic lines (NILs) and chromosome segment
substituted lines have the same genetic background as the
recurrent parent except for the substituted segments, which
makes it possible to narrow down the QTL to a small
genetic interval and segregate the QTL as single Mendelian
genes. Applying this approach, genes with large genetic
effects on a quantitative trait have been accurately mapped
and isolated by recurrent backcrossing combined with
selection for the traits (Darvasi 1998; Salvi et al. 2007).
Fan et al. (2006) detected a major QTL for grain length and
weight using a similar NIL-based strategy in rice. The QTL
locus explained 80-90 % of the variation for grain weight
and length in the BC3F, population. Quarrie et al. (2006)
found a major QTL for wheat yield and identified the QTL
as a candidate gene and identified a candidate responsible
for the QTL. However, few loci segregating as single
Mendelian genes have been reported for grain yield in
maize and none have yet been cloned.

Phosphorus (P) is one of the essential macronutrients for
plant growth and development (Raghothama 1999). Maize
grain yield and yield-related traits are seriously affected by
P deficiency (Plenet et al. 2000a, b). In order to increase
maize production, maize breeders have exerted enormous
efforts to breed hybrids with tolerance to low P (Reiter
et al. 1991; Zhu et al. 2006; Chen et al. 2009). Therefore,
detecting QTL for yield components and kernel-related
traits, analyzing the stability of QTLs and exploiting
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constitutive QTLs under different P regimes are of great
importance in marker-assisted breeding for P tolerance in
maize (Chen et al. 2008).

At present, there are a lot of reports in the literature
about mapping QTL for KN (Xiao et al. 2005; Yan et al.
2006), as well as there are plentiful papers about fine
mapping of grain yield QTLs. Yan et al. (20006) used a F,.3
population to detect three QTLs for KN, where these QTLs
can explain 30 % of the phenotypic variation; however,
very few reports of fine mapping KN QTLs exist (Liu et al.
2010). KN has been suggested as a very important con-
tributor to total grain yield (Li et al. 2010; Liu et al. 2010)
but we did not find any report about fine mapping of KN
under different P regimes. It is, therefore, important to
study the response of KN to high and low phosphorus
treatments and the consequences for grain yield and grain
yield components in maize.

In a previous study, we generated a F,.; family derived
from the cross between inbred lines 178 and 5,003 (107)
and found three major QTL clusters controlling maize yield
component traits in high and low phosphorus treatments
(Li et al. 2010). We identified five QTLs conferring KN
including a major QTL, which was fine mapped by
developing NILs. We named this major QTL as gKN,
following the QTL naming principle indicated by
McCouch et al. (1997). The objectives of this research
were to fine map the major QTL conferring kernel number
per row in maize, to develop new markers to saturate the
major QTL region, and to fine map the major gene.
Moreover, a high-resolution map of the gKN region with
many cosegregating or closely linked markers will enable a
marker-assisted selection program to improve KN and thus
grain yield.

Materials and methods
Plant materials

In our previous study, one major QTL (named gKN),
controlling KN, was mapped to the interval between
molecular markers bnlg1360 and umc1645 on chromosome
10 using a F,.; population derived from the cross between
inbred lines 178 and 5,003 (107) (Li et al. 2010). The
genetic distance of the two markers is 12.6 cM. We
selected the subsequent experimental materials by contin-
uous backcrossing. The sequence developed to produce the
experimental material is shown in Fig. 1. The F; plants,
derived from a cross between 178 and 5,003 (107), were
backcrossed with 5,003 (107) as the male parent. Inbred
line 178 is a P efficient genotype, and 5,003 (107) is a P
inefficient genotype. The genotypes of each individual
were surveyed by simple-sequence repeat (SSR) analysis.
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5003 (107) X178
/m X 5003 (107)
F2 BC1F1 X5003(107)
l® \ Yhole gename survey by SR analysis and selection
F3 BC2F1 X5003(107)
QTL analysis \ Yhole genome survey by SR analysis and selection
BC3F1 X5003(107)
l Yhole genome survey by SR analysis and selection
BC4F1
BC4F2 BCAF2 segregated population
BC4F3 BC4F3 progeny test

