Zhao et al. BMC Genetics (2019) 20:23
https://doi.org/10.1186/s12863-019-0730-3

BMC Genetics

RESEARCH ARTICLE Open Access

QTL for spike-layer uniformity and their
influence on yield-related traits in wheat

Chunhua Zhao'", Na Zhang?', Yongzhen Wu'", Han Sun', Cheng Liu?, Xiaoli Fan®, Xuemei Yan®, Hongxing Xu®,
Jun Ji*" and Fa Cui”

Check for
updates

Abstract

Background: Common wheat (Triticum aestivum L.) is one of the most important food crops worldwide. Wheat
spike-layer uniformity related traits (SLURTs) were complex traits that directly affect yield potential and appearance.
In this study, quantitative trait locus (QTL) for five SLURTs among inter-tillers were first documented using a
recombinant inbred line (RIL) mapping population derived from a cross between Kenong9204 and Jing411
(represented by KJ-RILs). Genetic relationships between SLURTs and yield were characterized in detail.

Results: The trait phenotypic performances for the 188 KJ-RILs and their parents were evaluated in eight different
environments. The genetic data included in a high-density genetic map derived from the Affymetrix 660 K SNP
Array and the corresponding genotypes in each lines. Of 99 putative additive QTL 11 were stable across
environments and 57 showed significant additive-by-environment interaction effects. These QTL individually
explained 1.05-39.62% of the phenotypic variance, with log of odds (LOD) values ranging from 2.00 to 34.01.
Genetic relationships between SLURTs and yield indicated that plants with slight uneven spike spatial distribution
should be an ideotype for super high-yield in wheat.

Conclusions: The present study will provide assistance in understanding the genetic relationships between SLURTs
and yield potential. The 11 stable QTL for SLURTSs identified herein may facilitate breeding new wheat varieties with

scientifically reasonable spike-layer distribution by marker assisted selection.
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Background

Wheat (Triticum aestivum L.) is one of the most import-
ant food crops worldwide. Like rice, wheat is a crop with
tillers. The main stem and tillers develop at different
stages and display difference of the photosynthetic charac-
teristics, resulting in differences in tiller heights among
them [1]. Characterstics of the spike spatial distribution,
i.e, spike-layer uniformity (SLU), were generally deter-
mined by variation of spike heights among inter-plants
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and among inter-tillers, which are two indexes of the
population uniformity of wheat and rice [1, 2]. Of these,
the SLU determined by differences among inter-plant
heights was prone to be affected by environmental factors
such as agronomic management. The SLU influenced by
inter-tiller height difference is mostly determined by geno-
types [2—8]. Varieties with consistent spike heights (gener-
ally regarding as good SLU) can not only please farmers
but also facilitate mechanical harvest [5].

Genetic relationships between SLU and yield in wheat
are complex. To date, limited studies focused on this sci-
entific issues [5, 6, 9]. Yao [5] and Hu [6] proved that
SLU had significantly negative correlation with yield po-
tential; a plant with a slight difference in spike heights
among tillers tends to own high yield potential. In con-
trast, Wang et al. [9] found that SLU was irrelevant with
yield potential using two authorized wheat varieties as
plant materials. No more relevant reports regarding SLU
have been found during the last 15 years. In rice, fewer
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tillers and large panicles are admirable plant types sug-
gested by International Rice Research Institute (IRRI)
[10-12]. Less panicles is more beneficial to the uniform-
ity of panicle layer, which was regarded as the ideotype
plant with high yield potential in rice [1].

The large genome size (17 gigabases), hexaploid nature
(AABBDD), and numerous repetitive DNA sequences of
the genome have resulted in the relatively slow pace of
wheat genomics research. However, great progresses
have been made in wheat genomics research especially
in the recent 5 years [13—19]. Benefiting from the wheat
genomics research, high-density genetic map and nu-
merous QTL for wheat plant type such as plant height
[20-22] have been documented. However, no QTL for
characteristics of wheat spike spatial distribution related
traits has been documented by now.

