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conditioning GW. These three QTL intervals showed plei-
otropic effects on, or close linkage with genes for, spike 
length, plant height and flag leaf width, respectively, and 
acted differentially in determining the kernel dimensions 
that are the major GW determinants. They all conditioned 
wider kernels with QGw.nau-5A displaying the largest 
effect. QGw.nau-4B and QGw.nau-5A also conditioned 
thicker kernels but had opposite effects on kernel length. 
This study demonstrated that marker-assisted selection is 
effective for GW improvement. The availability of GW 
NILs could facilitate cloning of GW genes and unraveling 
of kernel development mechanisms.

Introduction

Wheat (Triticum aestivum L.), as one of the world’s major 
staple crops, feeds approximately 40 % of the world’s 
population (Gupta et al. 2008). Wheat yield has greatly 
increased since the introduction of the ‘Green Revolu-
tion’ Rht genes; however, development of new varieties 
with higher yield potential is still the focus of worldwide 
wheat breeding programs because of the increasing global 
demand for wheat due to faster population growth.

The product of grain weight (GW), kernel number per 
spike and number of fertile spikes per unit area determines 
the unit wheat yield. These three yield components are 
physiologically related and affected greatly by environmen-
tal factors. Since GW has the highest heritability relative to 
the other two yield components, it is more suitable for early 
selection in breeding (Xiao et al. 2012). In China and other 
countries, GW increase is evident among cultivars devel-
oped in the last century (Calderini et al. 1995; Zhou et al. 
2007; Underdahl et al. 2008). GW is directly related to ker-
nel size and shape (KSS), which is mainly determined by 
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kernel length (KL), kernel width (KW) and kernel thick-
ness (KT) (Campbell et al. 1999; Dholakia et al. 2003; 
Breseghello and Sorrells 2006; Sun et al. 2009). Larger 
kernels usually contribute to higher GW and flour yield as 
well as better seedling vigor (Blair 1992; Chastain et al. 
1995; Botwright et al. 2002). Understanding the genetic 
control of GW would help us further raise the wheat yield 
potential.

With the help of molecular markers, more than 100 
quantitative trait loci (QTLs) for GW in wheat have been 
identified to date using bi-parental populations or cul-
tivar populations (Ammiraju et al. 2001; Groos et al. 
2003; Huang et al. 2003, 2004, 2006; Quarrie et al. 2005; 
Breseghello and Sorrells 2007; Cuthbert et al. 2008; Zhang 
et al. 2008; Sun et al. 2009, 2010; Zheng et al. 2010; Mir 
et al. 2012; Rustgi et al. 2013; Maphosa et al. 2014; Tyagi 
et al. 2014). These QTLs distribute on all 21 chromosomes 
of the wheat genome. Some of these QTLs were detected in 
multiple studies and verified in meta-analysis (Tyagi et al. 
2014); a few have been validated in association mapping 
(Breseghello and Sorrells. 2006; Reif et al. 2010; Neumann 
et al. 2011; Mir et al. 2012; Wang et al. 2012a) or using 
introgression lines or near isogenic lines (NILs) (Röder 
et al. 2008; Simmonds et al. 2014). Due to the high level 
of homogeneity, NILs are widely used in validation, fine 
mapping and isolation of various QTLs to reduce the back-
ground noise (Röder et al. 2008; Wang et al. 2010; Deng 
et al. 2011; Xue et al. 2013; Wu et al. 2014).

QTL or genes conditioning GW are always associated 
with one or more KSS factors due to their causal relation-
ship. The characterized genes for rice GW, such as, GS3, 
GS5, GW2, qSW5/GW5 and OsSPL16/GW8, all showed 
affects on one or more KSS factors (Fan et al. 2006; 
Li et al. 2011; Song et al. 2007; Shomura et al. 2008; 
Wan et al. 2008; Wang et al. 2012b). Wheat TaGW2, the 
ortholog of OsGW2, is also associated with KW, KT and 
roundness (Su et al. 2011; Maphosa et al. 2014). Moreover, 
a few QTL clusters in the wheat genome that are related 
to GW as well as KSS factors were also identified. These 
included intervals on chromosomes 2A, 2B, 2D, 4B, 5D, 
and 6A for GW and KW (Sun et al. 2009; Ramya et al. 
2010), the interval on chromosome 5B for GW and KL 
(Ramya et al. 2010), and intervals on chromosomes 2A, 
5A, 5B, 6A and 7A for GW and kernel diameter (Sun et al. 