Fig. 1 Plant material used for fine mapping of QTLs controlling
kernel number per row in maize under high and low P treatments.
Populations used in this study were derived from a cross between 178
and 5,003 (107). Primary QTL analysis for grain yield in maize under
low P was carried out using an F,.3 populations (Li et al. 2010)

From the BC,F; generation, selections and backcrosses
were carried out to obtain suitable BC4F; plants for anal-
ysis. In order to screen the genetic background of BC,Fy,
110 SSR marker evenly distributed on 10 chromosomes
were selected from all polymorphic markers between 178
and 5,003 (107). Five chromosome fragments covering
about 90 cM on chromosomes 2, 3, 4, 7, 8 were hetero-
zygous except bin 10.07 in BC,F,. The markers situated in
these five fragments were further used to screen several
BC;F, and BC4F, plants. Finally, seven BC4F; plants with
the fewest background markers were selected for BC4F,
production. These BC4F; plants were regarded as F; plants
for fine mapping of target QTLs because the putative QTL
regions were heterozygous while almost all other regions
were homozygous for 5,003 (107) alleles. From these seven
plants, a BC4F, consisting of 1,036 plants was developed
and grown in the field. As phenotyping in field conditions
resulted in a large phenotypic variance, 287 BC4F; lines
homozygous at the SSR marker interval umc2351 and
umc1344 were selected and grown in the field. Each
BC4F3 line was represented by 10 individual plants.

Experiment flow

The experimental design, trait evaluation, phenotypic data
analysis, and SSR data analysis have been described in
detail in a previous publication (Li et al. 2010). In brief, the
experiment was designed using a split plot design with
three replications at two locations, Taian (TA), Shandong
province, China (36 16’ N latitude, 117 15’ longitude),

where the average daytime temperature is 14 C and the
average rainfall per year is 697 mm; and Yantai (YT),
Shandong province, China (37 57’ N latitude, 121 16’ E
longitude), where the daily temperature and average yearly
rainfall are 12 C and 652 mm, respectively. We used two
phosphorus treatments in each location, named as high
phosphorus (HP) and low phosphorus (LP), respectively.
The HP treatment was designed as follows: 50 kg ha™' of
P, 63 kg ha™! of K in the form of potassium dihydrogen
phosphate before sowing, 180 kg ha™' of N in the form of
urea with 120 kg ha™' before sowing and 60 kg ha™' at
stem elongation stage. The LP treatment was designed as
same as the HP treatment except changing potassium
dihydrogen phosphate into 63 kg ha™' of K in the form of
potassium chloride.

Molecular linkage maps were constructed using MAP-
MAKER 3.0 (Lander et al. 1987). Analyses of QTL loca-
tion, origin of positive alleles, and effects of QTLs were
performed using the software Windows QTL Cartographer
version 2.5 (Wang et al. 2005) based on composite interval
mapping with a LOD threshold of 3.0.

Development of specific markers in the target region

Sequences available in the major QTL gKN region, the QTL
confidence interval extend six BAC contigs according to the
B73 BAC-based whole-genome physical map (http://www.
maizesequence.org/), including the anchored EST, IDP,
BAC, and BAC-end sequences, were used to develop new
polymorphic high-density markers. These sequences were
compared to NCBI databases via tBLASTn to obtain possi-
ble longer sequences. Primers were designed using the
PRIMERS5.0 software along with the following parameter
settings: primer length is 20 nucleotides with a 40-60 % GC
content, no secondary structure, and no consecutive tracts of
a single nucleotide. Primer pairs were used to amplify the
corresponding segments from both parents. The PCR cycling
parameters were set up followed the protocol described by Li
et al. (2010), except for the annealing temperature that was
adjusted for each primer pair. The microsatellite search tool
SSRHunter1.3 (Li and Wan 2005) was employed to mine
BAC sequences for SSR sequences and flanking BAC
regions were used for primer design.