The characteristics spike spatial distribution not only
affect the appearance but also influence yield potential. In
this study, QTL for six SLU related traits (SLURTSs) were
first documented based on a high-density map constructed
from the Affymetrix 660 K SNP Array [23]. Genetic rela-
tionships between SLURTs and yield were also character-
ized. The objectives of this study were to 1) reveal the
genetic characteristics of SLURTSs in wheat; 2) specify the
genetic relationships between SLURTs and vyield related
traits; 3) identify QTL for SLURTs in different environ-
ments; and 4) provide useful information for marker
assisted selection (MAS) in breeding new wheat varieties
with scientifically reasonable spike-layer distribution.

Methods

Experimental materials and evaluation

A recombinant inbred line (RIL) population comprising
188 lines derived from a cross between Kenong9204
(KN9204) and Jing411 (J411) (represented by KJ-RILs)
was used in this study [22-25]. All the materials used in
this study were provided by Center for Agricultural Re-
sources Research, Institute of Genetics and Developmen-
tal Biology, Chinese Academy of Science. The absolute
value of SLU of J411 was higher than that of KN9204.
The 188 KJ-RILs and their parents were evaluated in
eight environments as follows: E1 represents 2013-2014
in Shijiazhuang (37°53’'N, 114°41'E, altitude 54 m) with
normal nitrogen treatment (HN), E2 represents 2014—
2015 in Shijiazhuang with HN, E3 represents 2013-2014
in Shijiazhuang with low nitrogen treatment (LN), E4
represents 2014—2015 in Shijiazhuang with LN, E5 rep-
resents 2016—2017 in Yantai (37°53'N, 121°37E, altitude
4 m) with HN, E6 represents 2017-2018 in Yantai with
HN, E7 represents 2016—2017 in Yantai with LN, and E8
represents 2017-2018 in Yantai with LN, respectively.
Data were pooled across trials by calculating the average
value of the corresponding traits in the above 8 environ-
ments, which was defined as the P trial.
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The soil nitrate-nitrogen contents within the 0-20 cm
layer in each environments are shown in (Additional file 1:
Table S1). In each HN plot, 300 kgha™* of diamine phos-
phate and 150 kg ha™* of urea were applied before sowing,
and 150 kgha ! of urea were applied at the elongation
stage every year. In the LN plots, no N fertilizer (N-defi-
cient) was applied throughout the growing period. A ran-
domized complete block design (RCBD) with two
replications was used in each of the eight environments,
and 40 seeds were sown in each 2 m long rows spaced 25
cm. All recommended agronomic practices were followed
in each of the trials except for the fertilization treatment
as described above.

Three direct SLURTs were evaluated in this study,
which were plant height (PH), the lowest tillers height
(LTH) and spike length (SL). The highest tiller of each
line was used to evaluate PH, measured from ground
level to the tip of the spike, excluding awns. The lowest
tiller with normal spike (with normal seed setting per-
centage and seed size) of each line were selected for
evaluating LTH, measured from ground level to the tip
of the spike, excluding awns. SL was measured from the
base of the spike to the tip, excluding awns. Spike-layer
thickness (SLT) was calculated as SLT = PH-LTH + SL;
Spike-layer number (SLN) was calculated as SLN=SLT/
SL; Spike-layer uniformity (SLU) was calculated as
SLU=SL/SLT. The biological meaning of these novel in-
direct traits can be seen in Fig. 1. For each line, the main
tillers of five plants were randomly selected from the
middle of the row to measure the phenotype. The de-
tailed information about the four vyield-related traits
(YRTs) including thousand-kernel weight (TKW), kernel
number per spike (KNPS), spike number per plant
(SNPP) and yield per plant (YPP) have been documented
in our previous reports [22-25].

