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Abstract

Background: Yield of rapeseed is determined by three components: silique number, seed number per silique and
thousand seed weight. Seed number per silique and thousand seed weight are influenced by silique length, seed
density, silique breadth, silique thickness and silique volume. Some QTLs for silique traits have been reported in

B. napus, however, no studies have focused on the six agronomic traits (seed number per silique, silique length,
silique breadth, silique thickness, seed density and silique volume) simultaneously, and the genetic determinism of
such complex traits have not been fully elucidated.

Results: In this study, the six silique traits were evaluated using 348 lines of a doubled haploid population, the KN
population. The results showed that 2, 4, 1, 1 and 2 QTLs explaining > 10 % of phenotypic variation were obtained
for silique length, silique breadth, silique thickness, seed number per silique and silique volume, respectively.
Notably, three major effect QTLs (cqSB-C6-1, cqSB-C6-2 and cqSV-C6-3) were identified in at least three
environments, and 17 unigue QTLs controlling at least two traits were obtained. A high-density consensus map
containing 1225 markers was constructed for QTL comparison by combining the KN map with other five published
maps. The comparative results revealed that 14, 13 and 11 QTLs for silique breadth, silique thickness and silique
volume might be the potential new QTLs because few QTLs for these traits were reported in B. napus. In addition,
potential new QTLs for silique length (11), seed number per silique (6) and seed density (5) were also identified.
Twenty-five candidate genes underlying 27 QTLs for silique related traits were obtained.

Conclusions: This study constructed QTL analysis in B. napus, and obtained 60 consensus QTLs for six silique
related traits. The potential new QTLs will enhance our understanding of the genetic control of silique traits, and
the stable QTLs provided the targets for improving seed vyield in future. These findings provided comprehensive
insights into the genetic network affecting silique traits at QTL level in B. napus.

Keywords: Brassica napus, Silique traits, QTL, Comparative mapping, Candidate genes

Background Yield of rapeseed is determined by three components: si-

Brassica napus (AACC, 2n = 38) is cultivated all over the
world for the production of vegetable oil, animal feed and
biodiesel. At present, developing high-yielding cultivars is
one of the most important tasks of rapeseed breeders.
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lique number (SN), seed number per silique (SPS) and
thousand seed weight (TSW) [1]. SN and SPS determine
the total number of seeds per plant. Path analysis identi-
fied that TSW has the greatest effect on seed yield,
followed by the number of pods per plant [2]. SPS and
TSW are influenced by silique length (SL), seed density
(SD), silique breadth (SB), silique thickness (ST) and si-
lique volume (SV). Silique related traits showed significant
relationships between each other, such as SL has a signifi-
cant positive relationship with SPS [3, 4]. Therefore,

© 2016 Wang et al. Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.


http://crossmark.crossref.org/dialog/?doi=10.1186/s12870-016-0759-7&domain=pdf
mailto:wangzy846@sohu.com
mailto:limaoteng426@mail.hust.edu.cn
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/

Wang et al. BMC Plant Biology (2016) 16:71

improving seed yield through coordination between these
traits is an important breeding goal.

The silique traits are all complex quantitative traits con-
trolled by polygenes and highly influenced by environ-
mental conditions. Application of molecular markers for
QTL mapping has proved to be a powerful genetic ap-
proach to dissect quantitative traits. In recent years, QTL
analysis of silique traits, such as SL, TSW, SPS and SD has
been carried out using different populations in B. napus
[1, 3-6]. More recently, a major QTL on chromosome A9
simultaneously affects TSW and SL in B. napus was iso-
lated by fine mapping and association analysis [7]. Li et al.
(2015) report the cloning and characterization of
BnaC9.SMG7b on C9, a major QTL that controls SPS in
B. napus [8]. In addition, SB, ST and SV are also important
silique characteristics for seed yield. Adamskia et al
(2009) found that seed size correlated with oil and protein
contents, and large seeds normally have better adaptability
during germination [9]. Larger values of SL, SB and ST
lead to larger SV, and this may lead to larger seed size and
stronger photosynthesis. However, there has been little re-
search concerning SB, ST and SV so far.

Several consensus maps have been constructed by
integrating different linkage maps based on common mo-
lecular markers [10-13], and QTL hotspots for many agro-
nomic traits in B. napus have been identified, including
flowering time [14], seed yield [4], oil content [11, 15],
heterosis-related traits [16] and plant height [17]. Zhou et al.
(2014) carried out in silico mapping to integrate 1960 QTLs,
which increased the density of targeted QTL-linked markers
and validated the stable existence of QTLs across different
populations [18]. Comparison of QTL position and valid-
ation of conserved QTLs through map integration is of
great significance for breeders to utilize QTLs effectively.

Although QTLs for silique traits have been identified
[10-13], the candidate genes related to these QTLs
have not been fully elucidated. Comparative mapping
among related species is a powerful tool for genetic
studies of transferring genomic information from the
well-studied species to those more genetically compli-
cated [19]. Nowadays, much effort focused on com-
parative analysis between Brassica and Arabidopsis.
For example, Raman et al. (2015) conduct a genome-
wide association study for flowering time in B. napus
and identify seven single nucleotide polymorphism
markers were detected within 20 Kb regions of Arabi-
dopsis candidate genes, including BnFLC.A2 accounts
for ~23 % of natural variation in diverse accessions
[20]. Numerous of predicted genes for other traits
were obtained, such as phosphorus homeostasis [21]
and SPS [22]. To facilitate the utilization of QTLs for
the Brassica community, comparative mapping among
B. napus, Arabidopsis, B. rapa and B. oleracea ge-
nomes is necessary to obtain candidate genes, and the
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released B. rapa, B. oleracea and B. napus genome infor-
mation may accelerate map-based cloning [23-25].

