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Spike-related traits such as spike length (Sl), fertile dgglet number (Fsn), sterile spikelet
number (Ssn), grain number per spike (Gns), and thousand-keel weight (Tkw) are
important factors in uencing wheat yield. However, relialy stable markers that can be
used for molecular breeding in different environments havaeot yet been identi ed. In
this study, a double haploid (DH) population was used for quditative trait locus (QTL)
mapping of ve spike-related traits under four different irogen (N) supply dates in two
locations and years. Seventy additive QTLs with phenotypicariation ranging from 4.12
to 34.74% and 10 major epistatic QTLs were identi ed. Eightmportant chromosomal
regions on ve chromosomes (1B, 2B, 2D, 5D, and 6A) were found Sixteen stable
QTLs were detected for which N application had little effectAmong those stable QTLS,
QSl.sdau-2D-1, and QSl.sdau-2D-2, with phenotypic variation explained (PVE) of 10.4
and 24.2%, respectively, were anked by markersXwmc112 and Xcfd53 in the same
order. The QTLs QSsn.sdau-2B-1, QFsn.sdau-2B-1, and QGns.sdau-2B, with PVE
ranging from 4.37 to 28.43%, collocated in the Xwmc179-Xbarc373 marker interval.
The consistent kernel wheat QTL QTkw.sdau-6A) on the long arm of chromosome
6A, anked by SSR markers Xbarc1055 and Xwmc553, showed PVE of 5.87-15.18%.
Among these stable QTLs, the two anking markersXwmcl112 and Xcfd53 have been
validated using different varieties and populations for $ecting Sl. Therefore, these results
will be of great value for marker-assisted selection (MAS) breeding programs and will
accelerate the understanding of the genetic relationshipamong spike-related traits at
the molecular level.

Keywords: wheat, spike-related traits, QTL mapping, molecul ar marker, nitrogen treatments

INTRODUCTION

Wheat is one of the most important crops in the world and is catiin supporting the global
population Gupta et al., 2000In conventional breeding, breeders typically increaseattyield
by altering the spike number per hectare, grain number per eathausand-grain weightNla
etal., 2007; Cui et al., 201 However, due to certain shortcomings, such as a long cyefechigh
cost and poor results, signi cantly improving wheat yield tiaditional breeding of these traits is
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di cult. Additionally, wheat yield and related traits areat easily identied ve QTLs for Ssn on chromosomes 1A, 4A, 6B, 7A,
studied because of the in uences of many factors, includingnd 7D and ve QTLs for Fsn on chromosomes 2A, 5D, 6B, and
genotypic and environmental factors and their interactigfisi 7D using an RIL population. In another studgui et al. (2012)

et al., 201p. Important traits related to yield are spike length (Sl),used two RIL populations with one common parent (Weimai 8)
fertile spikelet number (Fsn), sterile spikelet number (Sgrgin  to map spike-related traits and simultaneously detected QTLs
number per spike (Gns), and thousand-kernel weight (Tkiaji( for Ssn on chromosomes 3D, 4A, and 7B. Importantly, they
et al., 201) Sl is typically regarded as a factor that indirectlydetected a pleiotropic e ect of these QTLs. The interval betwee
a ects yield through the total number of spikelets, Fsn and GnsnarkersXcfd46and Xwmc702n chromosome 7D was detected
(llaz and Kashif, 2003 In contrast, the other four traits are for the QTLs a ecting Gns, Fsn, Sl, and total spikelet number
direct factors a ecting wheat yield; as important breedingygts, per spike using RIL and immortalized FIF2) populations 1a
they are consistently a focus of research. With the developmeet al., 200y, and Wang et al. (2011jdenti ed QTLs for these

of molecular markers, much research has been performed diour traits on the same marker intervals of chromosomes 4BL,
constructing genetic maps and quantitative trait locus (QTL 5A, and 6A using an # 3 population.Deng et al. (2011found
mapping of wheat traits related to yield@rner et al., 2002; QTLs for Gns, S, and total spikelet number per spike in the
Huang et al., 2006; Marza et al., 2006; Kumar et al., 2007aLje same marker interval of chromosome 4B. Stable major QTLs for
2007; Ma et al., 2007; Chu et al., 2008; Sun et al., 2009; Wesiyg spike-related traits (Tkw, Sl, Gns, Fsn, Ssn, and total gpikel
etal., 2009, 2011; Zhang et al., 2009b; Tsilo et al., 20d6eDal., number per spike) were simultaneously identi ed in the marker
2011; Luetal., 2011; Cui et al., 2012; Yang et al., 2012; Aly et interval EX_C101685-RAC875_C27583hromosome 4BL(u
2014; Liu et al., 20)@&hat have been found to be controlled by et al., 2015 These latter ndings indicate that chromosome 4B

polygenes and are thus quantitative in nature. has some important QTLs/genes for controlling spike-related
In recent years, extensive study of the genetics of spikéetkla traits.
traits has determined that QTLs identi ed in di erent matexiis Although many QTLs for these ve spike-related traits in

involve many chromosomesy(ian et al., 1997; Borner et al., wheat have been identi ed, few stable molecular markerehav
2002; Deng et al., 2005; Marza et al., 2006; Kumar et al.; 20béen found that can be used for marker-assisted selection jMAS
Li et al., 2007; Ma et al., 2007; Chu et al., 2008; Lu et all;20in wheat breeding. Therefore, the objective of this study wa
Wang etal., 2011; Cuietal., 2012; Liu et al., 2@h@ almost the to identify stable molecular markers for these traits thatild
entire genome in wheat. be used in MAS by performing QTL mapping of wheat lines
The genetics of S| have been studied by using traditionaubjected to nitrogen (N) treatment at di erent development
methods and di erent materials, such as durum wheat, barleystages.
and wheat Zheng et al., 1992; Yuan et al., 1997; Sharma et al.,
2003; Gorjanow and Kraljevic-Balalic, 2005; Gorjanovic andMATERIALS AND METHODS
Kraljevic-Balalic, 2007; Madis et al., 2010; Lu et al., 2QafaSa
et al., 201 Most of these studies show that additive geneflant Materials
play important roles in Sl in wheat. For instandeeng et al. A population of 168 double haploid (DH) wheat lines derived
(2005)found that 10 chromosomes (4A, 5A, 6A, 7A, 1B, 3B, 4Bfrom a cross of elite cultivars Huapei 3 and Yumai 57 was used
5B, 6B, and 7D) signi cantly a ect Sl. Certain genes invotyin for QTL mapping. Huapei3 is an elite variety with desirable
ve chromosomes (3A, 5A, 2B, 1D, and 6D), particularly 2Bagronomic characteristics for early maturity, high yietdanigh
also in uence SliKumar et al., 200/ Based on QTL mapping, resistance to several diseases, and this variety waselbgs
chromosomes 1A, 1B, 4A, and 72aftasuriyarat et al., 2004; Ma Henan province in 2006. Additionally, Yumai57 is a widely-
et al., 200y were found to be involved in Sl in common wheat. cultivated variety grown under di erent ecological conditis
Using conditional and unconditional QTL mapping/u et al.  because of its yield stability, and this variety was regstéy the
(2014)dissected the uppermost internode and Sl in two wheaState of China in 2003. The parents di er in several important
recombinant inbred line (RIL) populations and found 13 QTLsagronomical traits as well as in baking quality parametess, a
a ecting Sl on chromosomes 1A, 1B, 3D, 4A, 5A, 5D, 6A, 7Adescribed by’hang et al. (2008)
7B, and 7D, accounting for 3.3—25% of the phenotypic variation
In addition, Wu et al. (2014onducted ne mapping of a QTL Field Trials
interval for S| and grain weight in bread wheat and identi ed A total of 168 lines and their parents were grown in two distinct
an important locus, HL1 (head length), which was mapped to docations, Tai'an (TA), Shandong Province (36N, 117 04%E),
0.9-cM interval anked byXcfd53andDG371 and Jiyuan (JY), Henan Province (88N, 112 36°E), China, in
Some major QTLs forimportant yield-related traits othertha the 2010-2011 growing season. In the 2011-2012 growingrseas
SLI have been reported. For example, QTLs have been identi exhly in TA, pot experiments were conducted using the same soll
on chromosome 5B that a ect spikelet number per spike andas that at the TA location.
Gns (Miura et al., 199, andBdrner et al. (2002)etected major The soil at both locations is mainly brown, and the soll
QTLs on chromosomes 2DS, 4AL, and 5AL for Gns and graiproperties were tested at a depth of 0-20 cm before sowing.
weight per spike by studying a BE; population. In addition, At the TA location, the soil had an organic matter content of
eight QTLs on chromosomes 1D, 2A, 3D, 6A, 7A, and 7D forl7.58 g/kg \(Valkley and Black, 1934an alkali-hydrolyzable N
Gns have been foundHuang et al., 2004 andLi et al. (2007) content of 23.46 mg/kg (semi-micro Kjeldahl method; Kjelte
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8200 Auto Distillation Unit, Foss, Hillerad, Denmarkuen and Data Analyses

