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Abstract
Key message Four genomic regions on chromosomes 4A, 6A, 7B, and 7D were discovered, each with multiple tightly 
linked QTL (QTL clusters) associated with two to three yield components. The 7D QTL cluster was associated with 
grain yield, fertile spikelet number per spike, thousand kernel weight, and heading date. It was located in the flank-
ing region of FT-D1, a homolog gene of Arabidopsis FLOWERING LOCUS T, a major gene that regulates wheat 
flowering.
Abstract Genetic manipulation of yield components is an important approach to increase grain yield in wheat (Triticum aes-
tivum). The present study used a mapping population comprised of 181 doubled haploid lines derived from two high-yielding 
spring wheat cultivars, UI Platinum and LCS Star. The two cultivars and the derived population were assessed for six traits in 
eight field trials primarily in Idaho in the USA. The six traits were grain yield, fertile spikelet number per spike, productive 
tiller number per unit area, thousand kernel weight, heading date, and plant height. Quantitative Trait Locus (QTL) analysis 
of the six traits was conducted using 14,236 single-nucleotide polymorphism (SNP) markers generated from the wheat 90 K 
SNP and the exome and promoter capture arrays. Of the 19 QTL detected, 14 were clustered in four chromosomal regions 
on 4A, 6A, 7B and 7D. Each of the four QTL clusters was associated with multiple yield component traits, and these traits 
were often negatively correlated with one another. As a result, additional QTL dissection studies are needed to optimize 
trade-offs among yield component traits for specific production environments. Kompetitive allele-specific PCR markers for 
the four QTL clusters were developed and assessed in an elite spring wheat panel of 170 lines, and eight of the 14 QTL were 
validated. The two parents contain complementary alleles for the four QTL clusters, suggesting the possibility of improving 
grain yield via genetic recombination of yield component loci.

Introduction

Wheat (Triticum aestivum, 2n = 6X = 42, AABBDD 
genomes) is one of the most important food crops grown 
today, as it provides 20% of the calories consumed by the 
world’s population (Breiman and Graur 1995; FAOSTAT 
2017). Wheat yield has continued to increase over time 

through breeding, but the current rate of increase will be 
insufficient to meet the future needs of a growing popula-
tion (Ray et al. 2013). To meet future demand, breeding for 
increased grain yield must be accelerated. Because grain 
yield components, such as fertile spikelet number per spike 
(fSNS), thousand kernel weight (TKW), and productive tiller 
number per unit area (PTN), typically show higher heritabil-
ity than grain yield (Wang et al. 2018; Zhang et al. 2018), 
targeting these components for improvement is an important 
approach to improve grain yield potential in wheat.

High grain yield is a result of maintaining a good balance 
of the three key yield component traits in specific environ-
ments. Conventional wheat breeding predominately relies on 
phenotypic selection. Lines must be tested for grain yield in 
multiple environments across several years to increase the 
prospect of developing a new, higher yielding cultivar to 
release. Because of negative correlations among the three 
yield component traits, simply selecting for improvement in 
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the individual components is ineffective (Wang et al. 2018; 
Zhang et al. 2018). QTL mapping plays a significant role in 
increasing grain yield by offering an alternative approach 
to enhance conventional breeding using molecular markers 
tightly linked to yield component traits. With the advent of 
high-density genotyping assays, such as the wheat 90 K (Wang 
et al. 2014) and 660 K (single-nucleotide polymorphism) SNP 
arrays (https ://wheat .pw.usda.gov/ggpag es/topic s/Wheat 660_
SNPar rayde velop ed_by_CAAS.pdf), significant progress has 
been recently reported for QTL associated with yield compo-
nent traits and grain yield. Chen et al. (2020) found a QTL for 
spikelet number per spike on the short arm of chromosome 
7AS that was the pleiotropic effect of FT-A1, a gene control-
ling flowering time. Guan et al. (2020) proposed that Rht-B1, 
a semi-dwarfing gene on chromosome 4B for plant height, is a 
possible candidate gene for TKW. In addition, using the exome 
and putative promoter capture assays (Gardiner et al. 2019), 
Kuzay et al. (2019) and Voss-Fels et al. (2019) developed a 
high-resolution genetic map and detected a reliable QTL for 
spikelet number per spike (SNS) on the long arm of chromo-
some 7AL and identified a wheat ortholog of the rice aberrant 
panicle organization 1 (APO1) gene as the best candidate gene 
affecting SNS. Liu et al. (2020) proposed that the TaFT-D1 
may be the candidate gene for two QTL, one related to thou-
sand kernel weight (QTkw.cas-7D.2) and another for kernel 
weight (Qkw.cas-7D.1). This progress is a first step toward 
cloning yield component genes. Although a number of studies 
examine QTL for multiple yield component traits, which are 
negatively correlated but work together as a network contribut-
ing to grain yield, additional studies are necessary to promote 
further progress in this area.

The present study used a doubled haploid (DH) mapping 
population derived from two high-yield spring wheat culti-
vars with substantial differences in fSNS, PTN, TKW, and 
HD as measured previously by the corresponding author’s 
program. The DH mapping population and the two parents 
were assessed for six traits (GY, fSNS, PTN, TKW, HD, 
and HT) in eight field trials, two to three traits per year from 
2017 to 2019, in Idaho, USA. The mapping population was 
genotyped with the 90 K SNP Wheat Illumina platform and 
the exome and promoter capture arrays. This approach ena-
bled simultaneous detection of QTL for GY and the three 
individual yield components, and results of the study pro-
vide a basis for further work to test various marker-assisted 
selection schemes to improve GY.

Materials and methods

Plant materials

Two sets of spring wheat lines were used in the present 
study. A set of 181  F1-derived DH lines from a cross between 

two high-yielding spring wheat cultivars, ‘UI Platinum’ and 
‘LCS Star,’ was used for QTL detection. UI Platinum was 
developed by the University of Idaho Agricultural Experi-
ment Station in Aberdeen, Idaho, USA, and was released 
in 2014 (Chen et al. 2016). LCS Star was developed and 
released by Limagrain Cereal Seeds, USA. Both parents 
have a semi-dwarfing allele at the Rht-B1 locus and similar 
plant height but have alternative alleles for the two major 
photoperiod response genes. UI Platinum has the photoper-
iod-insensitive alleles at loci for both PPD-B1 and PPD-
D1, while LCS Star has the sensitive alleles. As a result, UI 
Platinum flowers earlier than LCS Star when grown under 
short day conditions. The DH lines were created using the 
wheat by maize hybridization system (Laurie and Bennett 
1986) via the services of Heartland Plant Innovation in Kan-
sas, USA.