Data analysis and QTL mapping
Basic statistical analysis of the phenotypic data in the
KJ-RIL population among the eight environments was
performed using the SPSS13.0 software (SPSS, Chicago,
IL, USA; http:// en.wikipedia.org/wiki/SPSS). To evalu-
ate the effects of genotype on SLURTS, Pearson correla-
tions of the six SLURTs among environments in the
KJ-RIL population were calculated. To evaluate the ef-
fects of SLURTs on YRTs, Pearson correlations between
SLURTSs and YRTs were calculated. The trait means for
the eight environments were used to calculate pheno-
typic correlation coefficients between SLURTs and YRTs.
The high-density linkage map of the KJ-RIL included
5023 loci individually representing each bin on the 21 wheat
chromosomes, which have been described in our previous
reports [23]. Molecular markers of single-nucleotide
polymorphism (SNP), simple sequence repeats (SSR),
inter-simple sequence repeat (ISSR), sequence-tagged sites
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Fig. 1 Biological meaning of spike-layer thickness (SLT), spike-layer number (SLN) and spike-layer uniformity (SLU). SLT indicated the spike layer
thickness among inter-tillers; SLN indicated the number of spike layer per SLT; SLU indicated the consistency of the spike distribution in the vertical
space. a Al tillers per plant have identical tiller height, the SLT was identical to one spike length (SL) (SLT = SL); we can only see one spike layer from
the vertical perspective (SLN = 1); all spikes have consistent vertical distribution (SLU = 1). b Most tillers per plant have different tiller height, the SLT
was identical to two spike length (SL) (SLT = 2SL); we can see two spike layer from the vertical perspective (SLN = 2); spikes per plant have inconsistent
vertical distribution (SLU = 0.5). The variation range of SLU should be from 0 to 1. Clearly, a larger SLU indicates a relative consistent spike

(STS) and sequence-related amplified polymorphism
(SRAP) were included in the current genetic map. The cor-
responding marker information can be seen in our previous
reports [23-25]. Markers were removed if they showed
minor allele frequency (defined as frequency < 0.3) or con-
tained >10% missing data. A total of 10.4% of the 5023
mapped loci showed segregation distortion. The phenotypic
values of the 188 KJ-RILs in E1, E2, E3, E4, E5, E6, E7, E8
and P were used for individual environment QTL mapping
analysis. Only the QTL position for SL that co-located with
SLURTs were shown in this report, whereas the detailed
information will be documented in another paper. The in-
clusive composite interval mapping performed with IciMap-
ping 4.1 (http://www.isbreeding.net/) was used to detect
putative additive QTL. The walking speed chosen for all
QTL was 1.0 cM, and the P-value inclusion threshold was
0.001. The threshold for the detection of QTL was calcu-
lated using 1000 permutations, with a type 1 error of 0.05.
To detect QTL with significant additive-by-environment (A
by E) interaction effects, combined (C) QTL analysis across
environments was conducted, using 3.0 as the threshold
LOD score. All of the QTL were designated according to

Cui et al. [23]. A QTL with an average LOD value > 3.0 and
an average phenotypic variance contribution > 10% was de-
fined as a major QTL, and one showing significance in at
least five of the nine data sets was considered as a stable
QTL. We defined a QTL with significant A by E interaction
effect when its LOD value for A by E is >2.5. A suggestive
QTL with an average LOD value >2.0 in a data set was
shown and characterized if this QTL were significant in at
least one of the rest data sets.

Results

Phenotypic performance of the six spike-layer uniformity
related traits in the two parents and 188 KJ-RILs

Among the eight environments, J411 had significant
higher values in LTH, PH, SL and SLU than KN9204
(P <0.01). Conversely, KN9204 had higher values in
SLN and SLT than J411 (P <0.05), confirming that
spikes of J411 had more consistent vertical spatial distri-
bution than those of KN9204 (Additional file 1: Table
S2). In the KJ-RIL population, the seven SLURTs exhib-
ited approximately continuous variation in each environ-
ment. PH and SL were normally distributed in the
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KJ-RIL population in all the eight environments as well
as in the P data set. LTH, SLN and SLT were approxi-
mately normally distributed in the KJ-RIL population in
most cases, whereas the SLU showed deviation distribu-
tion in most cases (Additional file 1: Table S3).