Fine mapping gKN

Fine mapping of the major QTL controlling KN was per-
formed as follows. First, high-density molecular markers
within the QTL region were developed to resolve recom-
bination events. Secondly, screening of new recombinants
was conducted by genotyping all mapping populations
using new markers within the QTL region. Then, a progeny
test was performed to determine KN for the recombinant.
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Results
Mapping and confirmation the major QTL

We divided BC4F1 population into two groups, high KN
group and low KN group. A total of 110 SSR markers were
used to test the frequency of 1/2 (heterozygote) and 1/1
(homozygote) in both groups, respectively. Significant bia-
ses in allele frequency were observed for those markers
located in the bin 10.07 region, suggesting the presence of the
putative QTL (Table 1). The markers in bin 10.07 showed no
distortion from 1:1 ratios of heterozygote to homozygote in
the whole BC4F; population. However, percentages of het-
erozygote at these markers significantly (P < 0.0001) differ
between the high and low KN groups (Table 1). In the high
KN group, percentages of heterozygote (1/2) in bin 10.07
region was significant higher than those in the low KN group,
suggesting the allele that increasing KN was derived from
the donor parent 178.

Furthermore, using the Windows QTL Cartographer
version 2.5 (Wang et al. 2005), a major QTL with the LOD
value of 9.8 was detected on bin 10.07, interval with the
SSR markers umc2351 and umcl1344, the QTL could
explain ~28 % of phenotypic variation.

Phenotypic and genetic analysis

We evaluated BC4F2 individuals under both HP (n = 617)
and LP (n = 419) conditions, respectively. The KN of donor
parent 178 was 26.69, while for the recurrent parent 5,003
(107) it was 22.14 in high P treatment condition. For the low
P treatment condition, the KN of 178 and 5,003 (107) were

Table 1 Correlation of genotype and KN at makers in the gKN
region

Bins  Marker Percentage of heterozygote X2 P value

(%)*

In high KN In low KN

group group
10.07 umcl196 89.32 22.61 25.35 <0.0001
10.07 bnlgl360 83.66 25.93 21.79 <0.0001
10.07 umc2351 90.43 22.78 26.17 <0.0001
10.07 umc2203 92.38 27.64 28.39 <0.0001
10.07 bnlgl450 86.57 26.34 24.11 <0.0001
10.07 umcl344 94.72 30.18 31.69 <0.0001
10.07 umc2216 93.92 29.55 30.25 <0.0001
10.07 umcl645 91.36 31.62 27.74 <0.0001
10.07 bnlgl185 90.57 30.45 25.95 <0.0001

P value Probability of HO hypothesis that is independent between
genotype and trait

% The percentage of plants heterozygous for molecular markers
within the gKN region in each group
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24.54 and 20.33, respectively. We used SSR markers
bnlg1360 and umc1645 to determine the plant genotypes in
the gKN regions and recorded the KN of each plant in the
field. After PCR reactions and silver staining, the genotype
which was identical to the 5,003 (107) parent was named as
5,003(107)/5,003(107), the genotype which was identical to
178 parent was named as 178/178, while the genotype which
was carried both 5,003(107) and 178 parental alleles was
named as 5,003(107)/178. In high P treatment condition, the
average KN of 178/178 plants was 25.88, 5,003(107)/
5,003(107) plants was 23.16. The KN of 178/178 plants was
11.74 % more than 5,003 (107)/5,003 (107) plants. While in
low P treatment condition, the average KN of 178/178 plants
was 24.07, and that of 5,003 (107)/5,003 (107) plants was
20.88,i.e., the KN of 178/178 plants was 15.27 % larger than
the KN of plants homozygous for the 5,003 (107) marker
allele (Table 2). All of these results suggested a major QTL
in this region with the allele from 178 increasing the number
of KN by 11.74-15.27 %. The effect of this QTL on KN was
more pronounced under low P treatment condition than
under high P treatment condition (Figs. 2, 3).