Pollard, 1953; Bremner, 1950 rapidly available phosphorus Statistical analyses (e.g., of normal distributions andedations)

(P) content of 45.08 mg/kg (Olsen methodandstra, 1968  were performed using the SPSS 13.0 statistical software package
and an available potassium (K) content of 153.5 mg/kg (Dirks{(SPSS, Stanford, Calif, USA) and Excel 2010.

She er method;Melich, 1953. At the JY location, the contents ~ ANOVA was performed using the PROC GLM procedure of

of organic matter, alkali-hydrolyzable N, rapidly avaiBl and SAS 8.0 (SAS Institute Inc., Cary, NC, USA). Heritabilit§) (nas

K were 13.7 g/kg, 67.97 mg/kg, 29.7 mg/kg, and 137.7 mg/kgalculated ashD s3/(s3 C sZ/rCs?/re), wheres?, s3,, ands2
respectively. are estimates of genotype, genotypenvironment and residual

Four treatments were applied at JY and TA in both growingerror variances, respectively.
seasons. TO was the no N fertilization treatment; T1, T2, and QTL mapping was performed using the composite
T3 were treatments of top-dressing with 120 kg/ha of pure N ainterval mapping method in IciMapping 4.0\ ang, 2009
the turning-green (GS 28-29), jointing (GS 31-32) and bwpti http://www.isbreeding.net) in individual environments. A
(GS 47) stages, respectively (Zadoks growth stadgelsks et al., walking speed of 1.0 cM and a logarithm of odds (LOD) score
1979. The base fertilization before applying the T1, T2, and T2f 3.0 (based on 1000 permutations) were used to detect and
treatments was 120 kg/ha of pure N. Urea (BWHCO was used as declare the presence of a putative QTL.

N fertilizer in all treatments. Plants in all treatments wavatered

only one time at each stage, i.e., at the turning-green (G228 QTL Nomenclature

jointing (GS 31-32) and booting (GS 47) stages. N fertivgzas  To clarify the designations of the examined QTLSs, the foilmyv
applied during watering. rules were adopted: “Q” denotes “QTL"; the letter followirg@*

In order to obtain the accurate result, the DH lines with theis an abbreviation of its corresponding trait, which is feled
same or similar developmental stages were assigned to thee saby a dot and then the letters abbreviating Shandong Agricaltu
group and then grown in one plot. Ultimately, the DH population University; a number and an uppercase letter, “A,” “B,” or “D,’
was divided into eight groups according to the developmentdiollow, which represent the chromosome number in a given
stages, which based on the agronomic characteristicsutigref wheat genome in which the corresponding QTL was detected;
investigated in our previous studyiang et al., 2008, 2009x,b when a chromosome carries more than one QTL, a hyphen and
Nitrogen fertilization was applied in the di erent plots accang  serial number are added following the chromosome number and
to the developmental stages. letter (e.g.QFw.sdau-6A-2lenotes the second QTL for FW on

The plants were sown in a randomized block design, witlchromosome 6A).
two replicates at each location in each year. Each replicatas w
designed based on a three-row plot that was 1 m long with a ZERESULTS
cm row-to-row distance. The pot experiment was conducted in
the same eld in TA during 2011-2012; the pots were 28 cnPhenotypic Data and Correlation Analyses
in diameter and 23 cm deep, and they contained 14 kg of soiSl, Ssn and Fsn of the HP3 parent showed more variation than
Six plants were grown per pot, with two replications. During thedid those of YM57 for almost all treatments in both locatiomsla
growing seasons, damage from lodging, disease or pests did ny@ars. In contrast, Gns of HP3 showed less variation thariit

occur. of YM57 for almost all treatments in both locations and years,
) except T2 and T3 in 2011TAT&ble 1). In the DH population,
Trait Measurements the ve traits exhibited approximately continuous variation

Ten plants from the middle row were used to measure Sl, Ssin each treatment in the three environment§aple 1 and
Fsn, Gns, and Tkw at the mature stage in the eld. In the potFigure S1). Transgressive segregation was observed irthmth
experiment, all 12 plants grown in two pots (six plants per pothigh and low sides in this population, indicating that alleleith
were used to measure these traits at maturity. Data averegyes positive e ects were contributed by both parents. Additionally,

used in the QTL analyses. the absolute values of skewness and kurtosis were alfmbst
) _ ) indicating that the phenotypic data were approximately noryall
Construction of the Genetic Linkage Map distributed in this population Figure 1and Figure S1).

A previously constructed linkage map of the DH population with  Genetic variation of the DH population for the ve traits was
323 markers located on 21 chromosomes was ugkdr(g et al., shown in Table 2 which presents the ANOVA results for the
2009. (The markers included 284 simple sequence repeat (SSpHenotypic data. ANOVA showed that genotype, environment
loci, 37 expressed sequence tag (EST) loci, 1 inter-SSR (IS8R) G E had signicant eects on Sl, Gns and Tkw.
locus and 1 high molecular weight-glutenin subunit (HMW-GS) Genotype and environment had signi cant e ects on Fsn. Ssn
locus.) This linkage map covered a total length of 2485.7 cMyas signi cantly a ected by environment. Heritability raad
with an average distance of 7.67 cM between adjacent markefsom 0.37 to 0.97Table 2.

The linked markers formed 24 linkage groups at LOD 4.0. Sl was signi cantly positively correlated with Ssn and Gns
The map was suitable for genome-wide QTL scanning in thigTable 3, and Ssn was signi cantly negatively correlated with Fsn
study based on the recommended map distance for genomend Gns. Fsn and Tkw were also negatively correlatadlé 3.
wide QTL scanning of an interval length of 10 cNDderge, A signi cant positive correlation was observed between Ssh an
2002. Tkw and between Fsn and Gns.
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TABLE 1 | Distributions of ve spike-related traits in parents and DH ppulations of wheat under different nitrogen supplying das.

Environment 2 Treatment P Parent DH population
HP3 YM57 Mean S.D. Min Max Skewness Kurtosis

Sl (cm)

20113Y TO 7.81 7.22 8.03 0.90 5.87 10.71 0.06 0.25
Tl 8.98 9.06 8.59 0.93 5.96 10.98 0.10 0.15
T2 9.10 8.80 8.79 0.95 6.68 11.50 0.18 0.32
T3 8.86 8.46 8.42 0.93 6.64 10.70 0.30 0.39

2011TA TO 8.34 7.90 7.93 0.94 6.08 12.62 0.70 2.85
Tl 8.68 8.24 8.44 0.98 5.76 12.10 0.14 0.55
T2 8.60 8.46 8.44 1.02 6.36 12.56 0.44 0.64
T3 8.46 8.14 8.41 0.95 6.40 11.84 0.25 0.22

2012TA TO 8.10 7.53 7.72 1.04 5.33 11.23 0.42 0.27
T1 7.63 7.37 7.71 0.96 5.70 10.63 0.32 0.33
T2 8.56 7.90 8.74 1.01 5.70 11.46 0.04 0.09
T3 7.50 7.50 7.55 0.91 5.50 10.83 0.44 0.45

Ssn (no. per spike)