The estimated broad-sense heritability of the six
SLURTS ranged from 21.0% (for SLU) to 85.5% (for PH).
The three directly measured traits (LTH, PH, SL) had
higher level of broad-sense heritability than those of the
compound traits, i.e., indirect measured traits such as
SLT, SLN and SLU (Additional file 1: Table S3). Correl-
ation coefficients of LTH, PH and SL among environ-
ments were shown in Additional file 1: Tables S4, S5 and
S6, which were all significant across environments. SLT,
SLN and SLU were significant across environments in
most but not all of the cases (Additional file 1: Tables
S7, S8 and S9).

The phenotypic correlations among the six traits are
listed in Table 1. Significant positive correlations were
observed between LTH and PH, LTH and SL, LTH and
SLN, LTH and SLT, PH and SL, PH and SLU, PH and
SLN, PH and SLT, and between SLN and SLT. SLU had
significant and negative correlation with LTH, PH, SLN
and SLT. SL and SLN had significant and negative cor-
relation with each other at the P < 0.05 level.

Pearson correlations between SLURTs and YRTs were
shown in Table 2. PH, LTH, SLN and SLT had signifi-
cant and positive correlation with TKW and YPP;
whereas the SLU had significant and negative correlation
with TKW and YPP. All the six SLURTS had little effects
on KNPS and SNPP.

QTL for the five spike-layer uniformity related traits

A total of 99 putative additive QTL for the five SLURTSs
were detected in the nine data sets based on individual
environment QTL mapping analysis. These QTL were
distributed across all 21 wheat chromosomes except for
1A, 3B, 6A and 6D. Of these, 30, 40 and 29 QTL were
mapped to the A, B and D genomes, respectively

Table 1 Phenotypic correlation coefficients between six spike
layer uniformity related traits based on the averaged trait value
among the eight environments

LTH PH SL SLU SLN SLT
LTH 1

PH 095" 1

SL 025" 034" 1

SLU 022" —046" 014 1

SLN 021" 046" -016 099" 1

SLT 035" 062" 055" -074" 073" 1

LTH the lowest tillers height, PH plant height, SL spike length, SLU spike-layer
uniformity, SLN spike-layer number, SLT spike-layer thickness

“represents that correlation is significant at when P < 0.01 level; * represents
that correlation is significant at when P < 0.05 level
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Table 2 Phenotypic correlation coefficients between spike layer
uniformity related traits and yield related traits in the 188 KJ-RILs
among the nine environments

PH LTH SLN SLT SLU
TKW 052" 053" 031" 017 031"
KNPS —006 - 009 -0.12 0.10 0.11
SNPP -0.13 -0.18" 004 007 -0.04
YPP 028" 021" 021" 030" -023"

LTH the lowest tillers height, PH plant height, SL spike length, SLU spike-layer
uniformity, SLN spike-layer number, SLT spike-layer thickness, TKW thousand-
kernel weight, KNPS kernel number per spike, SNPP spike number per plant,
YPP yield per plant

“represents that correlation is significant at when P < 0.01 level; * represents
that correlation is significant at when P < 0.05 level

(Additional file 1: Table S10; Fig. 2). These QTL indi-
vidually explained 1.05-39.62% of the phenotypic vari-
ance, with LOD values ranging from 2.00 to 34.01. Of
these, 25 (25.3%) QTL for SLURTs were repeatedly de-
tected in at least three of the nine data sets, and 11
(11.1%) were stable QTL that were verified in no less
than five data sets (Additional file 1: Table S10; Table 3;
Fig. 2). Combined QTL mapping analysis across environ-
ments verified 89 (89.9%) of the above-mentioned 99
QTL. In addition, 57 (57.6%) of the 99 QTL showed sig-
nificant A by E interaction effects (Additional file 1:
Table S11).