A large population, a high-density genetic map and
replicated experiments in multiple environments are
considered as three key factors for increasing statistical
power and precision in detecting QTLs [26]. In our
previous study, KN doubled haploid (DH) population
was derived from a cross between ‘KenC-8 and ‘N53-2;
which contained 348 lines [11]. This population also
showed high phenotypic variation for silique related
traits. Using KN DH population, the aim of this study
was to detect QTLs for SL, SB, ST, SPS, SV and SD in
multiple environments, and to study the relationships
among these traits (including TSW). We also constructed
a consensus map to perform QTL comparisons between
different populations, and identified candidate genes
through comparative genome analysis.

Results

Trait variation and correlation analysis among different
silique traits

The phenotypic performance and frequency distribution
of the silique traits in Wuhan (WH, Hubei Province)
and Dali (DL, Shannxi Province) were analyzed (Fig. 1).
The phenotypic data of these traits all showed continu-
ous distributions. There was high phenotypic variation
and transgressive segregation in the KN population,
suggested that the segregation pattern of these traits in
diverse experiments fitted a normal distribution and
were suitable for QTL analysis (Fig. 1, Additional file 1).
For instance, KN DH lines had maximum (4.8 mm) and
minimum (2.5 mm) values of ST, whereas the ST of par-
ental lines were 3.5 mm and 3.3 mm in 10DL (Additional
file 1). However, the parents do not always rank in the
same way in some trials, such as the SL in 10DL, 11DL
and 12DL environments (Additional file 1), the possible
reason was that the phenotypic data of the trait was simi-
lar and it had a sampling error.

The results of correlation and linear model analysis
among the seven traits are shown in Table 1 and
Additional file 2. SL and SPS showed significant positive
correlations with five other traits, excluding TSW. SPS
and SD had the highest positive correlation coefficient
(0.862) among all seven traits. TSW had significant
positive correlations with SB, ST and SV, suggesting
that TSW could be increased by improving SB, ST and
SV. Thus, information on the associations among
TSW, SL, SB, ST, SPS, SV and SD is useful for breeders
selecting a desirable genotype.

QTL mapping for SL, SB, ST, SPS, SV and SD

Genome-wide QTL analysis was performed for the SL,
SB, ST, SPS, SV and SD and 82 identified QTLs on 15
linkage groups were obtained (Additional file 3). The
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Fig. 1 Phenotypic variation of silique traits in KN DH lines and their parents. The numbers 1 and 2 represent KenC-8 and N53-2, respectively.
Yield related traits were measured as: silique length (cm), silique breadth (mm), silique thickness (mm), seed per silique, silique volume (ml),
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QTLs detected on each chromosome ranged from one
(A1, A4, A10, C4, C5 and C7) to 30 (C6), and 16, 20, 16,
8, 16 and 6 QTLs were obtained for SL, SB, ST, SPS, SV
and SD, respectively (Additional file 3 and 4). The iden-
tified QTLs with overlapping CIs for the same trait were
integrated into a consensus QTL, and then these 82
identified QTLs were integrated into 60 consensus QTLs
by meta-analysis (Table 2, Fig. 2). Further analysis
showed that 45 were environment-specific QTLs. Six
and nine consensus QTLs were identified in three and
two microenvironments, respectively (Table 2).

Sixteen identified QTLs for SL were detected with the
phenotypic variation explained (PVE) in the range of
34 %-14.36 % (Additional file 3). The 16 identified
QTLs were integrated into 11 consensus QTLs (Table 2,
Fig. 2), and two (cgSL-A5-2 and c¢gSL-C6-1) and one
(cgSL-A6-1) consensus QTLs were detected in three and
two microenvironments, respectively. Among these
identified QTLs, QTL ¢gSL-A6-2 showed the largest PVE

of 14.36 % and had the LOD value of 7.24 (Additional
file 3). In order to identify its effect, genotypes of the
DH population were collected for the closely linked
marker CB10006 on A6 of this QTL. In 10DL and
13WH, DH lines carrying the ‘N53-2’ (A) had an average
length of 6.75 + 0.77 and 4.95 + 0.44, while DH lines carry-
ing the KenC-8' (B) had an average length of 6.94 + 0.83
and 5.05+0.60, respectively. There was no significant
difference when comparing lines carrying ‘B’ with lines
carrying ‘A’ (Table 3), and the non difference between the
alleles based on CB10006 could be due to recombination
between the markers and the causative genes.

For SB, 20 identified QTLs were obtained with PVE
ranging from 3.44 % to 15.06 % (Additional file 3).
Finally, these 20 identified QTLs were integrated into 14
consensus QTLs, including each two consensus QTLs
were detected in three and two microenvironments
(Table 2, Fig. 2). QTLs ¢gSB-C6-1 and cgSB-C6-2 with
PVE >10 % were considered as major QTLs, as they
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Table 1 Phenotypic correlations among silique related traits, seed yield and yield-related traits in KN population