2010; Tsilo et al. 2010). Thus, dissection of the KSS factors 
is important for us to understand the mechanisms underly-
ing GW formation.

In the RIL population derived from ‘Nanda2419’ (‘Men-
tana’) × ‘Wangshuibai’ (WSB) developed in our laboratory, 
five QTLs associated with GW, distributed on 2D, 3A, 4B, 
4D and 5A, were identified (Jia et al. 2013; unpublished 
data). All these QTLs increase GW through the Nanda2419 
alleles and did not show epistasis (Jia et al. 2013). Of them, 
QGw.nau-4B and QGw.nau-5A were detected in all trials 
with the LOD score larger than 5 in five of six cases and 
explained up to 30.5 % phenotypic variation. QGw.nau-2D 
was a QTL with minor effects and the corresponding inter-
val was also related to spike length (Wu et al. 2014). In this 
study, we report the development of NILs for these three 
QTLs and the subsequent characterization of their effects 
on GW and kernel dimensions.

Materials and methods

Plant materials

Local variety WSB and improved cultivar ‘Wenmai6’ (W6) 
were chosen as recurrent parents for NIL development. 
WSB is known for its scab resistance but poor in agronomic 
performance. W6 was a high-yielding cultivar developed 
in Henan province in 1990s. In the local trials, W6 had a 
thousand GW 4 g higher than Nanda2419 that in turn was 
6 g higher than WSB in GW. Due to lack of polymorphism 
in the QGw.nau-2D and QGw.nau-5A intervals between 
W6 and Nanda2419, W6 was only employed in the QGw.
nau-4B NIL development, in which Nanda2419 was used 
as the QTL donor. When WSB was employed as the recur-
rent parent, three lines (NW23, NW70, NW53) with higher 
WSB genetic composition from the Nanda2419 × WSB 
RIL population were used as the donor parents.

Marker-assisted NIL selection

NILs were selected solely based on marker-assisted selec-
tion. Markers used in marker-assisted selection of QGw.
nau-2D, QGw.nau-4B and QGw.nau-5A intervals are listed 
in Table 1. At each backcross generation, plants were 

Table 1  Target QTLs intervals and the linked markers for forward selection

a ‘/’ indicates co-segregating markers

Target QTL Interval length (cM) Linked markers listed in mapping ordera References

QGw.nau-2D 4 GWM261-WMC112/CFD53-GPW4080 Wu et al. (2014)

QGw.nau-4B 1.3 GWM495-GWM149-WMC349 Xue et al. (2008)

QGw.nau-5A 13.4 MAG1281-BARC56-WMC96-BARC100-GWM186 Xue et al. (2008)
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genotyped with the two flanking markers of the target QTL 
intervals. For marker-assisted background selection (BS), 
starting at BC2, plants with the target QTLs were geno-
typed with non-linked SSR markers to roughly estimate 
the proportions of the recurrent parent genetic composition 
(RGC %) (Xue et al. 2010). In the crosses of WSB with 
the NW lines, markers polymorphic between the parents 
based on the genome marker map constructed using the 
Nanda2419 × WSB RIL population by Xue et al. (2008) 
were used for BS. In the cross of W6 with Nand2419, about 
two markers per chromosome arm that were polymorphic 
between the parents were identified for BS by surveying 
the parents. The BCF1 plants harboring the target QTLs and 
with the highest RGC % were selected for further back-
cross. At BC2F1 or BC3F1 generation, the selected plants 
were selfed. Plants homozygous at the target intervals were 
then identified in the selfed progenies using all the markers 
mapping to the QTL intervals (Table 1) and surveyed again 
with the remaining polymorphic background markers. The 
RGC % of the NILs was estimated based on survey of all 
the polymorphic markers.

Marker genotyping

Total genomic DNA was extracted from young leaves 
according to Ma and Sorrells (1995). The PCR was 
performed in a PE9600 or 9700 thermal cycler (Perki-
nElmer, Norwalk, CT, USA) in a volume of 10 μl contain-
ing 10–20 ng of template, 2 pmol of each of the primers, 
2 nmol of each of the dNTPs, 15 nmol of MgCl2, 0.1 U 
Taq DNA polymerase and 1 Χ PCR buffer. The PCR profile 
was as follows: one cycle of 94 °C 3 min, followed by 35 
cycles of 94 °C 30 s, 50–60 °C (depending on the specific 
primers) 30 s and 72 °C 40 s, and a final extension at 72 °C 
for 5 min. The PCR products were separated in 8 % non-
denaturing poly-acrylamide gels with a 19:1 or 39:1 acryla-
mide/bisacrylamide ratio, using a constant voltage of 180 V 
for 2–3 h, and then silver stained as described by Bassam 
et al. (1991).