Development of PCR-based markers in the gKN region

At first, a total of 21 SSR markers obtained from bin 10.07
(http://www.maizesequence.org/) were applied to test the
polymorphism in parents and finally nine SSR markers
(including bnlg1360 and umc1645) (Table 1) were used to
construct genetic maps for fine scale QTL mapping. Using
QTL Cartographer version 2.5, gKN was mapped in the
region of umc2351 and umc1344 in BC4F1 population. After
searching the position of the SSR markers umc2351 and
umc1344 on B73 physical map, we found 24 BACs between
umc2351 and umc1344, which represents too large a phys-
ical interval to easily work with further. However, by eval-
uating BC4F, families (Fig. 4), we could narrow the QTL
containing interval to umc2203 and umc1450, a physical
interval contained within six BACs (AC209426, AC155500,

Table 2 Genotypes and KN of BC,F, segregation population in
different P regimes treatments

Genotypes No. Means (n)

plants

Ranges (n)

HP LP HP LpP HP LP

5,003 (107)/5,003 135 103 23.16 20.88 15-33 15-30
(107)

178/178 161 126 2588 24.07 18-36 15-33
5,003 (107)/178 321 240 24.19 2285 15-36 15-33
5.003 (107) parent 22.14 2033 15-33 15-30
178 parent 2669 24.54 18-36 15-33

n, HP, LP represent number, high phosphorus treatment and low
phosphorus treatment, respectively
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Fig. 2 Frequency distribution for KN of BC4F, Population in high P
treatment
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Fig. 3 Frequency distribution for KN of BC4F, Population in low P
treatment

AC191572, AC197199, AC195335, AC190651). This rep-
resents a substantial improvement to our characterization of
the gKN containing interval. These BACs were compared to
NCBI and MAGI databases via tBLASTn to obtain possible
longer sequences. Finally, SSR Hunter 1.3 was used to search
SSR primers from obtained sequences and PRIMERS.0 was
used to develop new markers, 133 SSR markers were
designed and finally 30 new markers (Table 3) that repre-
sented good polymorphism in parents were used to narrow
down the major QTL.

Fine mapping of gKN

In 2009 in Taian and Yantai, 1,036 BC,F, individuals were
created for mapping. The QTL was located between
umc2203 and umc1450, after using SSR marker umc2203
and umc1450 analyzing the whole BC4F2 populations, we
identified six and three recombinant events, respectively.

28 umc 1196

2.9 A\ bnlg 1360
29 umc 2351
3.9 umc 2208
73 akN
2.4 bnlg 1450
1.6 umc 1344
25 umc 2216
3.4 umc 1645
bnlg 1185

Fig. 4 Molecular linkage of gKN in BC4F, population

Using 30 new markers, we found different recombinants and
noted the results under the genetic maps of BC4F2 (Fig. 5).
Using new markers screening the recombinant events, gKN
was limited between SSR11 and SSR27 with three and two
recombinant events, respectively. SSR markers SSR14 and
SSR23 showed co-segregation with these two markers. In
order to fine map gKN, a much larger BC4F3 population
derived from homozygous plants of BC4F2 was evaluated in
the summer of 2010. Out of 2,870 plants, 609 individuals
exhibited the low KN phenotype. 2,261 individuals exhibited
normal and high KN phenotype. Two microsatellite markers
(SSR11 and SSR27) flanking the QTL were used to detect
recombinant events between the markers and the target gene.
Analysis of SSR11 detected 12 recombinant events between
the marker and gKN on one side, and analysis of SSR27
detected 7 recombinant events on the other side. Recombi-
nant screening with three other markers (SSR15, SSR19,
SSR23), which were more internal to gKN, detected five,
two, three recombinants, respectively. SSR15 and SSR19
were developed from AC191572 and AC197199, respec-
tively. The physical distance between these molecular mark-
ers is ~480 kb. By using the B73 reference genome sequence,
RefGen_vl1, the gKN was precisely defined in a ~480 kb
region by SSR15 and SSR19 (Fig. 5). As expected, plants
carrying the superior gKN region from cv 178 showed higher
KN than those with the gKN from cv 5,003 (107) (Fig. 6).