As a validation panel, a set of 170 spring wheat cultivars 
and elite lines was used including materials from multiple 
wheat breeding programs in the Pacific Northwest of the 
USA and the International Maize and Wheat Improvement 
Center (CIMMYT) in Mexico. Yield-related traits for this 
panel were previously published (Wang et al. 2018).

Phenotypic evaluation and data analysis

The DH mapping population was assessed in four trials 
under irrigation and in four rainfed trials. The irrigated trials 
were in Aberdeen, Idaho, USA (42.96° N 112.83° W, eleva-
tion 1342 m), in 2017, 2018, and 2019 (17-AB, 18-AB, and 
19-AB) and Ashton, Idaho, USA (44.0716° N, 111.4483° 
W, elevation 1603 m) in 2018 (18-ASH). The rainfed trials 
were in the relatively high rainfall areas of Moscow, Idaho, 
USA (46.7324° N, 117.0002° W, elevation 786 m) in 2018 
(18-MSC) and Walla Walla, Washington, USA (46.0646° 
N, 118.3430° W. elevation 287 m) in 2018 (18-WW) and in 
the dryer area of Soda Springs, Idaho, USA (42.6544° N, 
111.6047° W, elevation 1760 m) in 2018 and 2019 (18-SS 
and 19-SS). The DH and parental lines were arranged in a 
randomized complete block design with two replications in 
18-AB, 19-AB, 18-ASH, 18-SS, 19-SS and with one repli-
cation in 17-AB, 18-MSC, and 18-WW. All field trials used 
standard agronomic practices and seven row plots of 3.0 m 
by 1.5 m with 0.25 m between rows. Plant growth regulators 
were not applied, and no severe lodging was observed. The 
phenotypic data used for the diverse spring wheat panel were 
sourced from Wang et al. (2018).

Considering the plant growth conditions and labor avail-
ability for different trials, the number of traits measured dif-
fered among the eight trials. Grain yield in bushels per acre 
(Bu/A) was assessed in six trials (17-AB, 18-AB, 18-ASH, 
18-WW, 18-SS, and 19-SS).

HD was recorded in four trials (18-AB, 18-WW, 19-AB, 
and 19-SS) and was calculated from January 1 (Julian) to 

https://wheat.pw.usda.gov/ggpages/topics/Wheat660_SNParraydeveloped_by_CAAS.pdf
https://wheat.pw.usda.gov/ggpages/topics/Wheat660_SNParraydeveloped_by_CAAS.pdf
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the date when 50% of plants had spikes protruding from 
flag leaves. Plant height (HT) in inches was recorded in five 
trials (18-AB, 18-WW, 18-SS, 19-AB, and 19-SS) and was 
measured from the soil surface to the tip of the spike (awns 
excluded) at the last stage of maturity before harvest. The 
fSNS was recorded in seven trials (17-AB, 18-AB, 18-ASH, 
18-WW, 18-SS, 19-AB, and 19-SS) and was measured from 
ten randomly selected spikes that were fully developed 
before harvest. PTN was recorded in four trials (18-AB, 
18-ASH, 18-WW, and 19-AB) and was assessed before har-
vest as the number of productive tillers per 18 inches in the 
middle row of each plot. TKW in grams (g) was recorded 
in seven trials (17-AB, 18-AB, 18-ASH, 18-MSC, 18-SS, 
19-AB, and 19-SS) and was assessed by weighing one hun-
dred randomly selected seeds and multiplying the weight 
by ten to estimate thousand kernel weight. The same phe-
notyping methods were used for the diverse spring wheat 
panel. GY, HD, and HT were collected in field trials 16-AB, 
17-AB, 17-SS, 18-WW, TKW was collected in trials 16-AB, 
17-AB, and 17-SS, and fSNS and PTN were collected in tri-
als 16-AB and 17-AB.

Phenotypic data including BLUP (Best Linear Unbiased 
Prediction), histograms, correlations, and broad-sense herit-
ability (H2) were analyzed using JMP Genomics 9.0 (SAS 
Institute Inc., Cary, NC). The BLUPs across different trials 
for each trait were calculated considering the genotypes, tri-
als, and replications as random effects in the model. Histo-
grams were tested with the Shapiro–Wilk method and fitted 
with a normal curve when the p value was > 0.05. Corre-
lation coefficients among different trials for each trait and 
among different traits were calculated using the “Multivari-
ate” statistical analysis in JMP Genomics 9.0.

In addition, the broad-sense heritability was estimated 
using the equation H2 = σ2

g/(σ2
g + σ2

gy/y + σ2
gl/l + σ2

gyl/
yl + σ2

e/ylr), where σ2
g is the variance of genotypes, σ2

gy is 
the variance of genotype-year, σ2

gl is the variance of geno-
type-location, σ2

gyl is the variance of genotype-location-year, 
σ2

e is the residual variance, e is the total trial numbers, and r 
is the number of replications in each trial (Fehr 1987).

Genetic map construction and linkage analysis

The DH and parental lines were genotyped at the USDA-
ARS Small Grains Genotyping Laboratory in Fargo, ND, 
USA, using the Infinium wheat SNP 90 K iSelect assay 
(Illumina Inc., San Diego, CA, USA) developed by the 
International Wheat SNP Consortium (Wang et al. 2014). 
This assay yielded 81,587 SNPs and was used in the link-
age analysis in JMP Genomics 9.0. First, the linkage groups 
were determined with automated hierarchical and K-means 
clustering to remove the colocated markers in the linkage 
group. Then, the markers within each single linkage group 
were ordered using the cM Kosambi mapping function and 

the accelerated map order optimization algorithm in the 
software’s ‘linkage map order’ function. Linkage groups 
were separated when the genetic distance between border-
ing markers was greater than 50 cM.

QTL analysis

QTL analysis was conducted using individual and BLUP 
datasets for GY, fSNS, TKW, PTN, HD, and HT by the com-
posite interval mapping (CIM) method in JMP Genomics 
9.0. Significant QTL were determined with the expectation 
maximization algorithm at a threshold of 2.5 (LOD > 2.5). 
The software output provided a proportion of phenotypic 
variance (R2) and the additive effects for each marker. The 
source of the allelic effect of the parent UI Platinum or LCS 
Star was indicated by negative or positive estimates of the 
additive effects, respectively. To investigate the QTL × QTL 
interaction effects for a specific trait, multiple interval map-
ping was conducted using BLUP datasets in JMP Genom-
ics 9.0 with the Haley–Knott Regression algorithm. The 
logarithm of the odds (LOD) threshold of 2.5 was set for 
entry and retention in the model. In addition, to dissect the 
confounding effects of heading date on yield, QTL analyses 
were conducted for all grain yield datasets using composite 
interval mapping with heading date (BLUP dataset) as a 
cofactor variable.