Trait  SL B ST SPS Y% D TSW Sy BY PH BH FBN LMI PMI
SL 1

SB 026" 1

ST 0207 058" 1

SPS 064" 0377 012 1

Y% 066" 0747 0617 058" 1

D 022" 0277 001 086" 029" 1

TSW 005 040" 043" 018 033" 026" 1

Sy 0377 0447 0307 043" 050" 036 0317 1

BY 0177 0517 046" 016" 047" 0.098 053" 083" 1

PH 0.06 043" 042" 009 036" 007 042" 0607 0747 1

BH 0133" 0297 0317 0177 028" 0.14* 0.11 0377 039" 069" 1

FBN  -0.11 006 0005  -0.22 0,11 017 0.06 0.07 022" 012 0.03 1

LMI 0.1 032" 029" -002 0.195" 0016 0377 041”7 053" 074" 0327 0227 1

PMI 0.04 0.1 012" 008 0075 0135 0 049" 0377 0397 033" 002 0357 1

*Represent significant at P = 0.05; **Represent significant at P=0.01

SL; silique length, SB; silique breadth, ST; silique thickness, SPS; seed number per silique, SV; silique volume, SD; seed density, TSW; thousand seed weight, SY; seed

yield, BY; biomass yield, PH; plant height, FBN; first effective branch number, LMI; length of main inflorescence, PMI; pod number of main inflorescence
The phenotypic correlations among seed yield and yield-related traits was reported by Zhao et al. (2006) [27]

were repeatedly detected in three microenvironments
(10DL, 11DL and 12DL). Among the identified QTLs,
qSB-C6-3 had the highest PVE and had a relatively high
LOD value of 9.61. To identify its effect, genotype data
of the DH population for the nearest marker e4m5-260
on C6 was collected, and a similar result for SL was
observed (Table 3).

For ST, 16 identified QTLs were obtained with PVE of
3.26 %-10.41 % (Additional file 3). The 16 QTLs were
integrated into 13 consensus QTLs, and two QTLs were
detected in two microenvironments (Table 2, Fig. 2).
QTL ¢ST-A9-1, with the highest PVE of 10.41 %, was
closely linked with marker e8m13-248 on A9, and the
phenotypic data of DH lines carrying ‘A’ alleles was sig-
nificantly smaller than lines carrying ‘B’ alleles, suggest-
ing that alleles responsible for increasing ST existed in
the male parent ‘KenC-8’ (Table 3).

For SV, 16 identified QTLs with PVE of 3.33 %-10.39 %
were obtained (Additional file 3). The 16 identified QTLs
were finally integrated into 11 consensus QTLs, including
one and three QTLs were detected in three and two
microenvironments, respectively (Table 2, Fig. 2). QTL
¢qSV-C6-3 that integrated from ¢SV-C6-3 (PVE of
10.14 %), qgSV-C6-4 (10.39 %) and gSV-C6-5 (8.26 %) was
considered as a major QTL. Further investigation revealed
that the phenotypic data of lines carrying ‘A’ and ‘B’ alleles
of tightly linked marker Na12A02 on C6 (¢gSV-C6-4 with
the highest PVE) showed significant differences. The aver-
age SV was significantly larger in lines carrying ‘A’ alleles
than ‘B’ alleles, suggesting that the genes responsible for
increasing SV exist in the female parent ‘N53-2” (Table 3).

Eight QTLs for SPS with PVE within the range of
4.32 %-11.16 % were obtained (Additional file 3), and
then were integrated into six consensus QTLs. QTL
cqSPS-C6-3 was detected in three environments (Table 2,
Fig. 2), which was integrated from gSPS-C6-3, qSPS-C6-4
and gSPS-C6-5 with PVE of 4.32 %, 11.16 % and 5.94 %,
respectively. QTL gSPS-C6-4 (with the highest PVE) was
closely linked with marker CB10632 on C6, and further
analysis revealed that the related phenotypic data of lines
carrying ‘A’ alleles had significantly more SPS, on aver-
age, than lines carrying ‘B’ alleles. This suggests that
the genes increasing SPS existed in the male parent
‘N53-2’ (Table 3).

For SD, six QTLs were identified with PVE of
4.28 %—-6.71 % (Additional file 3), none of these were
considered as major QTL. The six identified QTLs were
integrated into five consensus QTLs. Only cgSD-C6-2
was detected in two microenvironments (Table 2).

Forty-two QTLs for TSW were detected in eight
experiments, and 26 consensus QTLs were obtained,
and three and six consensus QTLs were detected in
four and two microenvironments, respectively (Additional
file 3) [27]. The PVE of these QTLs were within the range
of 3.15 %-19.62 %. QTLs c¢qgSW-A7-2 and c¢qSW-CI-1
were two major QTLs with PVE >10 % in two different
experiments, respectively.

Detection of pleiotropic unique QTLs for silique related
traits

There were significant phenotypic correlations among
the seven traits (SL, SB, ST, SPS, SV SD and TSW),
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Table 2 Consensus QTL obtained for the six silique related traits

QrLe Chr LOD® PVE @ Position® af Add? Environment”
CGSL-AS-1 A5 809 11.04 1341 114-189 -0.30 10DL
cqSL-A5-2 A5 534-631 857-9.17 264 23.25-29.56 027 ~-022 10DL/11DL/13WH
CqSL-AG-1 A6 356-7.24 5281436 4133 37.59-45.06 029 ~-021 10DL/13WH
GSL-A6-2 A6 453 578 7511 658783 025 11DL
qSL-A6-3 A6 432 563 8761 783917 022 11DL
qSL-A6-4 A6 294 343 9521 934-1142 0.17 11DL

qSL-CT Cl 26 368 001 0-108 0.14 13WH
qSI-C5 s 381 468 7051 69.1-79.5 0.19 11DL
qSL-C6-1 c6 286-5.21 48739 57.02 54.85-59.19 0.20~039 10DL/11DL/12DL
qSL-C6-2 c6 58 737 67.81 67.2-71 038 11DL
qSL-C6-3 c6 376 635 6271 60.7-65 0.26 12DL