Phenotyping

Parents and NILs were evaluated in 2012–2014 seasons in a 
field of Jiangpu (JP, latitude 32°02′N, longitude 118°37′E) 
experimental station of Nanjing Agricultural University 
(NAU), Jiangsu, and a field at Fengyang county (FY, lati-
tude 32°52′N, longitude 117°33′E), Anhui. The trials were 
performed using a randomized complete block design with 
two replicates. Each plot included two 1.5-m rows spaced 
by 0.25 m. Fifteen seeds were planted per row. Commonly 
undertaken cultivation practices in wheat production were 
applied to these trials.

Ten plants chosen from the middle of each plot were 
surveyed for plant height (PH), total tiller number per 
plant (TN), spike length (SPL), spikelet number per spike 
(SPN), flag leaf length (FLL), flag leaf width (FLW). PH 
was measured from the soil surface to the top of the main 
spike excluding the awn at physiological maturity. SPL of 
the main tiller was measured in centimeters from the base 
rachis to the top of the uppermost spikelet excluding the 
awn. The FLW measurement (mm) was taken at the widest 
part of the flag leaf. GW per plot was represented by the 
mean of three independent 100-grain samples (HGW). KL, 
KW and KT of 50 kernels randomly selected from each 
plot were measured using a vernier caliper, and the mean 
was used for further analysis.

Statistical analysis

Pearson correlation and analysis of variance in general 
linear model were carried out using the SPSS statistical 
package (SPSS Inc., Chicago, IL). Fisher’s least significant 
difference (LSD) test was applied for comparison of two 
samples.

Results

NIL development

In the crosses for development of single QTL NILs, 10–40 
plants at each backcross generation were genotyped using 
markers linked to the target QTLs to identify plants het-
erozygous at the target QTL intervals (forward selection) 
(Table 2). As expected, nearly half of the surveyed plants 
carried the target QTLs regardless of the recurrent parents 
and QTL intervals. In the cross for developing NIL con-
taining QGw.nau-4B and QGw.nau-5A, 10–20 plants were 
genotyped using the linked markers at each backcross 
generation and 2–4 plants heterozygous at the target QTL 
intervals were identified.

To speed up the recovery of genetic composition of the 
backcross parents in the offspring, BS was performed start-
ing at BC2F1. According to the marker genotypes of WSB, 
NW70, NW23, and NW53 (Xue et al. 2008), 69, 58 and 
75 markers, distributed over all the chromosome arms, 
were polymorphic between the crossed parents and could 
be used for background genotyping. At BC2F1, the plants 
with the target QTLs were genotyped with 10–13 of these 
markers. Plants with as high as 90.9 and 100 % RGC were 
obtained for further backcross in the NW70 and NW23 
crosses. In the NW53 cross, only two plants carried both 
QGw.nau-4B and QGw.nau-5A and one of them had as 
high as 76.9 % RGC. At BC3F1, another 15–19 markers 
were used in the background genotyping of plants with the 
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target QTLs. Plants with as high as 96.2, 100, and 84.4 % 
RGC were selfed to generate BC3F2 populations. At BC3F2, 
plants homozygous at the target QTL intervals were first 
identified using the linked markers in the three populations 
and then genotyped with polymorphic markers which had 
not been used in the background genotyping in the previous 
backcross generations. The plants with the highest RGC 
were retained as NILs (Table 2). In the NW53 cross, plants 
with single QTLs and with both QGw.nau-4B and QGw.
nau-5A were obtained; however, due to the small popula-
tion size and lower level of background recovery, plants 
with homozygous QGw.nau-5A and higher than 90 % RGC 
were not obtained.