To determine the physical positions for identified QTL 
regions, a BLAST search (https ://urgi.versa illes .inra.fr/
blast _iwgsc /?dbgro up=wheat _iwgsc _refse q_v1_chrom 
osome s&progr am=blast n) was preformed to align the QTL-
associated peak and flanking SNP marker sequences with 
the reference wheat genome assembly constructed in the cv. 
Chinese Spring sequence (RefSeq v1.0, the International 
Wheat Genome Consortium).

KASP marker development

To saturate the identified major QTL, additional SNPs 
between the two parents in the target QTL regions were 
identified based on the exome and putative promoter capture 
data (Gardiner et al. 2019) obtained from the Triticeae Tool-
box (T3) (https ://triti ceaet oolbo x.org/wheat /). These SNPs 
were genotyped using KBioscience’s Competitive Allele-
Specific PCR (KASP). The primers for KASP markers were 
designed based on each identified SNP using PolyMarker 
(Ramirez-Gonzalez et al. 2015). KASP primers were verified 
on the parents and then used to screen the DH population. 
The KASP assays were performed in a CFX384 Touch™ 
Real-Time PCR Detection System (Bio-Rad, Hercules, CA). 
The reaction system and PCR conditions were based on the 
protocol from LGC Genomics. The plate was read and set 
at 25 ºC for the last step, and the data were visualized and 

https://urgi.versailles.inra.fr/blast_iwgsc/?dbgroup=wheat_iwgsc_refseq_v1_chromosomes&program=blastn
https://urgi.versailles.inra.fr/blast_iwgsc/?dbgroup=wheat_iwgsc_refseq_v1_chromosomes&program=blastn
https://urgi.versailles.inra.fr/blast_iwgsc/?dbgroup=wheat_iwgsc_refseq_v1_chromosomes&program=blastn
https://triticeaetoolbox.org/wheat/
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analyzed using the allelic discrimination function in CFX 
Maestro software (Bio-Rad, Hercules, CA).

QTL validation in a diverse spring wheat line panel

Peak SNPs for major QTL identified in the DH mapping 
population were converted to KASP markers and were geno-
typed in a spring wheat panel of 170 diverse lines, which 
were developed by the University of Idaho, Washington 
State University, University of California, Davis, Montana 
State University, and CIMMYT described in Wang et al. 
(2017). Allelic effect of a QTL on GY, fSNS, PTN, and 
TKW was analyzed with a t test in JMP Genomics 9.0.

Results

Phenotypic analysis of GY HD, HT, fSNS, TKW, 
and PTN

Based on the BLUP data, the two parents differed signifi-
cantly in five out of the six traits with the exception being 
HT (Fig. 1). LCS Star had higher trait values for GY, HD, 
fSNS, and PTN, while UI Platinum had higher trait values 
in TKW. BLUP datasets of all traits for the DH population 
showed normal distributions with P values from 0.12 to 
0.71 using the Shapiro–Wilk method in JMP Genomics 9.0, 
which suggests polygenic inheritance of these traits (Fig. 1). 

Transgressive segregation was common at both ends of the 
distribution for GY, fSNS, and HT, and at one end of the 
distribution for TKW, PTN, and HD (Fig. 1). UI Platinum 
had the greatest TKW values, shortest HD, and the least 
PTN (Fig. 1). The HD, HT, fSNS, and TKW showed high 
broad-sense heritability at 0.79, 0.82, 0.84, and 0.68, respec-
tively, suggesting a strong genetic contribution to these traits 
in the population. GY and PTN showed moderate broad-
sense heritability of 0.38 and 0.44, respectively, indicating 
these traits were more affected by environmental factors. 
Consistent with the heritability values, the correlation coef-
ficients (r2) among different trials for HD and HT ranged 
from 0.6 to 0.9, and for fSNS and TKW from 0.3 to 0.7. The 
r2 among different trials for GY and PTN ranged from 0.2 
to 0.4 (Table 1).

Correlations among the different traits showed that GY 
positively correlated with fSNS, HD, and HT, but there was 
no significant correlation between GY, TKW and PTN. The 
fSNS positively correlated with GY, HD, and HT but nega-
tively correlated with PTN and TKW. TKW negatively cor-
related with PTN, fSNS, HD, but positively correlated with 
HT. PTN negatively correlated with TKW, fSNS, and HT but 
did not significantly correlate with GY and HD (Table 1).

Linkage group construction and marker analysis

Of the 81,587 SNPs called from the 90 K iSelect SNP array, 
14,236 were polymorphic between UI Platinum and LCS 

14 15 16 17 18 19 20

UIP LCS

BLUP_ TKW   H² = 0.68BLUP_ fSNS   H² = 0.84

30 32 34 36 38 40

LCS

UIP

BLUP_ PTN   H² = 0.44
50 55 60 65

UIP

LCS

P = 0.13P = 0.71 P = 0.37

BLUP_ HT       H² = 0.82

25 26 27 28 29 30 31

UIP LCS

171 172 173 174 175 176

UIP

LCS

BLUP_ HD   H² = 0.79

78 80 82 84 86 88 90 92

LCS
UIP

BLUP_ GY        H² = 0.38

P = 0.53 P = 0.33P = 0.12

Fig. 1  Distribution of the BLUP data for GY, HD, HT, fSNS, TKW, and PTN in the DH population. The BLUP values of the parents are indi-
cated on the histogram plots using the red arrows. The broad-sense heritability for each trait is shown below each histogram



2083Theoretical and Applied Genetics (2021) 134:2079–2095 

1 3

Ta
bl

e 
1 

 C
or

re
la

tio
ns

 a
m

on
g 

di
ffe

re
nt

 tr
ia

ls
 fo

r e
ac

h 
tra

it 
an

d 
co

rr
el

at
io

ns
 a

m
on

g 
al

l t
ra

its
 b

as
ed

 o
n 

B
es

t L
in

ea
r U

nb
ia

se
d 

Pr
ed

ic
tio

n 
(B

LU
P)

 v
al

ue
s 

in
 th

e 
U

I P
la

tin
um

 x
 L

C
S 

St
ar

 d
er

iv
ed

 d
ou

-
bl

ed
 h

ap
lo

id
 p

op
ul

at
io

n

G
ra

in
 y

ie
ld

Tr
ia

l
17

-A
B

18
-A

B
18

-A
SH

18
-W

W
18

-S
S

19
-S

S

18
-A

B
0.