CGSB-A2 A2 301 344 321 0-22.2 -0.1 10DL
CGSB-A3-1 A3 324 424 4311 296516 013 11DL
GSB-A3-2 A3 391 476 13691 126.8-1394 0.13 12DL
€GSB-A3-3 A3 383 465 14231 1418-147.7 0.13 12DL

cqSB-A4 A4 412 518 5451 543-549 0.13 10DL
GSB-A6-1 A6 426 562 5621 54.9-64.3 -0.13 10DL
CGSB-A6-2 A6 387-5.76 473-709 6931 6731-713 0.15~-0.13 10DL/12DL
GSB-A6-3 A6 581 7.16 7831 71.1-843 -0.15 10DL
CGSB-A7-1 A7 352 421 291 0-7 0.11 10DL
CGSB-A7-2 A7 324-575 3.99-7.38 1415 1051-17.79 0.11~016 10DL/11DL
GSB-A9 A9 5 669 6461 506-68.9 -0.15 11DL
qSB-C6-1 6 743961 942-15.06 6143 60.47-62.39 020~027 10DL/11DL/12DL
€qSB-C6-2 c6 7.96-11.25 992-14.84 7059 6869-72.5 020~026 10DL/11DL/12DL
qSB-C7 7 322 4] 2911 264-496 0.11 10DL
CqSTA3-1 A3 735 9.13 13941 1369-1413 0.1 11DL
CGST-A3-2 A3 325 489 14931 1457-1513 008 12DL
CGST-A5-1 A5 6.08 752 911 1-18.1 0.1 11DL
CqST-A5-2 A5 449 621 5221 488-584 0.09 11DL

cqST-A6 A6 308 39 8231 693-934 0,07 11DL
CGST-A9-1 A9 737 1041 3801 296-44.7 0.1 10DL
GST-A9-2 A9 575 7.5 6891 613-69.2 0.1 11DL
cGST-A10 A10 314 418 4661 34.1-604 -0.07 10DL
cqST-C6-1 c6 484 583 60.71 556-62.7 009 11DL
qST-C6-2 c6 393 474 6721 65-68.6 008 11DL
qST-C6-3 c6 301-431 414581 7131 69.95-72.66 0.08~ 009 11DL/12DL
qST-C9-1 9 283-443 3266.16 26.29 19.22-3337 -0.09 ~-0.08 10DL/11DL
qST-C9-2 9 456 758 3471 287-44.7 -0.06 10DL
cqSPS-Al Al 316 469 5321 41629 094 13WH
CGSPS-A2 A2 369 552 4851 393-58 151 12DL
cqSPS-AS A5 346 547 4881 454-546 -0.99 13WH
cqSPS-C6-1 c6 6.08 982 5731 552-593 212 12DL
qSPS-C6-2 c6 674 926 69.41 693-710 216 12DL

cqSPS-C6-3 cé 2.87-7.99 4.32-11.16 71.01 70.22-71.8 1.56~202 11DL/12DL/13WH
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Table 2 Consensus QTL obtained for the six silique related traits (Continued)

cqSV-A3 A3 3.59 479 136.91 125.9-140.1 0.04 12DL

cqSV-A5-1 A5 5.62-6.43 6.51-848 8.78 2.76-14.81 -0.05 10DL/11DL
cqSV-A5-2 A5 3.99 526 26.81 20.8-29.9 -0.04 10DL

cqSV-A6-1 A6 273 347 47.71 374-522 -0.04 11DL

cqSV-A6-2 A6 293-3.34 3.79-3.86 509 49.47-52.33 -0.04 10DL/12DL
cqSV-A6-3 A6 2.60-2.65 3.33-343 56.2 53.47-58.92 -0.03 10DL/11DL
cqSV-C1 @ 3.38 436 7791 759-79.3 -0.04 11DL

cqSV-Cé6-1 6 6.2 7.59 55.31 54.8-60.7 0.05 10DL

cqSV-C6-2 C6 571 8.15 65.71 61.7-68.6 0.06 12DL

cqSV-Cé6-3 c6 6.09-847 8.26-10.39 70.16 67.97-72.34 0.06-0.07 10DL/11DL/12DL
cqSV-C6-4 6 6.2 825 85.11 77.1-87.1 0.05 10DL

cqSD-C4 C4 303 436 2741 184-28.7 0.15 10DL

cqSD-Cé-1 c6 3.12 447 66.21 64.2-67.8 0.15 11DL

cqSD-C6-2 6 2.98-4.39 4.28-6.15 70.02 68.52-71.52 0.17 11DL/12DL
cqSD-C9-1 @} 2.87-4.62 5.17-6.71 1941 18.6-253 027 10DL

cqSD-C9-2 @} 287 517 2511 19.4-40.2 0.16 13WH

#QTL name, two letters followed the ‘cq’ indicate different traits (SL; silique length, SB; silique breadth, ST; silique thickness, SPS; seed number per silique, SV;
silique volume, SD; seed density); b ocation of QTLs; < LOD score of consensus QTLs; dPhenotype variation explanation of QTLs; Peak position; fConfidence

interval; ¢ Additive effects; "Environments of consensus QTLs appeared

which was also reflected by the genomic location and
the effects of the corresponding QTLs. A trait-by-trait
meta-analysis revealed that the 86 consensus QTLs for
the seven traits (including TSW) were integrated into 52
unique QTLs (Additional file 5). Among them, 17
unique QTLs have pleiotropic effects and control at least
two traits (Table 4). These unique QTLs were generally
classified into two kinds: unique QTLs integrated from
QTLs with the same direction of additive effect, and
QTLs with opposite additive effect directions (Additional
file 5). For instance, ugC6-4 obtained from QTLs control-
ling six silique related traits except for SL with positive
additive effect (Fig. 3), which was in accordance with the
significant positive correlations among these traits. How-
ever, ugqA2-4 belonged to the second kind, the additive
effect of cgSPS-A2 (-1.51) was negative while cgSW-A2-3
(0.12) was positive (Additional file 5), which might explain
the negative phenotype correlation between SPS and
TSW. In addition, QTL uqC6-1 was integrated from
QTLs controlling SV, SL, TSW and SPS that exhibited the
same direction of parental contribution. This result might
explain the negative but low correlation between SPS
and TSW, and the positive but low correlation between
SL and TSW.