A similar scheme was applied to development of QGw.
nau-4B NIL with the W6 background, but the forward 
selection was not performed at BC1F1. Nine plants het-
erozygous at the QGw.nau-4B interval were identified from 
15 BC2F1 plants. After survey of the parents with markers 
mapped to the wheat genome, 81 markers polymorphic 
between the parents, distributed over all the 42 chromo-
some arms, were identified for BS. The BC2F1 plants with 
the target QTL were genotyped with 26 of these polymor-
phic markers. One plant with 88.5 % RGC (the highest) 

was selfed. Of 138 BC2F2 plants, 27 were homozygous at 
the QGw.nau-4B interval. After examined with the remain-
ing 55 polymorphic markers, one plant with the highest 
RGC (95 %) was retained as NIL.

GW evaluation

To assess the effects of each QTL on GW and other agro-
nomical traits, the NILs and their recurrent parents were 
evaluated in two-year two-location field trials. Analysis 
of variance indicated significant between-genotype and 
between-year variations of GW (data not shown). However, 
the between-location variation was not significant; this was 
expected since the two locations are in the same latitude 
and only about 200 km away from each other.

The QTL NILs consistently produced heavier kernels 
than the respective recurrent parents independent of the 
locations, years and background genotypes (Table 3). A 
similar result was obtained in 2011 season when the WSB 
background materials were evaluated in a field house 
(data not shown). Since the WSB background materials 
suffered from serious lodging during the mature stage in 
2013, the GW was lower in the 2012–2013 trial than in the 

Table 2  Generation to generation selection for lines with the targeted QTL intervals and the highest recurrent parent genetic composition 
(RGC %) in the WSB background

The donor parents were indicated in the parentheses

BS background selection

Generation QGw.nau-2D (NW70) QGw.nau-5A (NW23) QGw.nau-4B&5A (NW53)

No.  
plants 
screened

No.  
plants 
selected

No.  
markers 
for BS

Highest 
RGC %

No.  
plants 
screened

No.  
plants 
selected

No.  
markers 
for BS

Highest 
RGC %

No.  
plants 
screened

No.  
plants 
selected

No.  
markers 
for BS

Highest 
RGC %

BC1F1 10 3 – – 10 8 – – 10 4 – –

BC2F1 20 8 11 90.9 20 10 10 100 20 2 13 76.9

BC3F1 40 19 15 96.2 40 13 15 100 19 3 19 84.4

BC3F2 54 14 43 98.6 78 17 33 100 54 2 43 93.3

Table 3  Hundred-grain weight 
of the QTL NILs and recurrent 
parents

Data are given as the mean ± SD

** Indicate significant difference from WSB (Wangshuibai) or W6 (Wenmai 6) at p = 0.01

Variety/line Jiangpu Fengyang

2013 2014 2013 2014

WSB 3.4 ± 0.01 4.5 ± 0.02 3.5 ± 0.03 4.6 ± 0.02

NIL-QGw.nau-2D (WSB) 3.6 ± 0.02** 4.8 ± 0.03** 3.8 ± 0.02** 4.8 ± 0.02**

NIL-QGw.nau-4B (WSB) 3.9 ± 0.03** 4.9 ± 0.03** 3.9 ± 0.02** 5.1 ± 0.02**

NIL-QGw.nau-5A (WSB) 3.7 ± 0.02** 4.9 ± 0.02** 3.8 ± 0.02** 5.0 ± 0.03**

NIL-QGw.nau-4B&5A (WSB) 4.00 ± 0.01** 5.2 ± 0.04** 4.1 ± 0.04** 5.2 ± 0.03**

W6 5.0 ± 0.03 5.0 ± 0.04 4.7 ± 0.00 5.3 ± 0.02

NIL-QGw.nau-4B (W6) 5.4 ± 0.04** 5.5 ± 0.04** 5.2 ± 0.02** 5.8 ± 0.02**
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2013–2014 trial. Nevertheless, the HGW of the QTL NILs 
was still significantly higher than that of WSB in 2013.

Effects of the individual QTLs on GW

QGw.nau-4B showed the largest effect on GW; its pres-
ence raised HGW by 0.4–0.5 g with an average of 0.45 g. 
QGw.nau-4B showed even greater effect in W6 background 
and increased HGW by 0.48 g on the average. The effect 
of QGw.nau-5A was second to QGw.nau-4B; it conditioned 
an average of 0.35 g HGW increase in the four trials. The 
HGW difference between the QGw.nau-2D NIL and WSB 
was 0.2–0.3 g, with an average of 0.25 g. At p = 0.05, in at 
least three of the four trials, QGw.nau-4B had significant 
larger effect than QGw.nau-5A, and the latter had signifi-
cant larger effect than QGw.nau-2D.