30
**

*
18

-A
SH

0.
37

**
*

0.
17

*
18

-W
W

0.
49

**
*

0.
34

**
*

0.
47

**
*

18
-S

S
0.

26
**

0.
06

0.
12

0.
38

**
*

19
-S

S
0.

27
**

*
0.

19
*

0.
16

*
0.

39
**

*
0.

24
**

B
LU

P
0.

74
**

*
0.

43
**

*
0.

57
**

*
0.

54
**

*
0.

26
**

0.
37

**
*

H
ea

di
ng

 d
at

e

Tr
ia

l
18

-A
B

18
-W

W
19

-A
B

19
-S

S

18
-W

W
0.

83
**

*
19

-A
B

0.
87

**
*

0.
82

**
*

19
-S

S
0.

85
**

*
0.

83
**

*
0.

93
**

*
B

LU
P

0.
85

**
*

0.
83

**
*

0.
86

**
*

0.
85

**
*

H
ei

gh
t

Tr
ia

l
18

-A
B

18
-W

W
18

-S
S

19
-A

B
19

-S
S

18
-W

W
0.

81
**

*
18

-S
S

0.
60

**
*

0.
63

**
*

19
-A

B
0.

82
**

*
0.

77
**

*
0.

59
**

*
19

-S
S

0.
48

**
*

0.
74

**
*

0.
66

**
*

0.
68

**
*

B
LU

P
0.

88
**

*
0.

85
**

*
0.

75
**

*
0.

82
**

*
0.

80
**

*

Fe
rti

le
 sp

ik
el

et
 n

um
be

r p
er

 sp
ik

e

Tr
ia

l
17

-A
B

18
-A

B
18

-A
SH

18
-W

W
18

-S
S

19
-A

B
19

-S
S

18
-A

B
0.

59
**

*
18

-A
SH

0.
53

**
*

0.
69

**
*

18
-W

W
0.

48
**

*
0.

69
**

*
0.

59
**

*
18

-S
S

0.
49

**
*

0.
69

**
*

0.
60

**
*

0.
53

**
*

19
-A

B
0.

57
**

*
0.

83
**

*
0.

66
**

*
0.

63
**

*
0.

66
**

*
19

-S
S

0.
55

**
*

0.
81

**
*

0.
68

**
*

0.
63

**
*

0.
69

**
*

0.
77

**
*

B
LU

P
0.

59
**

*
0.

89
**

*
0.

86
**

*
0.

79
**

*
0.

85
**

*
0.

81
**

*
0.

89
**

*

Th
ou

sa
nd

 k
er

ne
l w

ei
gh

t

Tr
ia

l
17

-A
B

18
-A

B
18

-A
SH

18
-M

SC
18

-S
S

19
-A

B
19

-S
S

18
-A

B
0.

43
**

*



2084 Theoretical and Applied Genetics (2021) 134:2079–2095

1 3

Si
gn

ifi
ca

nc
e 

le
ve

l: 
**

*,
 *

*,
 a

nd
 *

 in
di

ca
te

 p
 <

 0.
00

1,
 0

.0
1,

 a
nd

 0
.0

5,
 re

sp
ec

tiv
el

y

Ta
bl

e 
1 

 (c
on

tin
ue

d)

Th
ou

sa
nd

 k
er

ne
l w

ei
gh

t

Tr
ia

l
17

-A
B

18
-A

B
18

-A
SH

18
-M

SC
18

-S
S

19
-A

B
19

-S
S

18
-A

SH
0.

41
**

*
0.

33
**

*
18

-M
SC

0.
29

**
0.

45
**

*
0.

37
**

*
18

-S
S

0.
34

**
*

0.
31

**
*

0.
28

**
0.

24
**

19
-A

B
0.

40
**

*
0.

54
**

*
0.

33
**

*
0.

44
**

*
0.

19
**

19
-S

S
0.

45
**

*
0.

34
**

*
0.

45
**

*
0.

30
**

*
0.

53
**

*
0.

21
**

B
LU

P
0.

70
**

*
0.

75
**

*
0.

68
**

*
0.

65
**

*
0.

60
**

*
0.

72
**

*
0.

63
**

*

Pr
od

uc
tiv

e 
til

le
r n

um
be

r p
er

 u
ni

t a
re

a

Tr
ia

l
18

-A
B

18
-A

SH
18

-W
W

19
-A

B

18
-A

SH
0.

39
**

*
18

-W
W

0.
40

**
*

0.
41

**
*

19
-A

B
0.

43
**

*
0.

25
**

0.
34

**
*

B
LU

P
0.

70
**

*
0.

64
**

*
0.

60
**

*
0.

50
**

*

B
LU

P 
va

lu
e

Tr
ai

t
G

Y
H

D
H

T
fS

N
S

TK
W

H
D

0.
30

**
*

H
T

0.
27

**
*

0.
25

**
*

fS
N

S
0.

37
**

*
0.

74
**

*
0.

20
**

TK
W

 −
 0.

04
 −

 0.
38

**
*

0.
21

**
-0

.3
3*

**
PT

N
 −

 0.
02

 −
 0.

12
 −

 0.
22

**
 −

 0.
19

**
 −

 0.
49

**
*



2085Theoretical and Applied Genetics (2021) 134:2079–2095 

1 3

Star. After excluding the markers that either cosegregated 
at the same position or with missing values in more than 
10% of the lines, a total of 1276 SNP markers remained 
for linkage map construction. A total of 48 linkage groups 
were constructed, representing all 21 hexaploid wheat 
chromosomes. Chromosomes 6A, 2B, and 1D were repre-
sented by one linkage group each; chromosomes 1A, 2A, 
4A, 3B, 4B, 5B, 6B, 2D, 4D, and 7D were represented by 
two linkage groups each. Chromosomes 3A, 5A, 1B, 7B, 
3D, 5D, and 6D were represented by three linkage groups 
each, and chromosomes 7A was represented by four link-
age groups (Supplemental Table 1). The total length of the 
linkage map was 3892.81 cM, with a mean marker density 
of 0.33 marker per cM. The map of the A genome had 489 
markers (38%) with a total length of 1322.46 cM and an 
average marker density of 0.37 marker per cM. The map of 
the B genome had 583 markers (46%) with a total length of 
1546.01 cM and an average marker density of 0.38 marker 
per cM. The map of the D genome included 204 markers 
(16%) with a total length of 1024.34 cM and an average 
marker density of 0.20 markers per cM. The D genome had 
the lowest marker coverage, especially for chromosomes 

2D, 4D, 5D, and 7D, and the marker density for these chro-
mosomes was less than 0.20 markers per cM (Supplemental 
Table 1).