Consensus map construction and QTL comparison

Five mapping populations (SS, BE, QN, TN and HY)
were selected for construction of consensus map and
QTL comparison (Additional file 6). For exact compari-
sons among populations, QTLs collected in each popula-
tion were used in the first round of meta-analysis to

obtain consensus QTLs (Additional file 6). The KN DH
map was treated as a reference map, and the markers
and QTLs were projected from the five chosen po-
pulations onto the KN map. Finally, a consensus map
containing 1225 markers was constructed, with the
exceptions of A9, C4, C7 and C8 that lacked a common
marker (Additional file 6 and 7). A total of 117 consen-
sus QTLs, including 76 on the A genome and 41 on the
C genome, were located from the chosen five popula-
tions (Additional file 6). Finally, 34 QTLs (26 in the A
genome and eight in C genome), including 7, 1, 1 and
25 QTLs controlling SL, SD, SPS and TSW were aligned
to the consensus map, respectively (Additional file 8).
The number of aligned QTLs on each chromosome
ranged from one (A6, A10 and C9) to 11 (A3).

For TSW, QTLs with overlapping Cls among different
populations were observed on A2, A3 and A4 (Additional
file 7). For the other six traits, no common QTLs were
detected among the different populations. On chromo-
some Al, four QTLs were projected from TN and SS
populations. QTLs SS-gSL-AI and c¢gSPS-A1 were co-
localized in the CI of 52.1-62.9 ¢cM. On chromosome A2,
three QTLs were projected from TN onto KN, and QTL
TN-qTSW-A2-1 had an overlapping CI with cgSB-A2.
Eleven QTLs were projected from TN, HY and BE onto
KN on A3. Among them, TN-gTSW-A3-1 and ¢gSW-A3-1,
and TN-gTSW-A3-2 and cgSB-A3-1 were co-localized with
overlapping Cls. QTLs TN-qTSW-A3-8, TN-qTSW-A3-9
and BE-cqSPS-A3 had overlapping CIs with ¢gSW-A3-3.
On chromosome A4, two QTLs were projected from
the TN population and TN-gTSW-A4-1 co-localized
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(See figure on previous page.)

Fig. 2 Genetic linkage map and the locations of QTL for silique traits in KN map. The 15 linkage groups with QTLs are represented by vertical
bars designated as A1-A10 in A genome and C1-C9 in C genome, based on multiple anchor markers located on each chromosome. The loci
names are listed on the right of the linkage groups, and the position of loci is shown on the left side of linkage groups, given in cM. The identi-
fied QTLs associated with the seven silique traits are indicated by bars with various backgrounds to the left of each linkage group. (Blue bar, SL;
green bar, SV; red bar, SPS; purple bar, TSW; pink bar, SD; yellow, SB; brown bar, ST)

Table 3 Effect analysis of QTLs relative higher phenotype
variance explanation for the silique related traits

Environment CB10006  Additive N*  SL©

(A6) Range Mean pP
10DL A -0.21 161 29916 675+077 0.1
B 97 3.1-9.7 6.94 +0.83
13WH A -0.29 160 4.12-542 495+044 027
B 9 244-68 5.05=+0.60
Environment e4m5-260  Additive N°  SB
(C6) Range Mean pP
10DL A 0.21 184 264-450 3.67+0.07 0.19
B 82 268-436 3.60£0.15
11DL A 0.20 184 254-422 358+0.10 0.26
B 82 242-402 352+0.10
12DL A 027 184 234-422 336+0.09 037
B 82 242-402 331+£0.16
Environment e8m13-248 Additive N? ST
(A9) Range Mean pe
10DL A -0.10 140 25422 357+007 0
B 128 29248 373+0.11
Environment CB10632  Additive N°  SPS
(C6) Range Mean pP
11DL A 2.02 187 11-35 2504 +2205 0
B 79  1-39 21.66 +37.39
12DL A 1.56 187 4-38 2394+3195 0
B 79 1-40 19.68 +47.00
13WH A 1.56 187 4-37 20.51+3425 0.03
B 79 2-31 18.89 + 2845
Environment Nal2A02  Additive N° SV
(Ce) Range Mean pP
10DL A 0.06 168 0.20-1.14 0.79£0.03 0
B 59  032-1.12 068=+0.02
11DL A 0.07 168 0.20-1.70 083004 O
B 59 034114 0.71+£002
12DL A 0.06 168 0.14-1.24 0.69+0.03 0

B 59

“Number of DH lines for each group (N53-2: A; KenC-8: B) classified according
to the genotype of the markers that closely linked to the major QTL; P values
obtained by t test among groups (0.05 level)