20113y TO 3.00 0.80 2.27 0.74 0.60 4.40 0.16 0.20
Tl 2.20 1.20 2.40 0.83 0.80 5.00 0.78 0.73
T2 2.20 1.20 2.40 0.83 0.80 5.00 0.78 0.73
T3 2.40 1.60 2.43 0.83 0.80 6.60 1.20 3.71
2011TA TO 1.60 1.20 1.40 0.69 0.00 4.40 0.95 1.84
T1 2.40 1.00 1.92 0.50 0.70 3.40 0.22 0.33
T2 2.00 0.60 1.75 0.46 0.80 3.20 0.16 0.03
T3 2.40 1.70 1.88 0.47 0.60 3.00 0.00 0.07
2012TA TO 1.80 1.40 2.24 0.90 0.60 6.20 1.24 2.47
T1 2.20 2.00 2,57 1.09 0.60 6.20 0.76 0.48
T2 1.80 1.40 1.97 0.81 0.20 4.60 0.73 0.76
T3 2.00 0.80 2.58 0.86 0.80 5.20 0.69 0.35

Fsn (no. per spike)

20113y TO 20.20 18.40 17.99 1.25 14.40 20.80 0.26 0.33
T1 20.20 19.40 18.48 1.16 15.60 21.40 0.06 0.49
T2 20.20 18.60 18.01 1.24 13.40 20.60 0.44 0.30
T3 20.00 16.60 18.15 1.26 13.40 21.20 0.53 1.14
2011TA TO 17.20 17.20 17.04 1.07 14.20 19.60 0.05 0.29
T1 16.60 17.00 16.90 0.77 14.70 18.90 0.30 0.04
T2 17.80 17.40 17.03 0.85 15.20 19.20 0.18 0.48
T3 17.50 16.40 16.77 0.88 14.60 18.80 0.10 0.22
2012TA TO 20.40 18.60 18.85 1.43 14.60 22.20 0.20 0.10
T1 18.80 19.80 18.92 1.48 14.60 21.80 0.31 0.01
T2 20.20 18.60 19.75 1.37 15.40 22.60 0.47 0.08
T3 19.00 20.40 18.83 1.35 14.60 21.80 0.40 0.03

Gns (no. per spike)

20113Y TO 45.80 50.00 42.41 5.78 30.00 58.20 0.36 0.22
T1 46.80 47.80 42.80 5.88 26.60 61.80 0.28 0.49
T2 50.80 48.80 41.82 5.82 29.60 60.00 0.60 0.54
T3 52.20 46.20 42.68 5.37 29.60 58.20 0.35 0.47
2011TA TO 42.20 46.00 41.84 4.67 32.00 55.20 0.09 0.46
T1 44.70 50.70 45.02 4.14 33.60 57.10 0.06 0.13
T2 45.40 52.30 44.14 4.24 31.60 53.80 0.15 0.04
T3 40.90 45.10 43.54 3.75 34.70 53.60 0.03 0.35
(Continued)
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TABLE 1 | Continued

Environment 2 Treatment P Parent DH population
HP3 YM57 Mean S.D. Min Max Skewness Kurtosis

2012TA TO 40.40 43.00 49.01 6.68 30.50 64.40 0.07 0.43
T1 43.40 46.40 51.21 6.33 33.00 64.60 0.01 0.22
T2 45.40 45.40 52.80 5.93 39.40 64.60 0.13 0.71
T3 43.40 49.80 48.18 6.03 35.00 62.60 0.14 0.69

Tkw (9)

2011y TO 44.0 46.0 46.54 4.57 28.6 55.5 0.41 0.71
T1 42.9 44.1 44.14 5.30 30.6 58.2 0.14 0.17
T2 40.8 44.2 43.64 5.79 29.7 55.2 0.11 0.59
T3 455 44.2 45.08 5.79 26.8 58.3 0.30 0.10

2011TA TO 47.2 42.6 48.51 5.32 35.4 59.6 0.41 0.50
T1 47.4 46.6 47.10 5.70 33.2 57.4 0.29 0.70
T2 46.1 45.5 47.17 5.54 32.6 57.3 0.29 0.68
T3 44.2 44.6 47.49 5.22 34.3 58.8 0.33 0.63

2012TA TO 44.9 46.4 45.59 4.23 34.1 58.2 0.02 0.08
T1 46.5 43.4 45.36 3.82 33.3 55.0 0.20 0.09
T2 48.6 46.7 45.54 3.57 35.6 55.9 0.07 0.38
T3 50.8 46.8 45.22 3.89 35.0 54.7 0.07 0.13

a2011JY, Jiyuan in 2011; 2011TA, Tai'an in 2011; 2012TA, Tai'ain 2012.
bT0, no nitrogen fertilization treatment; T1, 120 kg/hrfpure nitrogen top-dressed fertilization at turning-green stage; T2, 120 kg/hApure nitrogen top-dressed fertilization at jointing
stage; T3, 120 kg/hnPpure nitrogen top-dressed fertilization at the booting stage.

Additive QTL Analyses of Five Traits under was associated with these two major QTLs. Seven envirorament
Nitrogen Treatment (2011JYTO, 2011JYT3, 2011TATO, 2011TAT1, 2011TATS3,
QTLs for SI 2012TATO, and 2012TAT2) were found to be involved in the

Eleven QTLs were detected on chromosomes 2A, 2D, 3A, 4B, 4fajor QTL QSl.sdau-2D-located 1 cM betweeXwmcl1zand

5D, 6B, and 7B under four di erent treatments in both location XCfd53 a location close to markekwmc112 Regarding the
and years Table 4. These QTLs explained 5.19-24.2% of thénajor QTLQSl.sdau-2D-2he 2011JYT1, 2011JYT2, 2011TAT2,
phenotypic variation. In 2011JY, two major QTL$I.sdau- 2012TAT1, and 2912TAT3. environments were consistently
2D-1 and QSl.sdau-2DY were found on chromosome 2D, identied. The location of this QTL at 3 cM is very close to
with close marker intervalXwmc112-Xcfd53-Xwmc{Bable 4 ~markerXcfdS3with a genetic distance of only 0.7 cWigure 2).

and Figure 2. QSl.sdau-2D-1was detected under both TO !mportantly, this locus was not aected by the dierent N
and T3, whereaxQSl.sdau-2D-2was found under T1 and top-dressed stage treatments, which indicated that thisdasu
T2. The locations of these two QTLs were very similar and/€"y consistent. Therefore, these two markexsvincl12and
near markerXcfd53 Additionally, the minor QTL QSl.sdau- XcfdS3 were selected for screening Slin MAS breeding.

6B was consistently detected under treatments TO, T2, and Additionally, the minor QTL QSl.sdau-6Bvas consistently
T3. In 2011TA under TO, T1 and T3, the stable major QTLdEIECIEd in seven dierent treatments (2011JYTO, 2011JYT2,

QSl.sdau-2D-with anking markersXxwmcll2andXcfd53 was 2(_)11‘JYT3’ 2011TATO, 2011TATI, 2011TA'_I'2, and 2012TAT1),
found, whereas under T2, another major QTQSI.sdau-2D-2 with 5.19-10.39% PVRSI.sdau-7®as found in bo_th 2011JYT1
was found Table 4 and Figure 2). Notably, a minor QTL on and 2011TAT2, anoQSI.sdgu-ZAwgs detected in 2011JYT3
chromosome 6B was consistently detected in three treatmen@nd 2011TAT1. Therefore, in addition to the major locus,, i.e.
(TO, T1, and T2). In 2012TA, two major QTLESI.sdau-2D- QSl.sdau-6Bhese loci are important for improving Sl.
1, and QSl.sdau-2D-2were detected, with 14.64-24.2% of the
phenotypic variation explained (PVEable 3 and Figure 2. QTLs for Ssn
QSl.sdau-2D-Wwas found under treatments TO and T2, whereasThirteen QTLs for Ssn were found distributed on chromosomes
QSl.sdau-2D-%vas identi ed under T1 and T3. The minor QTL 1B, 2B, 2D, 4A, 5A, 5D, and 7D under the four dierent
QSl.sdau-6Bras detected only under the T1 treatment. treatments in both locations and year$aple 5. These QTLs

In general, three stable QTLs were found on chromosomesxplained from 5.14 to 20.3% of the phenotypic variation.
2D and 6B, of which two were major QTLs on chromosomeln 2011JY, one stable QTIQSsn.sdau-2B-Ivas found in all
2D, with 10.38-24.2% PVHdble 4 and Figure 2) in dierent  four treatments, with 5.14-11.45% PV@Ssn.sdau-2D-%as
environments. The marker intervafwmc112-Xcfd53-Xwmc18 detected under both the TO and T3 treatments, explaining

Frontiers in Plant Science | www.frontiersin.org 5 December 2017 | Volume 8 | Article 2120


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Deng et al.