QTL detection

QTL for GY

Only one QTL for GY, QGy.uia2-7D, was detected 
on chromosome 7D in four of seven datasets (17-AB, 
18-ASH, 18-WW, and BLUP data) (Fig. 2a and Table 2). 
QGy.uia2-7D explained 14 to 17% of the phenotypic vari-
ation, and its peak marker was mapped in the position of 
the FT-D1, a homolog gene of Arabidopsis FLOWERING 
LOCUS T, a major gene that regulates wheat flowering 
(Yan et al. 2006; Chen et al. 2014). An LCS Star allele 
for this QTL contributed to high GY. When heading date 
(BLUP dataset) was used as a cofactor variable in the QTL 
analysis, this QTL remained significant in three datasets 
(17-AB, 18-WW, and BLUP data) (Table 2).

Genetic Map (cM)
7DS

Physical Map (bp)
7DS

28.977DS-42

0.007DS-11

52.45

IWB4045

IWB40232

86.80IWB42766

75.57IWB44780

88.46IWB22212
89.01IWB46722

IWB52211

95.10IWB76634

68417416

92570641

112431129

117525571

Q
fSN

S.uia2-7D
 

Q
TK

W
.uia2-7D

 

Q
H

T.uia2 -7D
 

Q
G

Y.uia2-7D
 

Q
H

D
.uia2-7D

 

66074035

71342971

59737774

62214499

51952308

11636416

42074348

7DS-51 36.9

7DS-59 40.26
7DS-62 42.52

7DS-66 48.20

7DS-71

49.88

FT-D1

IWB40120 64.96

74.46

182602753

91.78 235982936

413246757

458531580

530035497Genetic Map (cM)
7DS

Physical Map (bp)

7DS

2.55IWB23802

6.66IWB4045 

0.00IWB18914

16.09IWB40120

25.59IWB40232

37.91IWB42766

26.70IWB44780

39.56IWB22212
40.12IWB46722 42.88IWB52211

46.20IWB76634

55073662

59091469

68417416

92570641

112431129
117525571

182602753

235982936

413246757

458531580

530035497

Q
fSN

S.uia2-7D

Q
TK

W
.uia2-7D

Q
H

T.uia2-7D

Q
G

Y.uia2-7D

Q
H

D
.uia2-7D

FT-D1

A B

Fig. 2  Genetic and physical positions for QTL clusters on chromo-
some 7D based on the 90 K SNP map (a) and the saturated map with 
additional KASP markers (b). Collinearity relationships among the 
genetic map from the present study and the physical map from Ref-

Seq v1.0 for the identified QTL clusters were indicated by dash lines. 
The QTL for GY, HD, HT, fSNS, and TKW were detected based on 
BLUP datasets and were indicated by orange, green, black, blue, and 
red bars, respectively
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QTL for HD

Four QTL were detected for HD (Table 2), one each on chro-
mosomes 4B, 6A, 7B, and 7D. QHd.uia2-7D was detected 
in all five datasets (18-AB, 18-WW, 19-AB, 19-SS, and the 
BLUP data) and had the largest effect among the four QTL, 
explaining 29 to 50% of phenotypic variation (Table 2). Like 
GY, this QTL was mapped in the flanking region of FT-D1 
(Fig. 2a). QHd.uia2-7B was also detected in all five datasets 
(18-AB, 18-WW, 19-AB, 19-SS, and the BLUP data) and 
explained less phenotypic variation (20% based on BLUP 
data) than QHd.uia2-7D, but more than both QTL QHd.
uia2-4B and QHd.uia2-6A. QHd.uia2-4B and QHd.uia2-6A 
only explained 8 and 7% of overall phenotypic variation, 
respectively, based on the BLUP values. LCS Star alleles for 
QHd.uia2-7D and QHd.uia2-7B contributed to late heading, 
while LCS Star alleles for QHd.uia2-4B and QHd.uia2-6A 
contributed to early heading.

QTL for HT

Five QTL were detected for HT, two on chromosome 4A, 
and one each on 5A, 5D, and 7D (Table 2). QHt.uia2-4A.1 
was detected in five of six datasets (18-AB, 18-WW, 18-SS, 
19-AB, and BLUP data), explaining 7 to 26% of the phe-
notypic variation (Table 2). QHt.uia2-4A.2 was detected in 
all datasets (18-WW, 18-SS, 18-AB, 19-AB, 19-SS, and the 
BLUP data), explaining 9 to 13% of the phenotypic varia-
tion. QHt.uia2-5A was detected on the long arm of chromo-
some 5A in three of six datasets (18-AB, 18-SS, and BLUP 
data), explaining 6 to 9% of the phenotypic variation. QHt.
uia2-5D was detected on the short arm of chromosome 5D 
in three of six datasets (18-WW, 18-AB, and BLUP data), 
explaining 7 to 12% of the phenotypic variation. QHt.uia2-
7D was detected in four of six datasets (18-AB, 18-WW, 
19-AB, and BLUP data), explaining 15 to 25% of the phe-
notypic variation. Among these QTL, increased plant height 
was contributed by the LCS Star alleles for QHt.uia2-4A.1, 
QHt.uia2-5D, and QHt.uia2-7D and by the UI Platinum 
allele for QHt.uia2-4A.2 and QHt.uia2-5A. Like GY and 
HD, the QTL QHt.uia2-7D had the biggest effect on HT 
and was mapped in the flanking region of FT-D1 (Table 2 
and Fig. 2a).

QTL for fSNS

Four QTL were detected for fSNS (Table 2) on chromo-
somes 5D, 6A, 7B and 7D. QfSns.uia2-5D was detected in 
five of eight datasets (17-AB, 18-AB, 18-SS, 19-SS, and 
BLUP data) and explained 9 to 18% of the phenotypic vari-
ation (Table 2). QfSns.uia2-7B was detected in five of eight 
datasets (18-WW, 18-ASH, 19-AB, 19-SS, and BLUP data) 
and explained 11 to 24% of the phenotypic variation. QfSns.Ta
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uia2-6A was detected in all eight datasets (17-AB, 18-AB, 
19-AB, 18-ASH, 18-WW, 18-SS, 19-SS, and BLUP data) 
and explained 8 to 20% of the phenotypic variation. QfSns.
uia2-7D was also detected in all eight datasets and explained 
17 to 44% of the phenotypic variation. Like GY, HD, and HT 
QTL on 7DS, the QTL QfSns.uia2-7D had the biggest effect 
on fSNS (Table 2) and was mapped in the flanking region of 
FT-D1 (Fig. 2a). Except for QfSNS.uia2-6A, positive alleles 
for all remaining QTL were contributed by LCS Star.