“See Table 1 for abbreviations

0.14-162 059+0.05

with ¢qSB-A4 and c¢gSW-A4. Four QTLs on chromo-
some A5 were projected from TN onto the consensus
map, with ¢gSPS-A5 and TN-gTSW-A5-2, and cqST-
A5-2 and TN-qTSW-A5-3 co-localized. On chromo-
some C9, one QTL was aligned from TN with an
overlapping CI with ¢gSD-C9-2 and ¢qST-C9-1. Two
QTLs were projected from the QN population on
chromosome C2, while no QTL was detected on C2
in the KN population (Fig. 4). In addition, on AS6,
A10, C1 and C5, SS, TN, QN and QN had 1, 1, 2
and 3 projected QTLs, respectively, and all of them
differed from the QTLs detected in the present study.
Compared with the abovementioned five populations,
14, 13 and 11 consensus QTLs might be the first
detected for SB, ST and SV, while 11, 6, 5 and 20 of
the 47 consensus QTLs for SL, SPS, SD and TSW
were potential new QTLs, respectively (Fig. 4). Espe-
cially for SL and SD, QTLs on A5 and C4 might be
the first detected. These conserved QTLs repeatedly
detected in different populations might provide target
QTLs for breeders and map-based cloning of genes
contributing to these silique traits in B. napus, and

Table 4 The list of 17 pleiotropic unique QTL for silique related
traits in KN population

Name Chr.  Trait® Position®  CI€

ugA2-4 A2 SPS/SW 44.98 39.38-50.58
ugA3-2 A3 SB/SW 3457 3141-37.73
ugA3-4 A3 SB/SV/ST 13896 136.96-141.62
ugAs-1 A5 SV/ST/SL 11.75 8.76-14.73
ugA5-2 A5 SV/SL 26.53 23.94-29.12
ugA5-3 A5 ST/SPS 5043 47.11-53.75
ugA6-3 A6 SV/SB 56.20 53.84-58.55
ughA6-5 A6 SL/SB 76.62 72.08-81.16
ugh6-6 A6 SL/ST 86.35 80.50-92.21
ugA7-2 A7 SB/SW 14.22 1091-17.53
ugA9-3 A9 SB/ST/SW 6832 64.94-71.70
uqCe-1 c6 SV/SL/SW/SPS 5757 56.52-58.63
uqCe-2 6 ST/SB/SL 61.58 60.73-62.44
ugCe-3 c6 SV/SD/SW/ST/SL 67.10 66.50-67.70
uqCo-4 c6 SPS/SD/SV/SB/ST/SW 7043 69.96-70.90
uqCo-1 @} SW/SD 1733 15.62-19.04
ugC9-2 @} SD/SW/ST 26.06 21.57-30.55

3See Table 1 for abbreviations; °Peak position; “Confidence interval
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Fig. 3 An example of the unique QTL classification on C6 chromosome. Identified QTLs for different silique traits in different experiments are
shown by curves above the line of linkage group, and their additive effect are shown by curves of the same color below the line of the linkage
group. The Cls of identified QTLs are shown by the same type of lines with curves. The solid blue lines are the Cls of the integrated QTLs by

¢qSB-C6-2
cqST-C6-3
¢cqSPS-C6-3
cqSV-C6-3
cqSD-C6-2

J

newly detected QTLs might increase our knowledge
of the genetic mechanisms of these traits.

Comparative genome analysis and candidate gene
identification

On the basis of the distribution of 24 conserved chromo-
somal blocks of Arabidopsis described by Schranz et al.
[28], 33 blocks and 127 islands in the KN DH map were
identified with respect to the Arabidopsis genome
according to 141 markers with known sequence
information [27].

All of the QTLs with CIs containing homologous
genes were separately compared to the physical genomic
regions of B. rapa (A genome) and B. oleracea (C
genome) (Additional file 9). Based on the map alignment
between Arabidopsis and B. napus, a total of 88 ortho-
logs of 37 genes that controlled these silique traits in
Arabidopsis were mapped onto the synteny blocks and
islands (Additional file 10), and 25 genes were located in
the CI of 27 QTLs (Additional file 9 and 11). Among the
25 genes, several were shown to have a relationship with
the seven silique traits, including EXS, GASA4, ANT,
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were co-localized

Fig. 4 QTL comparison of the seven traits among different populations. QTLs obtained in KN DH population are shown on the outside circle. The
inside circles represent QTLs projected from the TN, SS, BE, QN and HY populations, respectively. Different traits are indicated by bars with various
backgrounds (Green bars, QTLs for seed number per silique; blue bars, silique volume; purple bars, thousand seed weight; red bars, silique breadth;
yellow bars, silique thickness; yellowish green bars, silique length). The grey traits indicated that QTLs detected in different population

TTG2 and AP2. Especially on chromosome C6, gene
ATAGP19 (BnaA07g24460D) and CUL3B (scaffold_213)
were associated with unique QTLs controlling SV, SD,
ST and SW. The ATAGP19 mutant could lead to fewer
siliques, less seed production and several abnormalities
in cell size, number, shape and packing [29]. CUL3B is
essential for normal embryogenesis [30]. At the same
time, sequences of these genes available for B. rapa and