Consistent QTLs for Wheat Spike Traits

257 307
207 — n
% | %0 201 —
> >
2157 . g
o [
3 3
o -
o 4
'S w
107
107
5
0 T T '_! T T T T T
6.00 7.00 8.00 9.00 10.00 11.00 1.00 1.50 2.00 250 3.00 3.50 4.00
sl om Ssn Number
25 207
207 ] ]
157
% —
e = )
3 157 5 T
€ 3 T M
o T
z 8 107 ] m
2 e
w
107
5]
5
0~ T T — T 0~ ! [l ’
15.00 16.00 17.00 18.00 19.00 20,00 35.00 4000 45.00 5000 55.00
Fsn  Number sgn Number
257
20
% -
)
c 157
o ——
3
o
B —
w
107
5
T ,—4 T T
30.00 35.00 40.00 45.00 50.00 55.00
Thw g
FIGURE 1 | Distributions of ve spike-related traits based on average dta from four different treatments in two locations and 2 yes.
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20.3% and 5.88% of the phenotypic variation, respectivelgach identied in only one treatment. In 2011TAQSsn.sdau-

wherea$)Ssn.sdau-1Bytas found under T1 and T2, with 18.55 2B-1 was detected under both the TO and T2 treatments,

and 8.43% PVE, respectively. The remaining three QTLs wemhereas)Ssn.sdau-1Bakas found under T1 and T2. Although
QSsn.sdau-2D;2vith 15.24% PVE, an@Ssn.sdau-2D;with

TABLE 2 | Analysis of variance results and broad-sense heritabiég for spike
traits in DH populations from two locations in 2 years.

TABLE 3 | Correlation analyses among ve spike-related traits using\gerage data.

Trait Mean squares h
cca Sl Ssn Fsn Gns Tkw
Genotype Environment G E Error
Sl 1
Sl 8.12%x 108.81*** 0.49%** 0.19 0.97 Ssn 0.244% 1
Gns 119.32%* 11564.84** 40.04%* 23.98 0.92 Esn 0.038 0.199* 1
Fsn 13.39%* 791.98*** 9.06 8.60 0.43 Gns 0.160° 0.418* 0.604** 1
Ssn 14.51 138.15%** 10.56 10.21 0.37 Tiw 0.007 0.246* 0.233%* 0.142 1
Tkw 198.26*** 1290.99*** 25.69*** 4.20 0.95
aCC, Correlation coef cient; **Correlation is signi cant at the 0.01 level;*Correlation is
“Signi cant at P < 0.001. signi cant at the 0.05 level.

TABLE 4 | Additive QTLs for spike length identi ed under different nibgen supply dates in different years.

Environment 2 Treatment P QTL Position Left marker Right marker LOD PVE (%) Add ¢
2012 Tai'an TO QSl.sdau-2D-1 1 Xwmcl12 Xcfd53 6.12 15.60 0.41
T1 QSl.sdau-2D-2 3 Xcfd53 Xwmcl8 8.45 24.20 0.45
T1 QSl.sdau-6B 0 Xcfa2187 Xgwm219 3.41 6.88 0.25
T2 QSl.sdau-2D-1 1 Xwmcll2 Xcfd53 7.22 16.00 0.26
T3 QSl.sdau-2D-2 3 Xcfd53 Xwmcl8 5.50 14.64 0.34
2011 Jiyuan TO QSl.sdau-2D-1 1 Xwmc112 Xcfd53 6.83 15.88 0.41
TO QSl.sdau-3A 116 Xwmc527 Xwmc264 3.40 6.92 0.24
TO QSl.sdau-5D 32 Xbarc1097 Xcfd8 3.32 6.32 0.23
TO QSl.sdau-6B 0 Xcfa2187 Xgwm219 3.16 5.19 0.21
T1 QSl.sdau-2D-2 3 Xcfd53 Xwmcl8 8.58 22.48 0.43
Tl QSl.sdau-7B 12 Xwmc273.1 Xcfd22.1 3.66 7.57 0.25
T2 QSl.sdau-2D-2 3 Xcfd53 Xwmc18 7.18 16.36 0.38
T2 QSl.sdau-4D 20 Xcfel88 Xbarc224 3.15 6.65 0.24
T2 QSl.sdau-6B 0 Xcfa2187 Xgwm219 4.88 10.04 0.31
T3 QSl.sdau-2A 68 Xgwm558 Xbarc015 3.961 6.84 0.24
T3 QSl.sdau-2D-1 1 Xwmcll2 Xcfd53 11.79 22.89 0.44
T3 QSl.sdau-6B 0 Xcfa2187 Xgwm219 3.18 5.37 0.22
2011 Tai'an TO QSl.sdau-2D-2 1 Xwmcll2 Xcfd53 8.13 17.1 0.39
TO QSl.sdau-6B 0 Xcfa2187 Xgwm219 4.19 8.28 0.28
T1 QSl.sdau-2A 68 Xgwm558 Xbarc015 3.15 6.91 0.26
T1 QSl.sdau-2D-1 1 Xwmc112 Xcfd53 4.60 10.39 0.32
Tl QSl.sdau-6B 0 Xcfa2187 Xgwm219 3.20 6.86 0.27
T2 QSl.sdau-2D-2 3 Xcfd53 Xwmcl8 7.75 15.04 0.40
T2 QSl.sdau-2D-3 205.1 Xgdm93 Xwmc170.1 3.75 6.56 0.26
T2 QSl.sdau-6B 0 Xcfa2187 Xgwm219 5.01 9.15 0.32
T2 QSl.sdau-7B 12 Xwmc273.1 Xcfd22.1 5.35 9.34 0.31
T3 QSl.sdau-2D-1 1 Xwmcll2 Xcfd53 6.92 13.96 0.35
T3 QSl.sdau-4B 17 Xwmc657 Xwmc48 3.37 6.87 0.25

a2011JY, Jiyuan in 2011; 2011TA, Tai'an in 2011; 2012TA, Tai'aim 2012.

T0, no nitrogen fertilization treatment; T1, 120 kg/hrh pure nitrogen top-dressed fertilization at turning-green stage; T2, 120 kg/hfpure nitrogen top-dressed fertilization at jointing
stage; T3, 120 kg/hn? pure nitrogen top-dressed fertilization at the booting stage.

¢Additive effect.
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FIGURE 2 | Linkage maps of important chromosome regions and co-locating QTLs. LOD curves for QTLs were obtained from inclusiveomposite interval mapping
(ICIM) of Sl under different nitrogen supply dates in the diffent locations and years. The horizontal dashed-dot line dicates the LOD threshold of 3.0 determined by
permutations. E T indicates environment treatment. QTLs for Ssn, Fsn, Gns, Tkw, and Sl are shown in redlue, purple, pink and black, respectively.

12.59% PVE, were each detected in only one treatment, thender the four di erent treatments in both locations and ysar
locations of these two major QTLs are very similar and neafTable 6. These QTLs explained from 4.37 to 34.74% of the
marker Xcfd53 Additionally, the minor QTLQSsn.sdau-5Was phenotypic variation. In 2011JY, one stable QTFsn.sdau-
consistently detected under T1 and T3. In 2012TA, only tw®B-1 was detected under all four treatments, with 6.18-28.43%
QTLs,QSsn.sdau-5BndQSsn.sdau-2D; Wwere detected, under PVE.QFsn.sdau-5vas found under T1 and T3, with 16.8 and
treatment T1 and T3, respectively. 8.55% PVE, respectively. Additionally, four other major QTLs,
In general, four stable QTLs were found on chromosomes 1B)Fsn.sdau-1B)Fsn.sdau-2D;2)Fsn.sdau-5Dand QFsn.sdau-
2B, 2D, and 5D in more than three environments, with 18.553D, were each identi ed in only one treatment. In 2011TA,
11.45, 17.65, and 15.25% of the maximum PVE, respectively. QFsn.sdau-1Bvas found in TO, T2, and T3, with 34.73, 6.39,
and 14.74% PVE, respectiveQyFsn.sdau-2B-vas detected in
QTLs for Fsn treatments TO and T2QFsn.sdau-2D;1QFsn.sdau-2D;2and
Twenty QTLs for Fsn were detected, involving 13 chromosome@Fsn.sdau-2D-3vere each found in only one treatment. In
(1B, 2B, 2D, 3A, 3B, 3D, 4B, 5A, 5B, 5D, 6A, 7A, and 7D2012TA,QFsn.sdau-6A-lvas detected in TO and T1, with 11.47
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TABLE 5 | Additive QTLs for sterile spikelet number identi ed under dfierent nitrogen supply dates in different years.