QTL for plant height

Twenty-three putative additive QTL for PH were identi-
fied in the nine data sets and were distributed on chromo-
somes 1BL (5 QTL), 1D, 2B (2 QTL), 2D, 3A (3 QTL), 3D
(2 QTL), 4A (2 QTL), 4B (2 QTL), 5A, 6B (3 QTL) and
7D. These QTL individually explained 1.05-33.87% of the
phenotypic variance with LOD values ranging from 2.03
to 34.01. Fourteen (60.9%) of the 23 QTL were verified in
at least two of the nine data sets. Of these, qPh-2B.1,
qPh-3A.1, qPh-3D.1, qPh-4B.2, qPh-5A.1, and qPh-6B.1
were stable QTL that were identified repeatedly in no less
than five data sets; gPh-4B.2 and qPh-6B.1 were major
stable QTL for PH. All the 23 putative additive QTL for
PH were significant in the combined QTL mapping ana-
lysis across environments; 15 (65.2%) of these QTL
showed significant A by E interaction effects (Additional
file 1: Table S11). Nine and 14 favorable alleles increasing
PH were contributed by KN9204 and J411, respectively
(Additional file 1: Table S10; Table 3; Fig. 2).

QTL for the lowest tillers height

Twenty putative additive QTL for LTH were mapped on
chromosomes 1BL, 2B (2 QTL), 2D (2 QTL), 3D (3
QTL), 4A, 4B, 5A, 5D (2 QTL), 6B (3 QTL), 7A (3 QTL)
and 7D. These QTL individually explained 1.73-39.62%
of the phenotypic variance, with LOD values of 2.00—
32.52. Twelve of the 20 QTL (60.0%) were verified in no
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with spike layer uniformity related traits were shown in this figure

Fig. 2 The location of QTL for wheat spike layer uniformity related traits based on a RIL population derived from Kenong 9204 and Jing 411. The
short arms are at the top. The names of the marker loci and the QTL are listed to the right of the corresponding chromosomes. The positions of
the marker loci are listed to the left of the corresponding chromosomes. The intervals of QTL were LOD > 2.0 with LOD peak values more than
2.5. Different colors of the QTL symbol indicate QTL for plant height, spike length, the lowest tillers height, spike layer thickness, spike layer
uniformity and spike layer number. For more details, see QTL symbols at the left bottom of figure. Only the QTL for spike length that co-located

Table 3 Putative additive QTL for spike-layer uniformity related
traits that were significant in no less than three of the nine data
sets based on the KJ-RIL population

Trait®  QTL® No. of data set® LOD value® PVE%® Add effect’
PH gPh-1BLT 3 8.30 5.38 -2.55
gPh-281 7 579 459 209
gPh-2D 3 503 334 1.69
gPh-3AT 6 459 333 175
gPh-3D1 9 1045 853 269
qPh-4B.2 9 23.56 2253 450
gPh-sAT 7 721 551 —221
qPh-6B.1 9 12.79 1087 -3.11
LTH glLth-2B2 5 419 433 1.88
glLth-2D.2 3 8.39 4.07 1.67
glth-3D.1 7 498 5.87 2.07
glLth-3D.2 3 3.09 295 -1.60
glth-48 9 1819 2504 437
qlth-5A 3 3.22 348 -173
qlLth-6B.1 9 9.64 12.68 -3.10
glLth-6B2 4 4.50 413 -7.73
SLT  gSltsA 5 364 769 133
qsit-6B.1 4 6.21 13.71 -1.86
SLN qSin-4A 3 3.57 6.26 0.14
gSIn-4B3 4 17.73 7.82 -0.15
qSin-5A 3 2.82 5.56 -0.13
qSIn-6B 3 9.74 18.67 -021
SLU qSlu-4A 4 2.84 6.40 -0.02
qSlu-4B 3 446 8.00 0.01
qSlu-6B.1 3 5.78 12.04 002