QTL for TKW

A total of three QTL were detected for TKW on chromo-
some 4A, 6A, and 7D (Table 2). QTkw.uia2-4A was detected 
in five of eight datasets (17-AB, 18-AB, 18-MSC, 18-SS, 
and BLUP data), explaining 8 to 13% of the phenotypic vari-
ation. QTkw.uia2-6A was detected in three of eight datasets 
(17-AB, 18-SS, and BLUP data), explaining 11 to 14% of the 
phenotypic variation. QTkw.uia2-7D was detected in three 
of eight datasets (18-AB, 19-AB, and BLUP data), explain-
ing 17 to 27% of the phenotypic variation. The QTkw.uia2-
7D was mapped in the flanking region of FT-D1 (Fig. 2a). 
Positive alleles for TKW were contributed by LCS Star for 
QTkw.uia2-4A and by UI Platinum for QTkw.uia2-6A and 
QTkw.uia2-7D.

QTL for PTN

Two QTL were detected for PTN on chromosomes 4A and 
6A (Table 2). QPtn.uia2-4A was detected in three of five 
datasets (18-AB, 18-ASH, and BLUP data), explaining 7 to 
10% of the phenotypic variation. QPtn.uia2-6A was detected 
in all five datasets (18-AB, 18-ASH, 18-WW, 19-AB, and 
BLUP data), explaining 7 to 20% of the phenotypic vari-
ation. The positive alleles for PTN were contributed by 
UI Platinum for QPtn.uia2-4A and by LCS Star for QPtn.
uia2-6A.

QTL cluster on chromosome 7D and saturated map 
with KASP markers

Five QTL (QGy.uia2-7D, QHt.uia2-7D, QHd.uia2-7D, 
QfSns.uia2-7D, and QTkw.uia2-7D) were mapped in a flank-
ing region on chromosome 7D, designated herein as the 7D 
QTL cluster, and the peak SNP marker for all traits was 
close to the flowering gene FT-D1 (Fig. 2a and Table 2). 
The QTL intervals for the five QTL were all mapped from 
0 to 16.09 cM and the two flanking markers (IWB18914 
and IWB40120) spanned 37.5 Mbp in physical distance. To 
saturate this region, seven additional KASP markers were 
designed using the capture data from exome and promoter 
regions and were mapped in this QTL region (Fig.  2b, 
Table 2, and Supplemental Table 2). The two flanking KASP 

markers (7DS-66 and 7DS-71) for the QTL in the saturated 
map spanned only 5.2 Mbp in physical distance (Fig. 2b). 
With the saturated map, QTL were detected in additional 
locations: QGy.uia2-7D in 19-SS and QTKW.uia2-7D in 
18-SS (Table 2).

QTL clusters on chromosomes 6A and 4A

QTL cluster on chromosome 6A includes QPtn.uia2-6A, 
QfSns.uia2-6A, QTkw.uia2-6A, and QHd.uia2-6A based on 
the map position in Table 2. The LCS Star allele contributed 
to more PTN, but less fSNS and TKW, and later heading. 
QTL intervals of this QTL cluster were large, and therefore, 
additional populations may be needed to dissect the QTL 
cluster for each of the three traits.

QTL cluster on 4A includes QPtn.uia2-4A, QTkw.uia2-
4A, and QHt.uia2-4A.1 based on the map position in Table 2. 
The LCS Star allele contributed to greater plant height and 
larger TKW, and the UI Platinum allele contributed to more 
PTN. All three QTL had smaller effects compared to the 
QTL identified in other clusters on 6A and 7D. The LCS Star 
alleles for greater TKW and HT may be more important than 
the UI Platinum allele for PTN since QTL for these alleles 
were detected in more environments.

QTL validation in the diverse spring wheat line 
panel

Six KASP markers (Supplemental Table 2) were used in 
the allelic effect analysis of the diverse spring wheat line 
panel, which include one (4A-102) on chromosome 4A, two 
(6A-288 and 6A-454) on 6A, one (7BS-76) on 7B, and two 
(7DS-66 and 7DS-71) on 7D (Table 3). Eight out of the 14 
allelic effects of QTL measured were significant at various 
levels of statistical significance (Table 3).

Additive effect of the two QTL on 6A and 7D for TKW, 
fSNS, and HD

QTL for fSNS and TKW were detected on chromosomes 
6A and 7D in multiple environments (Table 2). UI Platinum 
contributed favorable alleles for both QTL on the chromo-
somes 6A and 7D for TKW, and the two QTL had an addi-
tive effect toward increasing TKW (Table 4). The fSNS QTL 
on chromosome 6A and on 7D also had an additive effect, 
but the favorable alleles of the two QTL were from different 
parents, the allele of 7D QTL from LCS Star has a greater 
effect than the allele of 6A QTL from UI Platinum (Table 4). 
The allelic effects of the two QTL for HD worked in the 
same way as the fSNS QTL allelic effects (Table 4).
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Discussion

The present study used a DH population derived from two 
high-yielding spring wheat cultivars to dissect the genetic 
basis of variation for GY, three major yield components 
(fSNS, PTN, and TKW), two agronomic traits HD and 
HT. By combining phenotyping in eight field trials and 
genotyping with the high-density genotyping platform, 
we identified major QTL controlling these traits in spring 
wheat. Of the 19 QTL detected, 14 were clustered in four 
genomic regions on chromosomes 4A (three QTL), 6A 
(four QTL), 7B (two QTL), and 7D (five QTL). KASP 

markers for the four QTL clusters were developed and 
assessed in an elite spring wheat panel of 170 lines, eight 
of the 14 QTL were verified. These KASP markers can be 
used in the primary selection of the three yield component 
traits and GY.