Environment 2 Treatment ° QTL Position Left marker Right marker LOD PVE (%) Add ¢
20113y TO QSsn.sdau-2B-1 65 Xwmcl79 Xbarc373 3.01 5.14 0.16
TO QSsn.sdau-2D-2 3 Xcfd53 Xwmcl8 5.55 20.30 0.33
T1 QSsn.sdau-1B-1 24 Xcfel56 Xwmc406 9.91 18.55 0.35
T1 QSsn.sdau-1B-2 35 Xbarc119 Xgwm18 4.62 8.65 0.24
T1 QSsn.sdau-2B-1 65 Xwmcl79 Xbarc373 6.53 11.45 0.27
T1 QSsn.sdau-4A 44 Xbarc078 Xwmc722 3.24 5.57 0.19
T2 QSsn.sdau-1B-1 24 Xcfel56 Xwmc406 5.30 8.43 0.30
T2 QSsn.sdau-2B-1 65 Xwmcl79 Xbarc373 3.54 5.40 0.24
T2 QSsn.sdau-5A 108 Xcfe223 Xwmc273.3 4.36 7.94 0.29
T2 QSsn.sdau-5D 69 Xbarc320 Xwmc215 10.09 17.65 0.44
T3 QSsn.sdau-2B-1 65 Xwmcl79 Xbarc373 3.07 6.19 0.20
T3 QSsn.sdau-2D-2 3 Xcfd53 Xwmcl8 3.02 5.88 0.20
2011TA TO QSsn.sdau-1B-2 35 Xbarc119 Xgwm18 3.37 7.39 0.19
TO QSsn.sdau-2B-1 65 Xwmcl79 Xbarc373 3.23 7.03 0.18
TO QSsn.sdau-7D 130 Xwmc630.1 Xgdmé7 3.32 8.49 0.21
T1 QSsn.sdau-1B-1 24 Xcfel56 Xwmc406 3.75 6.62 0.13
T1 QSsn.sdau-4A 44 Xbarc078 Xwmc722 3.14 5.23 0.12
T1 QSsn.sdau-5B.2 24 Xbarc232 Xwmc235 4.09 6.76 0.13
T1 QSsn.sdau-5D 69 Xbarc320 Xwmc215 3.25 5.30 0.12
T2 QSsn.sdau-1B-1 24 Xwmc406 Xbarc156 3.72 6.57 0.12
T2 QSsn.sdau-2B-1 65 Xwmcl79 Xbarc373 3.06 6.22 0.11
T2 QSsn.sdau-2D-1 1 Xwmcl12 Xcfd53 5.72 12.59 0.16
T3 QSsn.sdau-2B-2 75 Xbarc1042 Xgwm388 3.18 6.31 0.12
T3 QSsn.sdau-2D-2 3 Xcfd53 Xwmcl8 4.86 15.24 0.18
T3 QSsn.sdau-5D 69 Xbarc320 Xwmc215 3.99 9.59 0.15
2012TA Tl QSsn.sdau-5B 2 Xbarc1125 Xgwm213 4.07 9.39 0.33
T3 QSsn.sdau-2D-1 1 Xwmcl12 Xcfd53 3.43 8.09 0.24

@ and " are the same as those forTable 3.
CEpistatic effect.

and 9.2% PVE, respectiveyFsn.sdau-2D-andQFsn.sdau-2D- QTLs for Tkw

3were each found in only one treatment. Eighteen QTLs for Tkw were identied on chromosomes
Overall, two stable QTLs were detected on chromosomekA, 1B, 2B, 2D, 3A, 4B, 4D, 5B, 6A, 6D, and 7D in all

1B and 2B in more than three environments. Three QTLsnvironments, with 4.13-15.18% PVHabled. In 2011JY,

on chromosome 2D QFsn.sdau-2D;1QFsn.sdau-2D-2and  QTkw.sdau-6Avas consistently detected in all four treatments,

QFsn.sdau-2D)3vere found in two environments, involving the with 15.18% of the highest PVE, where®Jkw.sdau-3A-

marker intervalXwmc112Xcfd53Xwmc18 1 and QTkw.sdau-5Bwere found in three treatments. In
2011TA, QTkw.sdau-6A was consistently detected in all
QTLs for Gns four treatments, with 11.41, 7.04, 14.65, and 12.09% PVE.

Eight QTLs for Gns were detected on chromosomes 1A, 2B, 2I@ne major QTL, QTkw.sdau-2B-1 was identied in only
3B, 3D, 4A, and 7A in all environments, with 6.74-17.24% PVihe TO treatment, with 15.93% PVE. In 2012TA, one major
(Table 7). In 2011JY, two QTLE)Gns.sdau-4A-2ndQGns.sdau- Stable QTL, QTkw.sdau-1B was detected in TO and T2,
2B, were identi ed in T1 and T3, with 6.77 and 13.77% PVEexplaining 21.03 and 10.01%, respectively, of the phenotypic
respectively. In 2011 TAQGns.sdau-2®as consistently detected variation. QTkw.sdau-4B and QTkw.sdau-6D were each

in treatments TO, T2 and T3, with 17.15, 17.24, and 9.36% PVElentied in only one treatment, with 19.18 and 10.18%
respectively. One major QTIQGns.sdau-4A;vas found inthe PVE, respectivelyQTkw.sdau-6Awas detected in the T2
T1 treatment. In 2012TAQGns.sdau-2Bras found in both TO treatment.

and T1, and the other ve QTLs were each identied in only  Therefore, three stable QTLTkw.sdau-6A QTkw.sdau-
one treatment. In general, one stable QMGns.sdau-2Bvas 3A-1 and QTkw.sdau-5Bwere identi ed in more than three
detected in more than three environments. environments.
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TABLE 6 | Additive QTLs for fertile spikelet number identi ed under dfierent nitrogen supply dates in different years.