LTH, The lowest tillers height; PH, Plant height; SL, Spike length; SLU, Spike-
layer uniformity; SLN, Spike-layer number; SLT, Spike-layer thickness

PA putative major QTL is marked in bold typeface and is characterized by a
mean LOD > 3.0 and a mean PVE > 10%, and a putative stable QTL is
underlined when this locus was detected in at least five of the nine data sets
“The number of data sets where the corresponding QTL showed significance
%The average LOD value across data sets

“The average percentage of explained phenotypic variation by the QTL across
data sets

fA positive sign indicates that the alleles from the Kenong9204 parent
increased the corresponding trait value N, and a negative sign indicates that
the alleles from the Jing411 parent increased the corresponding trait value

less than two data sets, and four of these QTL, ie.,
qLth-2B.2, qLth-3D.1, qLth-4B and qLth-6B.1, were stable
across environments. gLth-4B and gLth-6B.1 were major
stable QTL that explained 25.04 and 12.68% of the pheno-
typic variance, respectively. All except gLth-7A.2 were re-
producibly identified in the combined QTL mapping
analysis across environments; 8 (40.0%) of these QTL
showed significant A by E interaction effects (Additional
file 1: Table S11). Six and 14 QTL alleles increasing LTH
were donated by KN9204 and J411, respectively (Add-
itional file 1: Table S10; Table 3; Fig. 2).

QTL for spike-layer thickness

In total, 17 putative additive QTL for SLT were identi-
fied in the nine data sets and they were distributed on
chromosomes 1BL, 1D (2 QTL), 2A, 2B, 3A, 4A, 4B, 4D
(2 QTL), 5A, 5D, 6B (2 QTL), and 7A (3 QTL). These
QTL individually accounted for 3.84-25.92% of the
phenotypic variance with a LOD value of 2.08-11.01.
Ten (58.8%) of the 17 QTL for SLT could be detected re-
peatedly in no less than two trials. gSlt-5A was the
unique stable QTL for SLT that was verified in five of
the nine data sets. In addition, gS/z-6B.1 could be repeat-
edly detected in four data sets and explain 13.71% of the
phenotypic variance with a LOD of 6.21. All the 17 QTL
with the exception of ¢Slt-1D.1, qSit-6B.2 and ¢Sit-7A.2
were verified in the combined QTL mapping analysis
across environments; 8 (47.1%) of these QTL showed
significant A by E interaction effects (Additional file 1:
Table S11). Five and 12 QTL alleles increasing SLT origi-
nated from KN9204 and J411, respectively (Additional
file 1: Table S10; Table 3; Fig. 2).

QTL for spike-layer number

Twenty-three QTL associated with SLN were detected
in the nine data sets, which individually explained 4.03—
36.52% of the phenotypic variation, with a LOD value of
2.01-19.24. These QTL were located on chromosomes
1BL, 1D (2 QTL), 2A, 2B (2 QTL), 2D, 3D (2 QTL), 4A,
4B (3 QTL), 4D, 5A, 5B (2 QTL), 6B, 7A (2 QTL), 7B
and 7D (2 QTL). Only 5 (21.7%) of the 23 QTL for SLT
could be reproducibly detected in no less than two trials.
No stable QTL for SLN was identified herein. However,
qSIn-4B.3 could be verified in four of the nine data sets,
accounting for 7.82% of the phenotypic variance with a
LOD value of 17.73. ¢Sin-6B was reproducibly detected
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in three of the nine data sets, accounting for 18.67% of
the phenotypic variance with a LOD value of 9.74 on
average across environments. Combined QTL mapping
analysis across environments verified 19 (82.6%) of the
23 QTL; 14 (60.9%) of these QTL showed significant A
by E interaction effects (Additional file 1: Table S11).
KN9204 and J411 contributed 12 and 11 QTL alleles for
a higher SLN, respectively (Additional file 1: Table S10;
Table 3).