QTL analysis and comparison with previous studies

The present study confirmed QTL for PTN on chromo-
somes 4A and 6A, which were identified in previous 
work using a population from UI Platinum x SY Capstone 

Table 3  QTL validation in a 
diverse spring wheat line panel

a The difference is calculated using the mean of the entries with the UIP allele minus the mean of the 
entries with the LCS allele
b Significance in the T test for the two allele groups
c UIP or LCS stands for the alternative allele for a peak SNP or KASP associated with the specific QTL 
corresponding to Table 2

QTL/Marker Allele Trait Mean Differencea P  valueb Sample Size

QTL-4A
4A-102 UIPc HT 36.40  − 5.7  < 0.001 9

LCS 42.10 161
4A-102 UIP TKW 36.20 1.2 0.24 9

LCS 35.00 161
4A-102 UIP PTN 447.80  − 2.8 0.38 9

LCS 450.60 161
QTL-6A
6A-288 UIP HD 134.80 1.21 0.017 89

LCS 133.59 81
6A-454 UIP fSNS 17.20 0.3 0.05 102

LCS 16.90 68
6A-288 UIP TKW 37.10 1.5 0.0011 89

LCS 35.60 81
6A-288 UIP PTN 445.4  − 13.2  < 0.001 89

LCS 458.6 81
QTL-7B
7BS-76 UIP HD 132.7  − 1.2 0.003 67

LCS 133.9 93
7BS-76 UIP fSNS 17.22  − 0.79 0.011 67

LCS 18.01 93
QTL-7D
7DS-66 UIP GY 64.86  − 4.63  < 0.001 62

LCS 69.49 108
7DS-66 UIP HT 41.40  − 0.6 0.39 62

LCS 42.00 108
7DS-66 UIP HD 133.80  − 1.2  < 0.001 62

LCS 135.00 108
7DS-71 UIP fSNS 17.00  − 0.12 0.73 50

LCS 17.12 120
7DS-66 UIP TKW 36.09  − 0.05 0.91 62

LCS 36.14 108
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(Wang et al. 2018). In both studies, UI Platinum had the 
4A allele for higher PTN and the 6A allele for lower PTN. 
QTL for TKW on chromosomes 4A and 6A, and QTL on 
7BS and 7DS for GY, fSNS, TKW, and HD were likely not 
detected in the previous study because UI Platinum and SY 
Capstone showed little divergence in these traits.

The present study identified a QTL for GY on chromo-
some 7D (QGY.uia2-7D) (Table 2). Groos et al. (2003) and 
Narasimhamoorthy et al. (2006) previously reported three 
grain yield QTL on 7D using SSR, RFLP, and AFLP mark-
ers. As summarized in Zhang et al. (2018), these three 
QTL were located near the centromere or at the long arm 
of the chromosome, which differs from the position of 
QGy.uia2-7D identified in the present study and thus sup-
ports the hypothesis that QGy.uia2-7D is novel.

Four QTL were identified for HD on chromosomes 4B, 
6A, 7B, and 7D (Table 2). QHd.uia2-4B and QHd.uia2-6A 
have not been previously reported, which suggests these 
two QTL could be novel. QHd.uia2-7B and QHd.uia2-7D 
were both mapped on the short arms of chromosomes 7B 
and 7D. QTL at similar locations were previously reported 
and the QTL for HD showed either limited or no effects 
on GY (Maccaferri et al. 2008 and Zhang et al. 2018). In 
the present study, the QTL for HD on 7DS was mapped 
in the flanking region for the QTL of GY. Lines with later 
maturity tend to have higher GY (Table 1).

There were five QTL detected for HT on chromosomes 
4A (2), 5A, 5D, and 7D (Table 2). QHt.uia2-4A.1 spanned 
both the short arm and long arm of chromosome 4A while 
QHt.uia2-4A.2 was mapped on the long arm of chromo-
some 4A. QHt.uia2-5A was mapped on the long arm of 
chromosome 5A, and QHt.uia2-5D was mapped on the 
short arm of chromosome 5D. Lastly, QHt.uia2-7D was 

mapped on the short arm of chromosome 7D. Of the five 
QTL detected for HT, three have not been previously 
reported (QHt.uia2-4A.1, QHt.uia2-4A.2, and QHt.uia2-
7D) and therefore could be novel.

Four QTL for fSNS were identified on chromosomes 
5D, 6A, 7B, and 7D. QfSns.uia2-5D was mapped on the 
long arm of chromosome 5D, and this locus could corre-
spond to the chromosome 5D QTL for fSNS identified by 
Li et al. (2007). QfSns.uia2-6A occurred in a large region 
spanning both the short and long arms of chromosome 
6A (Table 2). QfSns.uia2-6A could possibly correspond to 
the QTL associated with fSNS on the short arm of chro-
mosome 6A, which was previously identified by Kumar 
et al. (2007) and Wang et al. (2011). QfSns.uia2-7B was 
mapped on the short arm of chromosome 7B and QfSns.
uia2-7D was detected on the short arm of chromosome 
7D (Fig. 2a). Wang et al. (2011) reported QTL associated 
with fSNS on the long arms of both chromosomes 7B and 
7D. Since no QTL for fSNS were previously identified on 
the short arms of these two chromosomes, QfSns.uia2-7B 
and QfSns.uia2-7D could be novel. The effects of the two 
QTL could be possibly the pleiotrophic effect of FT-B1 
and FT-D1. Later flowering favored the more fSNS as sup-
ported by the positive correlation between HD and fSNS 
(Table 1).

QTL for TKW were detected on chromosomes 4A, 
6A, and 7D. QTkw.uia2-4A was mapped in a large region 
spanning both the long and short arms of chromosome 4A 
(Fig. 2). Gao et al. (2015) detected a QTL for TKW on the 
long arm of chromosome 4A, and perhaps QTkw.uia2-4A 
corresponds to the QTL they found. QTkw.uia2-6A was 
mapped to a region spanning both the short and long arms 
of chromosome 6A (Table 2). Li et al. (2007) and Gao et al. 
(2015) also detected a QTL on chromosome 6A in the same 
region. In addition, the TaGW2-A gene is located at the 237 
Mbp locus (Zhai et al. 2018), which is 36 Mbp distant from 
the QTkw.uia2-6A (201 Mbp in Table 2). QTkw.uia2-7D was 
mapped on the short arm of chromosome 7D (Table 2 and 
Fig. 2a and Fig. 2b).

QTL for PTN were detected on chromosomes 4A and 
6A. QPtn.uia2-4A was mapped in a large region spanning 
both the short and long arms of chromosome 4A (Fig. 2). 
Wang et al. (2018) also reported QTL associated with PTN 
on chromosome 4A. QPtn.uia2-6A was mapped in a large 
region spanning both the short and long arms of chromo-
some 6A (Fig. 2). Sukumaran et al. (2015) reported a linkage 
block in this region of approximately 77–81 cM that encom-
passed 63% of the entire 6A chromosome (100–500 Mbp). 
Our results showed the QTL on chromosome 6A was located 
at 90–530 Mbp with no obvious peaks. Wang et al. (2018) 

Table 4  Additive effects of the QTL on 6A and 7D for TKW, fSNS, 
and HD in the UI Platinum x LCS Star-derived doubled haploid pop-
ulation*

* The number of lines used in each haplotype AABB, aaBB, 
AAbb, and aabb were different, which are 39:55:27:60 for TKW, 
57:35:57:31 for fSNS, 58:38:57:28, respectively
a The markers listed in Supplemental Table 2 were used to build the 
haplotypes
b A/a indicates the 6A QTL, while B/b indicates the 7D QTL. Capital 
letters indicate alleles that increase trait values and small letters indi-
cate alleles that decrease trait values
c All pair means were compared using the Tukey–Kramer HSD 
method. Values followed by the same capital letter are not signifi-
cantly different at p 0.05

Haplotypea TKW fSNS HD

AABBb 35.3Ac 18.3A 174.7A
aaBB 34.1AB 17.6B 174.2B
AAbb 33.5B 17.2C 173.1C
aabb 32.4C 16.6D 172.7C
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used a DH population with a common parent (UI Platinum) 
and found a QTL for PTN in the same region contributed 
by the SY Capstone parent, which supports the hypothesis 
that LCS and SY Capstone contain the same allele for PTN 
on chromosome 6A.