Environment 2 Treatment P QTL Position Left marker Right marker LOD PVE (%) Add ¢
20113y TO QFsn.sdau-1B 35 Xbarc119 Xgwm18 14.14 28.24 0.67
TO QFsn.sdau-2B-1 65 Xwmc179373 Xbarc373 8.42 15.84 0.49
TO QFsn.sdau-2D-2 3 Xcfd53 Xwmcl8 5.72 10.15 0.39
TO QFsn.sdau-3B 53 Xgwm144 Xgwm299 3.26 5.68 0.32
TO QFsn.sdau-3D 9 Xbarc376 Xgdm72 3.17 6.00 0.30
TO QFsn.sdau-5B 2 Xbarc1125 Xgwm213 3.02 5.10 0.28
T1 QFsn.sdau-2B-1 65 Xwmcl79 Xbarc373 3.01 6.18 0.28
T1 QFsn.sdau-5D 69 Xbarc320 Xwmc215 7.13 16.80 0.47
T2 QFsn.sdau-2B-1 65 Xwmcl79 Xbarc373 13.90 28.43 0.65
T2 QFsn.sdau-2B-2 75 Xbarc1042 Xgwm388 8.39 15.57 0.49
T2 QFsn.sdau-3D 9 X barc376 X gdm72 5.86 10.91 0.41
T2 QFsn.sdau-5A.2 13 Xcwem32.2 Xwmc59 3.41 5.84 0.30
T2 QFsn.sdau-6A-2 84 Xcfel79.2 Xcfel79.1 3.10 5.23 0.28
T2 QFsn.sdau-7D-2 163 Xwmc634 Xwmc273.2 4.00 7.12 0.33
T3 QFsn.sdau-2B-1 65 Xwmcl79 Xbarc373 3.35 6.63 0.32
T3 QFsn.sdau-5D 69 Xbarc320 Xwmc215 3.63 8.55 0.36
2011TA TO QFsn.sdau-1B 35 Xbarc119 Xgwm18 13.12 34.74 0.64
TO QFsn.sdau-2B-1 65 Xwmcl79 Xbarc373 3.21 6.57 0.27
T2 QFsn.sdau-1B 35 Xbarc119 Xgwm18 4.33 6.39 0.23
T2 QFsn.sdau-2B-1 65 Xwmcl79 Xbarc373 3.00 4.37 0.18
T2 QFsn.sdau-2D-1 1 Xwmcll2 Xcfd53 4.87 7.29 0.23
T2 QFsn.sdau-2D-4 102 Xbarc349.1 Xcfd161 4.50 8.20 0.23
T2 QFsn.sdau-4B 0 Xwmcl25 Xwmca7 4.44 6.52 0.22
T2 QFsn.sdau-5B.2 0 Xbarc36 Xbarc140 3.36 4.86 0.19
T2 QFsn.sdau-6D 0 Xwmc412.1 Xcfd49 6.97 10.61 0.28
T2 QFsn.sdau-7A 6 Xwmc593 Xbarc157.2 3.17 4.66 0.18
T3 QFsn.sdau-1B 35 Xbarc119 Xgwm18 7.58 14.74 0.34
T3 QFsn.sdau-2D-2 3 Xcfd53 Xwmcl8 4.00 7.68 0.24
T3 QFsn.sdau-2D-3 53 Xwmcl8 Xwmcl70.2 5.04 9.08 0.26
T3 QFsn.sdau-7D-1 115 Xgwm676 Xgwm437 4.36 7.66 0.25
2012TA TO QFsn.sdau-6A-1 36 Xbarc023 Xbarc1077 3.57 11.47 0.48
T1 QFsn.sdau-3A 126 Xwmc264 Xcfa2193 3.97 8.83 0.44
T1 QFsn.sdau-6A-1 36 Xbarc023 Xbarc1077 3.25 9.21 0.45
T2 QFsn.sdau-2D-1 1 Xwmcl12 Xcfd53 4.48 9.85 0.43
T2 QFsn.sdau-2D-3 53 Xwmcl8 Xwmcl70.2 3.01 6.66 0.35

@ and " are the same as those forTable 3.
CEpistatic effect.

Epistatic QTL Analysis of Five Traits QFsn.sdau-6A;1 QFsn.sdau-5D QFsn.sdau-3D QGns.sdau-
A total of 10 major epistatic QTLs were detected, with 11.442B, QTkw.sdau-3A-1 QTkw.sdau-6A QTkw.sdau-1B and
33.78% PVE, for the ve spike-related traiftaple 9. Two, one, QTkw.sdau-5B Of these 16 QTLs, only th€Sl.sdau-2D-1,
three, one and three QTLs were identi ed for Sl, Ssn, Fsn, Gnand QSl.sdau-2D-2for SI were major QTLs almost in all
and Tkw, respectively, but only in one environment. environments, and the remained QTLs showed major only in
Actually, those major stable QTLs which were not a ectedone environment or minor in all environments. The QTLs newly
by the nitrogen fertilization treatments or years or bothostd  identied in T1, T2 or T3, but not detected in TO, could be
be paid more attention in this study. By comparison, 16 stablénduced expression by nitrogen fertilization, such@Sl.sdau-
QTLs were found for ve traits, includingQSl.sdau-2D-1 7B, QSl.sdau-4D QSl.sdau-2A QSsn.sdau-4AQSsn.sdau-5A
QSl.sdau-2D-2 QSl.sdau-6B QSsn.sdau-2B-1 QSsn.sdau- QFsn.sdau-7D;2etc. These QTLs perhaps were aected by
2D-2  QSsn.sdau-1B-1 QFsn.sdau-2B;1 QFsn.sdau-1B nitrogen level.
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TABLE 7 | Additive QTLs for spike grain number identi ed under diffenet nitrogen supply dates in different years.

Environment 2 Treatment P QTL Position Left marker Right marker LOD PVE (%) Add ¢
20113Y T1 QGns.sdau-4A-2 35 Xwmc497 Xwmc219 3.29 6.77 1.50
T3 QGns.sdau-2B 65 Xwmcl79 Xbarc373 5.56 13.77 1.94
2011TA TO QGns.sdau-2B 65 Xwmcl79 Xbarc373 6.22 17.15 1.92
Tl QGns.sdau-4A-1 5 Xwmc718 Xwmc262 4.72 10.57 1.34
T2 QGns.sdau-2B 65 Xwmcl79 Xbarc373 7.24 17.24 1.74
T3 QGns.sdau-2B 65 Xwmcl79 Xbarc373 4.78 9.36 1.14
T3 QGns.sdau-2D 75 Xbarc349.2 Xbarc349.1 3.28 7.46 1.04
2012TA TO QGns.sdau-2B 65 Xwmcl79 Xbarc373 3.2 7.15 1.79
TO QGns.sdau-4A-1 5 Xwmc718 Xwmc262 4.75 11.24 2.24
T1 QGns.sdau-1A 54 Xcfd59 Xwmc402.2 5.14 9.83 2.00
T1 QGns.sdau-2B 65 Xwmcl79 Xbarc373 3.92 7.42 1.71
T1 QGns.sdau-3B 66 Xgwm566 Xcfe009 3.49 6.75 1.67
T1 QGns.sdau-3D 78 Xcfd223 Xbarc323 3.22 7.53 1.73
T1 QGns.sdau-7A 78 Xwmc530 Xcfa2123 3.74 7.22 1.70

@ and " are the same as those forTable 3.
CEpistatic effect.

Validation of the Two Flanking Markers of QTLs for SI stable QTLs controlling Ssn, Fsn, and Tkw. A fourth primary
Because the identied major QTLs for S| were stable irregion with four stable QTLs inuencing Ssn, Fsn, Gns and
di erent environments, the two anking markersXwmcl112 Tkw was delineated between mark&wmcl7%ndXbarc373n
and Xcfd53 were validated using dierent varieties and chromosome 2B. With regard to chromosome 2D, two important
populations. regions were found in theXwmc112Xcfd53Xwmcl8interval,
First, six di erent cultivars were used to evaluate these twavith six stable QTLs related to Sl, Ssn, and Fsn. The marker
markers. The sizes of the PCR fragments were 233 and 2#8erval Xbarc320Xwmc2150n chromosome 5D was found to
bp in the materials with long spikes, such Blytrigia elongata harbor two stable QTLs controlling Ssh and Fsn. The remaining
SN62008 and SN08-2Bigure 3). critical region with a consistent QTL was the marker interval
Then, these markers were used to evaluate thggFBC Xbarc1055Xwmc553n chromosome 6A, involving Tkw. These
population derived fromElytrigia elongatgdonor parent) and QTLs were stable in most environments. Co-localizing QTls fo
common wheat SN20 (recurrent parent). S| was classi edli erent spike-related traits on many wheat chromosomes, such
into four categories: long, 11 cm; medium-long, 9.1-11 as 2D, 4A, 4B, 5A, 5B, 6A, and 7B, have been repoltedd al.,
cm; medium, 7.1-9 cm; and short,7.0 cm. Then, extreme 2007; Cuietal., 2012; Xu et al., 2014; Liu et al., 2016; Zhai, e
individuals (approximately 60) were used to evaluate the01§.
markers. After electrophoresis, fragments of 245 and 233dépw  In this study, the co-localizing QTLs primarily mapped to
detected in the individuals with extremely long spikes but nochromosomes 1B, 2B, 2D, and 5D. These co-localizing QTLes wer
in those with extremely short spike&iQure 4). These ndings related to Ssn and Fsn (chromosomes 1B and 5D); Ssn, Fsn, Gns,
indicated that these two markers could be used to selectlfor &nd Tkw (chromosome 2B); and Sl, Ssn and Fsn (chromosome
in MAS. 2D), particularly Ssn and Fsn (1B, 2B, 2D, and 5D). Therefore,
Gns and Tkw can be expected to be improved by enhancing SI
and Ssn, respectively. The markers around these QTLs might be

DISCUSSION useful for marker-assisted breeding. Co-localizing QTdrsSsn

. . and Fsn were found on four chromosomes, with a signi cantly
Some Critical Chromosome Regions and negative correlation coe cient between them, indicatiritpt the
Co-localizing QTLs loci controlling these two traits are typically dependent ahalt

A few previous studies involving spike-related traits havéncreasing Fsn would likely, to some extent, result in a dase
reported certain QTL clusterd¢ntasuriyarat et al., 2004; Kumarin Ssn, which is consistent with practical breeding expegenc

et al., 2007; Ma et al., 2007; Chu et al., 2008; Wang et al; 201

Cuietal., 2012; Yang et al., 2012; Islamovic et al., 200 &tlail., . L .