Estimation of the genetic effect of the major QTL

The genetic effect of gKN was estimated using BC4F;,
BC,F,, BC4F5 populations during the year 2008-2010. As
expected, plants carrying the gKN region showed higher
KN than those without gKN (Fig. 6).

In 2008, the mean value of KN that the plants carrying
gKN was 25.1 in BC4F;, while the value was 23.5 of
without gKN plants. In 2009, 1,036 BC,F, plants were
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Table 3 Newly developed molecular markers for fine-mapping of gKN

Markers BAC Forward primers (5'-3') Reverse primers (5'-3") Annealing Predicted
temperature (°C) size (bp)
SSR1 AC209426 gttgtttgatgcaccatgec gttaggggataagggaaaga 60 262
SSR2 AC209426 gegtgtgtggacgatggata gaggagatggatcgaacgga 62 265
SSR3 AC209426 actcggcagacgaagagaca cctcgacttatatggtggga 61 247
SSR4 AC209426 tgcacacattagaacggcga gccacttgaaacgttgtctg 60 291
SSR5 AC209426 acatgtatatgggccaggec ctggagttctgtgcagetaa 60 283
SSR6 AC155500 geactgctgtctaatctagg ggcecgcectgtttttctaga 61 213
SSR7 AC155500 tgcggtgaagaggagaggac tgcacacacacgceactccga 64 267
SSR8 AC155500 tcgatgggaggagatggatce ctccaactccaaacgcgaca 62 310
SSR9 AC155500 cggacgaacggacgaacgaa gctaacctcccactaatect 60 300
SSR10 AC155500 cacccactcctgtaaagttc ccacagacaacgcagcaaat 60 217
SSR11 AC191572 gacgagccgagaacgaacga tetctgtgetgtgcatggga 62 141
SSR12 AC191572 ccgetgactccgatagatag gcgtgtgtggacgatggata 62 244
SSR13 AC191572 tetctectcgaagtcagege gaagtcgcagggtgcttcca 64 285
SSR14 AC191572 actttacaggagtgggtggc ctagcatctatccatceegt 61 304
SSR15 AC191572 gaggcaccatccttcgatca ccacaactgcggcaagcttg 63 235
SSR16 AC197199 gatgtcgattgagcagatgt atcttcagcatccatggggt 59 214
SSR17 AC197199 ggagagaaaatgagagagag gttgtttgatgcaccatgcee 59 292
SSR18 AC197199 acgcatcattctcecttctg ccacctatgacctatcegte 60 312
SSR19 AC197199 gttgattcagccagtcactc gaacacggtgccagagagat 61 305
SSR20 AC197199 aactttacaggagtgggteg cggcacctgaagegtctett 62 239
SSR21 AC195335 ctgtaggccgtagetatgea atccacgcctggtcagagag 63 285
SSR22 AC195335 cacagtgcgcagccaatctt tgatgcagactcaggcagtt 61 206
SSR23 AC195335 accatgcatcgtcctgetge gttggctccttccataggee 64 296
SSR24 AC195335 tettttcttgtctccggeat ctaagttagccacataatcc 57 295
SSR25 AC195335 acatcacttcgagcggttag agagacccggtetttgtgac 61 273
SSR26 AC190651 cgctagaccggagaacccaa cttccagagcttgatgaggt 62 327
SSR27 AC190651 gtgcaaccgaatcgaatceg agagcccaagectgagacga 63 286
SSR28 AC190651 gtggacgatgaagctageac gcgegagtgeactctcaatt 62 330
SSR29 AC190651 agtgtgatccggcaacattc ctcaccagccactaatatca 60 204
SSR30 AC190651 tgacgtacgcggttagtgtg ctaaggtgtgtaatggtgga 60 270