QTL in relation to FT‑B1 and FT‑D1

Three important genes, known as vernalization (Vrn), photo-
period (Ppd), and FLOWERING LOCUS T (FT), have been 
associated with spikelet number per spike (SNS) and HD. 
VRN1 is one of the major genes controlling HD in winter 
wheat (Fu et al. 2005; Yan et al. 2003). Li et al. (2019) dem-
onstrated that vrn1-null mutants have increased SNS because 
of a longer transition time from inflorescence meristem to 
a terminal spikelet. Ochagavia et al. (2018) reported that 
a photoperiod-insensitive allele (Ppd-1a) influences SNS. 
Dixon et al. (2018) and Finnegan et al. (2018) demonstrated 
that deletion of FT-B1 delays the transition to reproductive 
growth, increasing spikelet number. Most recently, Chen 
et al. (2020) showed that FT-A1 has pleiotropic effects on 
spikelet number and heading date. Liu et al. (2020) showed 
that FT-D1 has pleiotropic effects on thousand kernel 
weight. The QTL for fSNS located in the flanking regions of 
FT-B1 identified in the present study supports these previous 
findings by Dixon et al. (2018) and Finnegan et al. (2018).

The present study is the first to demonstrate the colo-
calization of QTL for GY, fSNS, TKW, HD, and FT-D1. 
UI Platinum contributed to higher TKW, while LCS Star 
contributed more to fSNS, a later HD, a later flowering 
time, and higher GY. Based on the positions of these QTL 
and the correlations among GY, fSNS, HD, and TKW, the 
effect of these QTL may result either from different closely 
linked genes or from the pleiotropic effects of FT-D1. Future 
work to dissect the 7DS QTL cluster could help determine 
whether FT-D1 has pleiotropic effects on the four traits.

Prospects and challenges

A total of 19 QTL were detected on seven wheat chromo-
somes for four yield-related traits (GY, fSNS, TKW, and 
PTN) and two agronomic traits (HD and HT). Of the 19 
QTL, favorable alleles for 11 QTL were from LCS Star and 
eight were from UI Platinum. This result suggests that pyra-
miding favorable alleles from both parents may increase the 
values of each yield component and GY. The present study 
developed KASP markers for QTL associated with the three 
yield component traits and GY (Supplemental Table 2). 
These KASP markers will be used for fine mapping and to 
dissect the four QTL clusters and, ultimately, to clone the 
three QTL for yield component traits.

A challenge posed from results of our study is how to 
select genetic improvement of related yield component traits 

that have negative trade-offs. Four chromosomes, 4A, 6A, 
7B, and 7D, each contained multiple QTL within which the 
associated traits were negatively correlated. For example, 
selecting the LCS Star allele for fSNS on chromosome 7D 
will result in selecting smaller TKW and selecting the UI 
Platinum allele for TKW on chromosome 6A will result in 
selecting less PTN. In practical breeding, it is a great chal-
lenge to balance PTN, TKW, and fSNS. Molecular-level 
results from the present study explain the complexity of this 
challenge and may make it possible to break the linkage 
among the three traits via molecular marker-assisted selec-
tion and gene cloning.

For the QTL region on chromosome 7D, considering the 
number of trials that a QTL was detected, percentage of phe-
notypic variation explained by the QTL, and the broad-sense 
heritability of the trait, the QTL QfSns.uia2-7D is more 
important than the QTL QTkw.uia2-7D. Therefore, select-
ing the LCS Star allele for higher fSNS may be more effec-
tive than selecting the higher TKW allele from UI Platinum.

The QTL cluster on 7BS consisted of two QTL, QHd.
uia2-7BS and QfSns.uia2-7B, and the LCS Star allele con-
tributed to more fSNS and later heading. This QTL cluster 
was in the flanking region of FT-B1. Although the effect of 
the LCS Star allele at QfSns.uia2-7BS was much smaller 
than that of QfSns.uia2-7DS, the combined effect of the two 
QTL may contribute to higher yield.

To balance PTN, TKW, and fSNS for a specific produc-
tion environment, we propose four selection schemes for the 
6A and 7DS QTL clusters. Selecting the LCS Star alleles 
for PTN at the QTL 6A cluster and fSNS alleles at the QTL 
7DS cluster should result in more PTN and fSNS, but lower 
TKW and later heading. This plant architecture may be good 
in environments that favor tillering, such as irrigated (18-
AB, 18-ASH, and 19-AB) and high rainfall rainfed areas 
(18-WW).

Selecting UI Platinum alleles at the two QTL clusters 
should result in less PTN and fSNS, but higher TKW. This 
architecture may be best in environments that have longer 
grain filling time to produce larger TKW for higher grain 
yield.

Selecting UI Platinum alleles for fSNS and TKW/PTN 
at the QTL 6A cluster and the UI Platinum allele for fSNS 
at the QTL 7DS cluster should result in less PTN but more 
fSNS and higher TKW. To enable this selection scheme, 
additional research will be needed to understand the relation-
ship (linkage or pleiotropy) of the three QTL (QPtn.uia2-
6A, QfSns.uia2-6A, and QTkw.uia2-6A) in environments that 
favor fast or longer grain filling time.

A final selection scheme would be the LCS Star allele 
for PTN at the QTL 6A cluster combined with the UI Plati-
num allele for TKW at the 7DS QTL cluster. To achieve this 
selection scheme, additional research is essential to under-
stand the relationship (linkage or pleiotropy) of the five QTL 
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QTkw.uia2-7DS, QfSns.uia2-7DS, QGy.uia2-7DS, QHd.
uia2-7DS, and QHt.uia2-7DS in environments that favor 
either shorter or longer grain filling time.

Supplementary information The online version contains supplemen-
tary material available at (https ://doi.org/10.1007/s0012 2-021-03806 
-1).
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