The effect of pyramiding of QGw.nau-4B and QGw.nau-
5A on GW was evident. The line with both QTLs produced 
0.6–0.7 g heavier HGW than WSB and the HGW difference 
was also significant at p = 0.05 when compared with the 
NILs with either QGw.nau-4B or QGw.nau-5A, implying the 
two QTLs functioned mainly additively in determining GW.

Effects of the individual QTLs on kernel dimensions

The kernel dimensions of the NILs and their recurrent par-
ents were investigated. The kernel shape was visually differ-
ent among the lines (Fig. 1A). Interestingly, the three GW 
QTL intervals appeared to have different effects on KL, KW 
and KT. The kernels of QGw.nau-4B NILs were significantly 

longer, wider, and thicker than the kernels of both WSB and 
W6 (Fig. 1B, C). Particularly, the QGw.nau-4B NIL had the 
longest kernels among the three WSB background NILs with 
a single GW QTL. Similar to the QGw.nau-4B interval, the 
QGw.nau-5A interval conditioned wider and thicker kernels. 
The QGw.nau-5A interval had the largest effect on kernel 
width; however, its introduction into WSB resulted in signifi-
cantly shorter kernels. Pyramiding of the QGw.nau-4B and 
QGw.nau-5A intervals improved all three dimensions of the 
kernels (Fig. 1B, C), as a consequence, increased the GW to 
even higher level than the individual QTLs. Compared with 
WSB, QGw.nau-2D NIL had significantly wider kernels 
(p = 0.05) and slightly longer and thicker seeds, but the dif-
ferences in KL and KT were not statistically significant.

Agronomic traits of the NILs

Six agronomical traits, including TN, PH, SPL, SPN, FLW 
and FLL, were surveyed in the four trials. No significant dif-
ference was found between NILs and the respective recur-
rent parents for TN, SPN, and FLL. However, the QGw.nau-
4B NIL in W6 background was taller, the QGw.nau-2D NIL 
had longer spikes, and the QGw.nau-5A NIL, as well as the 
QGw.nau-4B&5A line, had wider flag leaves (Table 4).

Discussion

For breeders to use at ease in their breeding programs the 
QTL mapping information obtained with primary mapping 

a a a 
a b a ab a b 

b 
bc

b c b 
c 

b c b 
c 

c a 
a 

a 

a b b 
b 

b 

2.0

2.5

3.0

3.5

4.0

2013JP 2014JP 2013FY 2014FY

K
er

ne
l t

hi
ck

ne
ss

1 2  3 4 5   6 7 1 2 3  4 5    6 7 1 2  3 4 5    6 7 1 2  3 4 5    6 7
2.0

2.5

3.0

3.5

4.0

4.5

2013JP 2014JP 2013FY 2014FY

K
er

ne
l w

id
th

1 2  3 4 5    6  7 1 2  3 4 5    6  7 1 2  3 4 5    6  7 1 2  3 4 5    6 7

(A) (B)

(C) (D)

Fig. 1  KSS of NILs and the recurrent parents. A Visual view of 
KSS: Scale Bar 1 cm. B–D KL, KW, KT in the four trials. Data were 
shown as the mean ± SD. Different letters indicate significantly dif-

ferent at p = 0.05. 1 Wangshuibai, 2 NIL-QGw.nau-2D, 3 NIL-QGw.
nau-4B, 4 NIL-QGw.nau-5A, 5 NIL-QGw.nau-4B&5A, 6 Wenmai 6, 
7 NIL-QGw.nau-4B (Wenmai 6)



2442 Theor Appl Genet (2015) 128:2437–2445

1 3

populations, QTLs validation in different populations or 
through NIL evaluation is a must. As part of our efforts to 
determine the genetic factors contributing to the superior 
performance of elite cultivar Nanda2419 or Mentana in 
breeding programs and field production, the effects of three 
QTLs assigned to Nanda2419 that affected GW, including 
QGw.nau-2D, QGw.nau-4B and QGw.nau-5A, were exam-
ined through NIL evaluation in this study. Introduction of 
any one of these QTLs significantly increased GW in the 
recurrent parents and pyramiding of QGw.nau-4B and 
QGw.nau-5A exhibited additive effects. It was concluded 
that the three GW QTLs from Nanda2419 are useful for 
wheat yield breeding.