QTL for spike-layer uniformity

For SLU, 16 QTL were mapped to chromosomes 1BL,
1D, 2A (2 QTL), 2B (2 QTL), 4A, 4B, 5A, 5B, 6B (2
QTL), 7A (2 QTL) and 7D (2 QTL). These QTL indi-
vidually explained 5.04—18.43% of the phenotypic vari-
ation with a LOD value of 2.31-6.70. Only 5 (31.3%) of
the 16 QTL for SLU could be verified in no less than
two data sets, thus none of which was stable QTL.
qSlu-4A could be identified in E3, E5, E8 and P, with a
LOD vale of 2.84 and phenotypic variation explanation
of 6.40% averagely across the four data sets. gSlu-4B was
significant in E2, E8 and P, and individually explained
8.00% of the phenotypic variation with a LOD value of
4.46 on average. qSlu-6B.1 was a major QTL that could
be identified in E2, E7 and P, accounting for 12.04% of
the phenotypic variation with a LOD value of 5.78 on
average. All but gSlu-7A.1 and qSlu-7D.1 were reprodu-
cibly identified in the combined QTL mapping analysis
across environments; 12 (75.0%) of these QTL showed
significant A by E interaction effects (Additional file 1:
Table S11). Nine and seven QTL alleles that increased
SLU originated from KN9204 and J411, respectively
(Additional file 1: Table S10; Table 3; Fig. 2).

Discussion

Genetic relationships between till height and spike-layer
uniformity

SLU among inter-tillers have great effects on the popula-
tion uniformity of wheat, thus influencing the market-
ability of the varieties. Genetic factors affecting wheat
SLURTs have not been characterized before, though the
QTL for plant type such as PH have been extensively re-
ported previously [20-22]. Knowledge about the genetic
relationships between till height and SLU is very limited.
The present study showed that SLU had significant
negative correlations with LTH and PH, albeit the abso-
lute correlation coefficients were only 0.22 and 0.46, re-
spectively (Table 1). These correlations indicated that
the wheat plant with shorter PH and LTH tend to dis-
play more consistent spike vertical spatial distribution.
Conversely, positive relationship between the LTH and
SLU was found in rice [1], indicating that the genetic
mechanisms controlling SLU in wheat and rice should
be different.
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Coincidence of QTL indicates either single QTL with
pleiotropic effects or that the genomic region associated
with these QTL harbors a cluster of linked genes associ-
ated with those traits. Four and six of the 16 putative
additive QTL for SLU were co-located with the QTL for
PH and LTH, respectively. This finding indicated that
SLU and tiller height should be under different genetic
control in most cases, which was consistent with the
phenotypic correlation analysis (Table 1). In addition,
Ma et al. [1] also found that no common QTL was
shared with SLU and tiller height in rice.

Previous studies showed that the SLU among
inter-tillers is mostly determined by genotypes [2-8].
The heritability of PH and LTH were more than twice as
likely those of the three SLURTs (SLN, SLT and SLU) in
this study (Additional file 1: Table S3). This finding con-
firmed the complex mode of SLURTs inheritance, indi-
cating the difficulty in genetic improvement of SLU by
direct selection in traditional wheat breeding programs.
Therefore, it is of great necessity and importance to per-
form genetic analysis of SLU in wheat molecular breed-
ing programs designed to obtain a desirable SLU among
inter-tillers.

Genetic relationships between spike-layer uniformity and
yield-related traits

For crops with tillers such as wheat and rice, the charac-
teristics SLU not only affect the appearance but also in-
fluence yield potential. Positive correlations were found
between yield potential and SLU among 91 early and late
hybrid rice cultivars [7, 8, 26]. Previous studies have
shown that SLU affected yield potential through influen-
cing some yield components such as TKW [7, 26, 27].
Knowledge about the genetic relationships between SLU
and YRTs was very limited in wheat.