evaluated for KN, and the mean value of KN that with or
without gKN was 24.8 and 22.9, respectively. A total of
2,870 BC4F5 plants were evaluated for KN, the mean value
of KN that with or without gKN is 25.7 and 23.2, respec-
tively. These data suggested that a single gKN allele
derived from 178 could steadily increase the KN by 6.08—
10.76 % in the 5,003 (107) background and the gKN acted
in a partially dominant manner.

Discussion
It has been confirmed that QTL mapping using early gen-
eration, biparental populations is imprecise, with the support

or confidence interval for a QTL position spanning
10-30 cM or comprising 1-3 % of a genome (Dekkers and
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Hospital 2002; Salvi and Tuberosa 2005). Reasons for this
imprecision include insufficient marker density and limited
opportunities for recombination between closely linked loci
due to the relatively small size of many mapping populations.
Thus, using advanced populations has been proposed as a
way to increase the accuracy of mapping experiments. It is
reported that the confidence interval around a QTL was
several times smaller in the advanced population compared
to the initial population (Lee et al. 2002; Huang et al. 2010).
Here, we developed a NIL population using BC4F; derived
families and located the known gKN to a physical ~480 kb
interval 20 times smaller than we initially reported based on
mapping in an F,.3 population.

A common difficulty in mapping QTL is that QTL
effects may show environment specificity and differ across
environments due to the following reasons. First of all,
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BWIGKN O Without kN in phenotyplc plasticity or the ability of organisms to.take
on alternative developmental fates depending on environ-
mental cues. In this study, we detected a major QTL for

= kernel number per row in the bin 10.07 region using a NIL
g population; a new regions for a maize yield component
= QTL.
e Several reports had shown that the marker-assisted
3 backcross selection method is efficient for transferring
% QTL from elite or non-elite germplasm to elite inbred lines
= (Moreira et al. 2009). Kaeppler (1997) demonstrated that
E NIL-based QTL tests had less statistical power for QTL
= detection than RILs, but this comparison assumed that each
NIL was paired with the recurrent parent in the experi-
mental design. More efficient NIL experimental designs,
0 ) ) . where the recurrent parent is compared to multiple NILs
BCA4F1 BC4F2 BC4F3 simultaneously, can improve the relative efficiency of NIL

Fig. 6 Kernel number per row in BC4F;, BC4F, and BC,F;
populations

different studies used diverse mapping populations; these
diverse populations have distinct genetic backgrounds,
which induced dissimilar QTL restructure and exchange
(Yan et al. 2006). Secondly, the parents of the mapping
populations have different diversity in specific quantitative
traits, causing dissimilar QTL polymorphism in different
groups. Guo et al. (2008) and Liu et al. (2010) used dif-
ferent mapping populations gained dissimilar results about
QTLs for grain yield. Thirdly, different mapping popula-
tion sizes, marker types, and mapping saturation influence
QTL detection and sensitivity. Finally, there are many
different non-genetic factors, such as environmental con-
ditions. Lukens and Doebley (1999) thought QTL effects
were environmentally sensitive and this sensitivity resulted

experiments. Furthermore, although the power of detecting
a single QTL may be greater in RILs than NILs, NILs may
still offer more accurate QTL effect estimates than RILs
when multiple QTLs are as segregating in the population.
Typical population sizes that used in RIL mapping studies
result in the confounding of effects of multiple segregating
QTLs. This can lead to a reduced power of QTL detection
and overestimation of the effects of the detected QTLs
(Fazio et al. 2003). In contrast, phenotypic differences
between the recurrent parent and a NIL should due pri-
marily to the allelic differences at the chromosomal region
surrounding the introgressed target locus. Essentially, this
should reduce much of the “noise” caused by the effects of
genetic background.