B. oleracea were also mapped onto related chromosomes
(Additional file 10).

Discussion

In the present study, the genetic basis for the six silique
traits (SPS, SL, SB, ST, SD and SV) at QTL level was
performed in the KN DH population containing 348
lines, possibly the largest population yet used to perform
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QTL mapping for silique traits. SL is known to be posi-
tively correlated with SPS [31, 32], and the same result
was also obtained in the present study. No significant
positive relationship was observed between SL and
TSW, which differed from previous results [1, 2]. The
most persuasive explanation for the phenomenon was
that the population used in the present study was differ-
ent from other published populations, and each mapping
population might carry different alleles for silique related
traits and represent its own genetic background. For
example, Yang et al. (2012) indicated that SL was signifi-
cantly correlated with SW, using a RIL derived from a
cross between an EMS mutant with extremely long SL
and SW, and an inbred line with regular SL and SW [1].
By comparison, the KN population for SL and SW
showed high phenotypic variation but the two parents
showed no significant difference. To date, little research
has been conducted on SB, ST and SV and their relation-
ships with other yield-related factors. In this study, SL,
SB and SV all showed significant positive relationships
with SPS and SD (Table 1). The present results revealed
that SPS was significant negatively correlated with TSW,
as also observed by Zhang et al. (2011) [3]. It is note-
worthy that all the six silique traits in the present study
showed highly and positively correlated with the level of
seed yield (Table 1), suggesting that at least some of the
underlying genetic determinism or same genes are shared
across the formation and development of these traits.
These silique traits colud be served as important traits for
section of high yield cultivar for breeding purpose. These
results suggest that coordinating the balance among these
agronomic traits of B. napus was the premise of ensuring
the high and stable yield production.

Fine mapping and map-based cloning are efficient
ways to dissect the genetic bases of quantitative traits
and to identify genes underlying these traits. QTLs with
large PVE and can be detected in different environments
are more suitable for fine mapping and map-based clon-
ing [18]. Integrating QTL results across different envi-
ronments can determine which QTLs are less influenced
by environmental factors, and can help to isolate
environment-specific QTLs [18]. In the present study,
15 stable consensus QTLs expressed in at least two
microenvironments, and 45 environment-specific QTLs
were obtained (Table 2). The high proportion of
environment-specific QTLs suggested a large impact of
the natural environment on silique-associated traits.
Most of them had minor effects with low LOD scores. It
is clear that use such minor QTLs for MAS or clone
such QTLs via fine mapping is unlikely. However, these
QTLs provide an important genetic resource for further
research [17]. The explanation for the existence of stable
QTLs was that they could be responsible for main
genetic effects with high LOD scores, as QTLs with
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major effects are more likely to be stable across multiple
environments [33-35]. In the present study, three QTLs
with PVE>10 % controlling SB (cqSB-C6-1 and c¢qSB-
C6-2) and SV (cqSV-C6-2) were identified in at least
three microenvironments in DL (Table 2). In addition,
¢qSB-C6-1 and cqSB-C6-2 were both integrated from
three identified QTLs detected in DL and with mean
additive effects of 0.22 and 0.22, respectively (Additional
file 3). These results showed that when alleles from
‘KenC-8 existed in the two QTLs, the SB could increase
about 0.8 mm in DL. These kinds of QTLs might be
worthy of attention when doing MAS for developing
varieties with special adaptability. In addition, unique
QTL ugC6-4 would be the most interesting for breeding.
The uqC6-4 could control as much as six traits except
for SL, which were all with positive additive effect.
Compared with the seed yield and oil content QTLs de-
tected in the same population, ugC6-4 was co-localized
with the major QTL for seed yield (cgSY-C6-2), which
was repeatedly detected in three environments [27], and
was also co-localized with the QTL (gOC-C6-4) for seed
oil content consistently expressed in four environments
[11]. Among the two parents of KN DH population,
‘KenC-8 was the parental of the variety ‘Zayou59’ released
in 1996 in China, and ‘N53-2” was a DH line with seed oil
content >50 % [11]. QTLs detected in KN population
could be used in breeding, not only for developing high-
yielding cultivars, but also for increasing seed oil content.
Although the genetic determinism of these silique
traits remain largely unknown in rapeseed, correlation
analysis with the same DH population may provide some
insights. Most pairs of traits showed significant pheno-
typic correlations in this study, which was also reflected
by the genome location and effects of QTL detected.
Many QTL clusters were observed on chromosomes A2,
A3, A5, A6, A7, A9, C6 and C9 (Table 4). With the over-
lapping CIs of QTLs controlling different traits, 17
unique QTLs that controlled at least two traits were
obtained and the unique QTL (1#qC6-4) could control as
much as six traits (Fig. 3). Co-localizations between
QTLs for some traits were expected such for SB/ST/
TSW due to the correlation (Table 1). This were also in
agreement with the pleiotropic unique QTLs, such as
ugqA9-3 and uqC6-4 control the three traits simultan-
eously, and ugA3-2 and ugA7-2 have effect on SB and
TSW, and ugA3-4 and uqC6-2 effect SB and ST simultan-
eously, and ugC9-2 have effect on ST and SW (Additional
file 5). Previous studies on silique traits also demonstrated
the existence of pleiotropic QTLs in B. napus [1, 4]. In
addition, the consistency of QTL loci on the chromosome
for various traits may facilitate selection efficiency by
selecting markers closely associated with these traits.
Furthermore, if the direction of the additive effect of the
QTLs were the same, selection would be easier and more
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effective, such as for QTLs clustered in the same region of
C6 (Additional file 5).

In general, a consensus map is a powerful tool to
validate conserved QTLs across populations. To com-
pare QTLs detected in different populations, a consen-
sus map containing 1225 markers was constructed
(Additional file 6). To our knowledge, there are few
reports concerning QTL analysis for SB, ST and SV, and
the 14, 13 and 11 consensus QTLs in the present study
might be new QTLs. Compared with 34 projected QTLs
from other five maps, three QTLs for TSW were the
same as those identified in previous studies, including
cgSW-A3-1, cgSW-A3-3 and cgSW-A4. In addition, 11, 6
and 5 consensus QTLs for SL, SPS and SD observed in
the present study were differed from those of the other
five populations, and hence might considered as poten-
tial new QTLs. The detected QTLs for SL had very high
PVE, reaching 53.4 % and 54.4 % on A9 [1, 36], while no
QTL for SL was obtained on A9 in the present study,
possibly due to only minor differences in SL between the
two parents. Comparison among different populations
would also facilitate an assessment of intraspecific variation
for these QTLs.