Negative correlations were found between SLU and
TKW and between SLU and YPP in wheat in this study
(Table 2). SLU was found to have little effects on KNPS
and SNPP. To more directly reflect the effects of SLN
on TKW and YPP, 20 RILs each ranked top-10 and
ranked bottom-10 of the SLN were sampled. Regression
analysis showed that lines with more SLN tend to have
larger kernels and yield more products (Fig. 3). Similar
to SLN, lines with larger SLT were prone to have larger
kernels and higher yield potential (Fig. 4). Yao [5] and
Hu [6] have found that plants with uneven spike-layer to
a certain extent are prone to have high yield potential.
The above findings were inconsistent with that in rice,
confirming that different genetic basis/network existed
between wheat and rice in controlling YRTs through
SLU [7, 8, 26]. In rice, lower photosynthesis rate of the
tillers at the lower positions was attributed to a decrease
in TKW and YPP [1]. This hypothesis/speculation may
not work for wheat because that wheat spike is upright
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instead of floppy like rice. The photosynthetic rate of
wheat spike might be increased if spikes have a desirable
vertical spatial distribution instead of uniformity in an
unique crowded horizontal space. All these hypothesis/
speculation still need to be verified by more experiments
in future. In addition, a canopy with uniform spike
heights generally has insufficient number of spikes for
high grain yield [1]. All these findings indicated that
plants with uneven spike-layer to a certain extent should
be an ideotype for super high-yield in wheat. Therefore,
breeders might need to change traditional perceptions
during the selection of desirable spike vertical spatial
distribution in wheat breeding programs.

QTL for SLT, SLN and SLU, and their potential use in
wheat molecular breeding programs

In marker-assisted breeding the plant breeder takes ad-
vantage of the association between agronomic traits and
molecular markers. QTL mapping analysis is an efficient
method to identify markers linked with agronomic traits.
Before a linkage marker can be used, the associations

have to be assessed with a certain degree of accuracy
and thus marker genotypes can be used as indicators of
trait genotypes and phenotypes. If a QTL is independent
of the environment, the implication is that its expression
is stable regardless of differences in environment. A
stable QTL consistent over environments is of great
value for MAS in molecular breeding programs. In
addition, close linkage molecular markers of a stable
QTL should also be essential for their high efficient dir-
ect uses in MAS, which needs to narrow down a QTL to
a quite small confidence interval.

QTL for SLT, SLN and SLU in wheat were first docu-
mented in the present study. Combined QTL mapping
analysis across environments indicated that 61.0% of the
identified QTL for the three SLURTSs showed significant
A by E interaction effects, consistent with their lower
broad-sense heritability (Additional file 1: Table S3). Of
these, gSlt-5A was the unique stable QTL for SLT that
was verified in five of the nine data sets. In addition,
qSlu-4A, qSin-4B.3 and ¢SIt-6B.1 could be repeatedly de-
tected in four of the nine data sets. gS/t-5A was mapped
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to a 10 cM chromosomal interval covering 16 molecular
markers; gSlu-4A was mapped to a 9 cM chromosomal
interval covering 8 molecular markers; qSln-4B.3 was
mapped to a 15cM chromosomal interval covering 18
molecular markers; and ¢S/t-6B.1 was mapped to a 22
c¢cM chromosomal interval covering 70 molecular
markers. These results implied the difficulty in utilizing
these QTL in MAS designed to improve wheat plant
type due to their large confidence intervals as well as
their instabilities across environments. Further fine map-
ping and map-based cloning of these QTL are essential
for their further utilization in MAS.

Conclusion

QTL for five SLURTs in multiple environments were
first reported in this study. A total of 99 putative addi-
tive QTL for the five SLURTs were detected, 11 of which
were stable across environments. Genetic relationships
between SLURTs and vyield indicated that plants with

slight uneven spike-layer distribution should be an ideo-
type for super high-yield in wheat. The present study
will provide assistance in understanding the genetic rela-
tionships between SLURTs and vyield potential. The
stable QTL for SLURTs identified herein may facilitate
breeding new wheat varieties with scientifically reason-
able spike-layer distribution by MAS.
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