Expenses for marker assays are the major costs in
marker-assisted backcrossing programs for transferring
target genes from a donor into the genetic background of a
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recipient genotype (Prigge et al. 2009). The efficiency of a
marker-assisted backcrossing program depends on the
selection strategy, population size, distance of the markers
flanking the target gene, and length of the chromosome
segment attached to the target gene. Sabadin et al. (2008)
constructed a genetic map which had 117 microsatellite
loci with average distance of 14 cM. Messmer et al. (2009)
designed a RIL population and the genetic linkage map was
constructed with 160 publicly available markers (81 SSRs
and 79 RFLPs), it was 2,105.6 cM long and the average
marker distance was 12.2 cM. Visscher (1996) suggested a
marker distance of 10-20 cM should be appropriate. In our
study, we used 110 SSR markers to control the genetic
background of the recurrent parent 5,003 (107) from BC,F,
populations.

Development of high yield varieties is one of the most
important goals in maize hybrids. KN, which is associated
with ear length, row number per ear, ear diameter and other
features, was shown to be highly correlated with yield and
acted as a crucial component in determining maize yield
(Li et al. 2010; Liu et al. 2010). Therefore, detection of its
genetic basis would be of large value in breeding high
yielding varieties. In the present study, we detected the
major QTL on chromosome 10 for KN under different P
regimes at two locations. This QTL was found to have an
effect across different backcross populations (Fig. 6).
Wang et al. (2009) combined a wealth of QTL mapping
data from different publications and found 46 QTLs for
KN, most of them were located on chromosome 1 and 5.
This result was in agreement with our initial QTL mapping
(Li et al. 2010). Only one of the reported QTL for KN was
located on chromosome 10, the region of this QTL was in
bin 10.01 and it is different with our result. Sabadin et al.
(2008) obtained a segregating population by crossing
inbreeding lines from different heterotic groups of maize
and found five QTLs for KN, two on chromosome one, two
on chromosome five, and one on chromosome 10, the
region of the last QTL was in bin 10.04 between SSR
markers bnlgl1526-umc1930, which is also different with
our result. Taken together, this indicates that the QTL
identified here is a new QTL for KN.

Although P is one of the most important nutrient ele-
ments affecting many agronomic traits including KN, the
previous ecological condition, designed for QTL identifi-
cation controlling KN, were focused on different water
content in soil according to literature (Xiao et al. 2005; Lu
et al. 2006), and different nitrogen regimes (Liu et al.
2010), whereas, different P regimes have hardly been used
in QTL analysis for KN. In our study, the major QTL could
steadily enhance the KN under different P regimes (Figs. 2,
3). Under low P treatment condition, gKN increases the
number of KN more than under the high P treatment
condition. Chen et al. (2009) reported a QTL controlling

@ Springer

whole phosphorus utilization efficiency located near the
marker bnlgl1839 in bin 10.07, which is adjacent to our
gKN. We will validate whether our result is related with
that report in the future. We also found five QTL for KN on
the web (http://www.maizeGDB.org/). As none of them is
located in the region of bin 10.07 suggests that the QTL
identified here is a new QTL.

Over the past 10 years, researchers have gained an ini-
tial understanding of the genetic basis of yield traits in
maize based on QTL mapping studies (Yan et al. 2006;
Wang et al. 2009). Although very few QTL have been
cloned, our results suggest that the QTL described here is a
single gene. We can expect that with the improvement of
mapping populations and statistical methods, more and
more QTLs will be detected and used for fine mapping.
With the help of bioinformatics, genome sequencing of
model crops, and the principle of comparative genomics,
these QTLs will be cloned, which in turn, will greatly
promote the research of basic theory of complex traits and
the development of molecular design breeding.
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