2016; Zhai et al., 20)6In this study, 70 QTLs for ve spike- COmparison of the Present Findings with

related traits were detected, 15 of which formed eight elsst Previous Research

on ve chromosomes (1B, 2B, 2D, 5D, and 6&)dure 2. Three By a ecting the number of spikelets, Fsn, and Gns, Sl is an
important regions were detected on chromosome 1B, with fourmportant indirect factor that in uences wheat yield, inditing
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TABLE 8 | Additive QTLs for thousand-kernel weight identi ed under dferent nitrogen supplying dates in different years.

Environment 2 Treatment ° QTL Position Left marker Right marker LOD PVE (%) Add ¢
20113Y TO QTkw.sdau-3A-1 146 Xwmc264 Xcfa2193 3.87 10.57 1.47
TO QTkw.sdau-6A 43 Xbarc1055 Xwmc553 5.11 10.88 1.50
Tl QTkw.sdau-3A-1 146 Xwmc264 Xcfa2193 3.61 8.75 1.56
T1 QTkw.sdau-5B 68 Xgwm213 Xswes861.2 3.30 6.43 1.39
T1 QTkw.sdau-6A 43 Xbarc1055 Xwmc553 3.92 7.80 1.48
T2 QTkw.sdau-5B 68 Xgwm213 Xswes861.2 3.16 6.03 1.46
T2 QTkw.sdau-6A 43 Xbarc1055 Xwmcb553 3.01 5.87 1.39
T3 QTkw.sdau-3A-1 146 Xwmc264 Xcfa2193 5.82 8.99 1.71
T3 QTkw.sdau-4D 0 Xbarc334 Xwmc331 3.23 471 1.24
T3 QTkw.sdau-5B 68 Xgwm213 Xswes861.2 3.01 4.13 1.21
T3 QTkw.sdau-6A 43 Xbarc1055 Xwmc553 9.35 15.18 2.24
T3 QTkw.sdau-7D-1 123 Xgwm676 Xgwm437 4.10 7.00 1.56
T3 QTkw.sdau-7D-2 162 Xgdm67 Xwmc634 5.87 9.18 1.73
2011TA TO QTkw.sdau-2B-1 65 Xwmcl79 Xbarc373 8.77 15.93 2.08
TO QTkw.sdau-2B-2 75 Xbarc1042 Xgwm388 3.25 5.66 1.24
TO QTkw.sdau-2D 67 Xwmcl70.2 Xgwm539 4.92 8.61 1.54
TO QTkw.sdau-6A 43 Xbarc1055 Xwmc553 6.04 11.41 1.77
T1 QTkw.sdau-1A 55 Xcfd59 Xwmc402.2 3.16 4.44 121
T1 QTkw.sdau-3A-2 177 Xbarc51 Xbarc157.1 3.65 5.23 1.28
T1 QTkw.sdau-4D 0 Xbarc334 Xwmc331 3.77 5.27 1.29
T1 QTkw.sdau-5B.2 20 Xbarc140 Xbarc142 5.47 7.80 1.57
Tl QTkw.sdau-6A 43 Xbarc1055 Xwmc553 4.19 7.04 1.50
T1 QTkw.sdau-6D 56 Xcfd13 Xbarc054 5.68 8.85 1.68
T2 QTkw.sdau-6A 43 Xbarc1055 Xwmc553 5.86 14.64 2.10
T3 QTkw.sdau-2D 67 Xwmc170.2 Xgwm539 3.1035 6.82 1.36
T3 QTkw.sdau-6A 45 Xbarc1055 Xwmc553 4.98 12.09 1.81
2012TA TO QTkw.sdau-1B 101 Xwmc766 Xswes158 7.09 21.03 191
Tl QTkw.sdau-4B 8 Xwmc413 Xcfd39.2 9.93 19.18 1.63
T1 QTkw.sdau-5B.2 20 Xbarc140 Xbarc142 3.21 5.56 0.88
T1 QTkw.sdau-6D 56 Xcfd13 Xbarc054 4.85 10.18 1.19
T2 QTkw.sdau-1B 101 Xwmc766 Xswes158 3.10 10.01 1.05
T2 QTkw.sdau-2B-3 88 Xcwemb5 Xbarc129.1 3.85 8.51 1.02
T2 QTkw.sdau-6A 43 Xbarc1055 Xwmcb553 3.63 8.13 1.00

@ and " are the same as those forTable 3.
CEpistatic effect.

that breeders should focus more attention on this phenotypeninor QTL on chromosome 6B was identi ed along with two
(llaz and Kashif, 2003 Previous studies on QTL mapping for major epistatic QTLs. These results indicate that Sl is prilyar
Sl using di erent populations such as RIL, IF2, ITMI RILz:G,  controlled by a major QTL/gene but is also a ected by a minor
and DH populations have detected many major QTLs involvingQTL/gene as well as interactions between QTLs/genes. 4,201
eleven chromosomes (1A, 1B, 2B, 2D, 4A, 4D, 5A, 5B, 6A, 6Be near-isogenic line (NILQSpl.nau-20vas developed by MAS
7A, and 7D) (antasuriyarat et al., 2004; Kumar et al., 2007ysing Mianyang 99-323 as the recurrent parent to validate its
Ma et al., 2007; Chu et al., 2008; Yang et al., 2012; Islamogenetic e ect and determine its precise locatidki( et al., 201}t

et al., 201} In this study, QTLs for S| were similarly detected QSpl.nau-20vas designated HL1 because it functions as a single
on chromosomes 2B, 2D, 6B, and 7A, but the consistent majgene and conditions Sl in a partially dominant manner. HL1 was
QTL was only detected on chromosome 2D, with 24.2% of theubsequently precisely mapped to the interval ankedXojd53
highest PVEMa et al. (2007¢etected one major QTIQSpl.nau- and DG371 at 0.9 cM, resulting in longer spikes and a higher
2D, with 20% PVE, andKumar et al. (2007and Wang et al. grain weight (Vu et al., 201}

(2011) each found one major QTL on chromosome 2D, with  The common anking marker Xcfd53 of the major QTL was
11.36 and 13.61% PVE, respectively. In the present studygle stadetected in the present research, and the genetic distancebet
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TABLE 9 | Epistatic QTLs identi ed for spike-related traits under dférent nitrogen supply dates in different years.