The effects of QGw.nau-4B and QGw.nau-5A inter-
vals on GW have also been documented in other map-
ping including association-mapping studies (Breseghe-
llo and Sorrells 2006; Cuthbert et al. 2008; Gegas et al. 
2010; Sun et al. 2010; Zheng et al. 2010; Mir et al. 2012; 
Wang et al. 2012a; Tyagi et al. 2014). Both QTL intervals 
showed larger effects relative to QGw.nau-2D. When QGw.
nau-4B was introduced into the improved cultivar W6, its 
effect was even greater and reached 9.5 %, which would 
be equivalent to the yield increase level, assuming the ker-
nel number per spike and spike numbers per unit area are 
not changed. In the WSB NIL containing QGw.nau-4B and 
QGw.nau-5A, GW increased by 14 %, ranging from 9.9 to 
16.7 %. QGw.nau-2D was not detected in the RIL popula-
tion derived from Nanda2419 × WSB due to the use of a 
relatively high QTL declaration threshold (Jia et al. 2013) 
but was detected by comparing a NIL of this interval with 
its recurrent parent ‘Mianyang 99-323’ (Wu et al. 2014). 
The corresponding interval was also linked to GW in other 
mapping studies (Groos et al. 2003; Huang et al. 2006; Su 
et al. 2009).

KSS is the major GW determinant and affected by KL, 
KW, KT, and filling degree. Therefore, it was not surpris-
ing that the GW increase caused by the three QTLs was 
directly related to the kernel dimension change. This type 
of association has been demonstrated in cereal crops in 

many studies (Dholakia et al. 2003; Sun et al. 2009; Gegas 
et al. 2010; Ramya et al. 2010; Cui et al. 2014). Similar 
to rice GS3 (Fan et al. 2006), the QGw.nau-4B interval 
showed smaller effects on width and thickness but larger 
effect on KL; it increased KL by an average of 6.3–7.3 % 
depending on genetic backgrounds. Different from the 
QGw.nau-4B interval and rice GW2 that increases KW and 
GW and has minor positive effects on KL and KT (Song 
et al. 2007), the QGw.nau-5A interval had major effect on 
KW and conditioned thicker but shorter kernels, which is 
much like GW8 (OsSPL16) that increases KW and yield 
and reduces KL as a subsequence of positive regulation 
of cell proliferation (Wang et al. 2012b). Sun et al. (2010) 
and Gegas et al. (2010) reported the association of the same 
interval with kernel diameter and kernel shape, respec-
tively. The QGw.nau-2D interval was only related to KW 
and GW and its association with KW has been reported in 
other studies (Dholakia et al. 2003; Breseghello and Sor-
rells 2006; Huang et al. 2006; Okamoto et al. 2012; Tyagi 
et al. 2014; Williams and Sorrells 2014).

However, the association of kernel dimension param-
eters with GW was not always consistent in different stud-
ies. In the association-mapping study by Breseghello and 
Sorrells (2006), the QGw.nau-5A corresponding interval 
showed significant effect on KL instead of on KW. In a 
DH population derived from Cayuga × Caledonia, the 5A 
GW QTL interval was associated with KW but not with 
GW (Williams and Sorrells 2014). The QGw.nau-4B cor-
responding interval, mainly associated with KW in addi-
tion to GW in a double haploid population derived from 
‘Avalon’ × ‘Cadenza’ (Gegas et al. 2010), was only 
related to KL in a RIL population derived from ‘Chuan 
35050’ × ‘Shannong 483’ (Sun et al. 2009). Therefore, it 
is still to be determined if the association of GW and KSS 
factors to common chromosomal intervals is due to plei-
otropy or gene linkage. Moreover, in some studies not all 
the KSS QTL intervals were linked to GW and the vice 
versa (Sun et al. 2009; Cui et al. 2014; Russo et al. 2014; 
Williams and Sorrells 2014). These results, on one hand, 

Table 4  Comparison of traits 
for particular NILs that showed 
significant difference from the 
recurrent parents

Data are given as the mean ± SD

SPL spike length, FLW flag leaf length, PH plant height, WSB Wangshuibai, W6 Wenmai 6