Environment 2 Treatment ° QTL_1 Position 1 Marker interval QTL_2 Position 2 Marker int  erval LOD PVE (%) Add*Add ©

Sl

2011TA Tl QSl.sdau-2A 55 Xwmcl77-Xgwm558 QSl.sdau-7A 55 Xbarc259-Xwmc596  5.32 11.88 0.34
T3 QSl.sdau-1A 30 Xwmc728.1-Xwmc550  QSl.sdau-3A 55 Xswes107-Xbarc86 5.07 15.94 0.41

Ssn

2012TA TO QSsn.sdau-1A 35 Xwmc728.1- wmc550 QSsn.sdau-6D 150 Xswes679.1- cfa2129 5.01 33.78 0.67

Fsn

20113y T1 QFsn.sdau-4D 175 Xbarc237- Xcfe254 QFsn.sdau-6A 35 Xbarc023- Xbarc1077 5.66 18.92 0.52

2012TA TO QFsn.sdau-2D 75 Xbarc349.2- Xbarc349.1 QFsn.sdau-3A 100 Xwmc489.3- Xcfa2134 5.24 15.00 0.56
T1 QFsn.sdau-1B 55 Xgwm582- Xcfe026.2 QFsn.sdau-5B.2 0 Xbarc36- Xbarc140 572 11.44 0.52

Gns

20113y TO QGns.sdau-1A 65 Xgwm498- Xcewem6.2  QGns.sdau-7D 195 Xwmcl4- Xwmc42 5.31 20.97 3.02

Tkw

20113Y T2 QTkw.sdau-3A 60 Xswes107- Xbarc86 QTkw.sdau-5B 0 Xgwm133.1- Xwmc73 5.84 16.94 2.32
T2 QTkw.sdau-7A 5 Xwmc593- Xbarc157.2  QTkw.sdau-7D 150 Xgdm67- Xwmc634 5.38 11.95 2.00
T3 QTkw.sdau-1A 0 Xgwm259- Xewem32.1  QTkw.sdau-7D 55 Xbarc244- Xbarc352 5.76 13.25 2.17

@ and " are the same as those forTable 3.
CEpistatic effect.

Xwmcllzand Xcfd53was found to be 0.7 cM, which is smaller QTLs for not only Sl but also Ssn and Fsnui et al. (2012)
than that betweeXcfd53andDG371 These results demonstrate and Zhai et al. (2016also identi ed QTLs for Sl, Ssn and Fsn.
that the major QTL found on chromosome 2D in this research is_ocated in this region is the gene Rht8, which has been asdci
valid and important for improving Sl. Importantly, the di erent with QTLs for plant height, SI, spikelet number, Tkw, spikelet
environments and N top-dressed stage treatments did not a eactompactness and grain yield/é et al., 2007; Cui et al., 2012;
this major QTL.Xu et al. (2014 also identi ed the stable QTL Xu et al., 2014; Zhai et al., 2Q1@ herefore, this region will
(QSI-2D in the same marker intervalXwmcl12and Xcfd53, be important for improving spike-related traits. In additioh]
which was also not inuenced by nitrogen and phosphoruset al. (2007)found only one QTL,QFss.sdau-5D.e3r Fsn,
fertilization. This QTL in our research is very consistemda with 70.25% PVE, on chromosome 5D in one environment.
has been used in molecular breeding. The size of ampli catio®imilarly, we detected a QTL for Fsn on chromosome 5D in
fragments forXwmcl112and Xcfd53using wheat samples with a this research but in a dierent region, i.e., in thébarc320
long Sl was 233 and 245 bp, respectivély. et al. (2014also  Xwmc215nterval. Some important QTLs for heading date and
found that an NIL with theXcfd53DG371linterval had a long SI.  chlorophyll content are also associated with this regighgng
Additionally, one consistent minor QTL on chromosome 6B waset al., 2009a)bThese results suggest that this region is important
identi ed in the present research. for spike development.

Only a few studies to date have simultaneously reported QTLs In previous studies, most QTLs for Tkw have been detected
for Ssn and Fsnl( et al., 2007; Ma et al., 2007; Cui et al., 20120n chromosomes 1B, 1D, 2A, 2B, 4B, 5A, 6A, 7B, andHIx(g
Xu et al., 2014; Liu et al., 2016; Zhai et al., 3ppsimarily  etal., 2004; Lietal., 2007; Sun etal., 2009; Wang et ., 2001
involving chromosomes 1A, 1B, 2D, 3A, 3B, 4A, 4B, 5A, 5DJsilo et al., 2010; Liu et al., 201&Vang et al. (2011getected
7A, and 7D. In our study, stable QTLs for Ssn and Fsn, whicla QTL in the marker intervabarc105%arc37on chromosome
were not a ected by N application at the di erent stages, werebA in 237 k:3 families derived from the cross of 3228 and
found in the same intervals on chromosomes 1B, 2B, 2D, anding 4838. In the present study, we also found a stable QTL,
5D. The stable QTLESsn.sdau-2B-4nd QFsn.sdau-2B-bn  QTkw.sdau-6Abetween the markersbarc1055nd Xwmc553
chromosome 2B are particularly noteworthy because they ai@n chromosome 6A, and importantl)Xbarc105%vas found to be
novel QTLs and are rst reported herein. Additionally, thebte a common marker, indicating that they might be the same QTL.
QTL QGns.sdau-2Bn the same region was rst detected in Moreover, this region contains an important gene controlling
this study. Gns was signi cantly positively correlated wikbn  Tkw. Ding et al. (2011andLiu et al. (2016@also identi ed QTLs
but negatively correlated with Ssn. These results inditle¢ for Tkw on chromosome 6A but at di erent positions than found
the loci controlling these three traits are often not indegent  here.
and that increasing Fsn, decreasing Ssn or both could improve In addition, QTLs for nitrogen concentration and utilizat
Gns, which is consistent with practical breeding experiefibe. e ciency traits have been reported on chromosomes 3A, 4B,
marker intervalXwmc112Xcfd53Xwmc18on chromosome 2D 4D, 6A, 5A, and 7A Xu et al., 201} Cormier et al. (2014)
with pleiotropic e ects was found to involve six QTLs, includin also identi ed the important chromosomal regions deternmigi
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FIGURE 3 | The size of PCR fragments oXcfd53 and Xwmc112 in six varieties. M: DL2000; lanes 1, 2, and 3 represent the girt-spike varieties SN19, SN20, and
SN8355; and lanes 4, 5, and 6 represent the long-spike variés Elytrigia elongata SN62008 and SN08-29.

FIGURE 4 | The size of PCR fragments oiXcfd53 and Xwmc112 in six extreme individuals of the BgF, population. M: DL2000; lanes 1, 2, and 3 represent
short-spike materials; and lanes 4, 5, and 6 represent longpike materials.

nitrogen use e ciency components using a genome-wideGS 1 Therefore, these new QTLs identi ed under each di erent
association study, involving chromosomes 2D, 4D, 1A, 3A, 3Breatment perhaps were important for reasonable cultivation
4B, 2A, 5B, and 7B for related traits, such as nitrogen usiom molecular level because of relating to important gemes f
e ciency, nitrogen use to protein e ciency, nitrogen utiliation  nitrogen use e ciency-related traits. In the future, to disct

e ciency, nitrogen utilization to protein e ciency, nitrogen the in uence of cultivation treatments on QTL expressioneth
uptake, nitrogen harvest index, straw dry matter at matyrity conditional QTL mapping should be used besides unconditional
straw nitrogen content at maturity. In our study, we alsofou  QTL mapping.

several QTLs on chromosomes 2A, 2D, 4B, 5A, 5B, 6A, and In summary, 70 QTLs involving ve spike-related traits
7B when nitrogen fertilization was used, such@Sl.sdau-2A were detected in dierent environments, and eight critical
QSsn.sdau-5AQTkw.sdau-5BQSI.sdau-7Betc., which perhaps chromosome regions were found. Sixteen stable QTLs that wer
were induced by nitrogen treatment. Moreover, there were alslittle a ected by N application treatments were identi ed. Of
some QTLs identi ed on other chromosomes, such as 1B, 2Bhese, the anking markers of important QTLs on chromosomes
4A, 5D, and 7D. Of these QTLQSsn.sdau-1B-DSsn.sdau- 2B, 2D, and 6A for Ssn, Fsn, Sl, and Tkw can be used in MAS
5D, QFsn.sdau-50vere detected in at least 2 years and twddreeding. The results of this study increase our understandf
nitrogen treatments. Several publications already memibthe  the genetic basis of spike-related traits.

important region on chromosomes 2D as a ecting plant height,

Sl, Ssn per spike, and harvest ind&o(mier et al., 2014; Xu AUTHOR CONTRIBUTIONS

et al.,, 201} this region was identical to gene RhtBdrzun

et al., 1998; Worland et al., 1998; Zhai et al., 0a6d perhaps ZD analyzed the data and wrote the manuscript; YC and JL
also related to photoperiod gene. The QTL on chromosomévestigated the phenotypic data; QH and WF mapped the traits;
6A for Tkw in this study had the same marker Xbarc1055and JT conceived the research and improved the manuscript.
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