*, ** indicate significant at p = 0.05 and 0.01, respectively

Variety/line Trait 2013 Jiangpu 2014 Jiangpu 2013 Fengyang 2014 Fengyang

WSB SPL 12.6 ± 0.25 12.9 ± 0.13 13.5 ± 0.20 12.7 ± 0.15

NIL-QGw.nau-2D 13.6 ± 0.34* 13.8 ± 0.15** 14.3 ± 0.22* 13.4 ± 0.17**

WSB FLW 1.6 ± 0.03 1.5 ± 0.01 1.5 ± 0.02 1.5 ± 0.02

NIL-QGw.nau-5A 1.9 ± 0.05** 1.7 ± 0.02** 1.7 ± 0.03* 1.7 ± 0.03**

NIL-QGw.nau-4B&5A 1.7 ± 0.03** 1.7 ± 0.02** 1.7 ± 0.03* 1.7 ± 0.01**

W6 PH 62.7 ± 0.86 63.1 ± 0.50 65.1 ± 0.40 63.1 ± 0.54

NIL-QGw.nau-4B (W6) 73.8 ± 1.42** 79.6 ± 1.48** 81.1 ± 1.25** 74.8 ± 1.79**
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suggest complexity of the genetic mechanisms underlying 
GW and KSS; on the other hand, they necessitate verifica-
tion since QTL allelic variations exist in different germ-
plasms and genetic backgrounds as well as environments 
all affect GW and KSS, which could lead to different 
results.

In comparison of six agronomical traits other than the 
target trait between the NILs and the respective recurrent 
parents, even though no significant difference was found 
for half of these traits, QGw.nau-2D, QGw.nau-4B and 
QGw.nau-5A NILs in certain backgrounds showed longer 
spikes, taller plants and wider flag leaves, respectively. We 
found these associations were less likely due to background 
noise, and more likely resulted from genetic linkage, pleio-
tropic effect, or even physiological association, as larger 
spike and wider leaf could provide more photo-assimilates 
for kernel filling and have been related to yield or GW 
(Moghaddam et al. 1997; Donmez et al. 2001; Cui et al. 
2003, Wang et al. 2011; Jia et al. 2013). The association 
of chromosomal regions with multiple agronomic QTLs is 
common in crops. In the Nanda2419 × WSB RIL popula-
tion, there was one PH QTL with the LOD score peak adja-
cent to that of QGw.nau-4B (Jia et al. 2013), which could 
explain why the QGw.nau-4B NIL in W6 background was 
taller than W6. Nevertheless, the introduction of QGw.nau-
4B interval into WSB did not affect plant height, suggesting 
that the association of the 4B GW QTL interval with plant 
height is likely due to linkage and could be broken through 
genetic recombination. The association of the QGw.nau-2D 
interval with spike length was in support of the findings of 
Wu et al. (2014) in a different genetic background. Further 
studies are required to find out the causes that determine 
the association of the QGw.nau-2D and QGw.nau-5A inter-
vals with traits other than GW.

Using a marker-assisted forward and background selec-
tion strategy, we were able to develop QTL NILs with 
over 90 % background recovery through just 2–3 rounds 
of backcross, which illustrated the feasibility of marker-
assisted breeding for agronomical traits controlled by 
polygenes even with minor effects. In this study, the popu-
lation size surveyed in each generation was small, ranging 
from 10–40 plants, which is easy to handle for breeders. 
In developing QGw.nau-4B NIL in the W6 background, a 
line with 95 % background recovery was obtained through 
only 2 rounds of backcross and one generation of selfing. 
To save the workload, background selection for this NIL 
development was only conducted at BC2F1 and BC2F2. 
Because of the small population size (10–20 plants) used 
for selection of plants with two QTLs, we failed in obtain-
ing plants with the target QTLs and a background recov-
ery level comparable to that achieved in crosses for single 
QTL selection due to much fewer plants with both QTLs. 
It is postulated that using a population size of 30–40 plants 

in the backcross generations would stand a good chance 
obtaining plants with ideal background recovery level and 
also the target QTLs.

With the release of more and more genome resources 
in wheat, isolation and cloning of genes underlying agro-
nomically important traits will become more feasible in 
the near future. The NILs developed in this study could be 
used for construction of secondary segregation populations 
by crossing with the recurrent parents, in which the target 
QTLs could segregate like single genes, and recombinants 
can therefore be easily identified for fine mapping, and thus 
useful for cloning of the GW-related QTLs and unraveling 
of kernel development mechanisms. Moreover, since the 
NILs had combinations of the improved grain weight with 
FHB resistance of WSB and with the overall merit of W6, 
they could be employed in breeding programs with high 
yielding and FHB resistance as the objectives.
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