The establishment of comparative mapping between
Arabidopsis and B. napus is a powerful tool to identify
candidate genes underlying QTLs [5]. In this study, 25
candidate genes were assigned to the Cls of 27 QTLs
(Additional file 11), and several of these genes were
shown to have a relationship with the six silique traits.
Studies have revealed that the genes ANT, ARF2 and
TOCI underlying QTLs exist on chromosomes Al1-A3
[1, 18, 36], whereas ANT underlying QTLs aligned on
A3 and C1 was observed in the present study. Fan et al.
(2010) detected QTLs for TSW on A7, which might
correspond to TTG2 and MINI3 [37], whereas TTG2
underlying QTLs was aligned on A4 and A5 in the
present results. As well as ANT, TTG2 and MINI3, gene
EXS that controlled embryo development was aligned in
the CIs of QTLs controlling SPS [38]. GASA4, which
positively affected both seed size and total seed yield,
was located in the CI of a QTL controlling TSW [39].
AP2 was found underlying QTLs controlling TSW on
A2 and SL on C1, and ap2 mutants could produce larger
seeds than wild type [40]. On A5, IKU1 controlling seed
size was located in the CI of QTLs controlling SPS and
ST [41]. Genes FIS2 and MEA were aligned in the CIs of
QTLs controlling SPS and ST on A5 and QTLs control-
ling SL and ST on A6, respectively. These two genes
repressed seed development in the absence of pollination
[42]. On C5, CUL3A was associated with QTLs control-
ling SL, which is essential for normal embryogenesis
[30]. ATAGPI9 and CUL3B were associated with unique
QTLs controlling SV, SD, ST and SW; and the AtAGPI9
mutant had fewer siliques, less seed production and
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several abnormalities in cell size, number, shape and
packing [29]. Compared with currently published B. napus
genome information, related B. napus genome informa-
tion was also obtained. These findings provided useful
resources on candidate genes for seed yield improvement.

Conclusions

We identified 82 individual QTLs for six silique traits
(SPS, SL, SB, ST, SD and SV), and then integrated these
QTLs into 60 consensus QTLs by meta-analysis. Among
them, all of the 14, 13 and 11 consensus QTLs for SB,
ST and SV might be the potential new QTLs because
few QTLs for these traits were reported in B. napus.
After compared with five published populations, 11, 6
and 5 potential new consensus QTLs for SL, SPS and
SD were obtained. By in silico mapping analysis, we
identified 25 candidate genes underlying 27 QTLs for
silique related traits. Our results provided useful infor-
mation into the regulatory model for the control of
silique in B. napus.

Methods

Plant material and genetic linkage map

In this study, a segregating DH population, named KN
DH, from a cross between male ‘KenC-8 and female
‘N53-2” was used to detect QTLs for silique traits. The KN
DH population consisted of 348 lines, which was previ-
ously used for developing the linkage map (KN map) and
QTL evaluation for oil content [11]. The KN genetic link-
age map was constructed with 403 molecular markers,
including 275 simple sequence repeats, 117 sequence-
related amplified polymorphisms, 10 sequence tagged sites
and one intron fragment length polymorphism, which
covered a total length of 1783.9 ¢cM. The genotype of the
population had two kinds of bands, the genotypes of
the two parents: ‘KenC-8 (B) and ‘N53-2" (A). If the
additive effect of QTLs was negative, this suggested
the increasing allele originated from “KenC-8, and
otherwise it was from ‘N53-2’.

Field experiment and data collection

The field experiments were carried out in two locations:
Wuhan in the Hubei Province (a semi winter-type rape-
seed growing area, coded WH) and Dali in the Shannxi
Province (a winter-type rapeseed growing area, coded
DL). The seeds were sown in 2009-2011 in DL and 2012
in WH; and the related experiments were named 10DL,
11DL, 12DL and 13WH, respectively. The experiment
location of WH was the experiment base of Huazhong
University of Science and Technology, and DL was the
experiment base of Hybrid Rapeseed Research Center of
Shaanxi Province. No specific permissions were re-
quired for the field trials. Year—location combinations
were treated as microenvironments, and then these
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microenvironments were divided into two contrasting
macroenvironments: semi-winter and winter. For SL,
SPS and SD, phenotypic data were collected in all of
the four microexperiments. For SB, ST and SV, pheno-
typic data were collected in three microenvironments:
10DL, 11DL and 12DL. For TSW, phenotypic data was
used to detect its relationships with the above six
silique traits, and the QTLs for TSW obtained by Zhao
et al. (2016) in eight microenvironments were used for
detecting of unique QTLs and QTL comparison in the
present study (Additional fine 3) [27]. For each trial, all
348 lines together with their parents were grown in a
completely randomized block design with two replica-
tions in WH, and three replications in DL. Each line
was grown in two rows per plot in all three locations,
every row contained about 12 plants, and the distance
between rows and between plants was 0.4 and 0.2 m,
respectively. The field management followed normal
agricultural practice.

All DH lines were open-pollinated in all environments
to keep a full record of fertilization rates. At the mature
stage, five representational plants in the middle of each
plot were selected to analyze the six silique traits. Then,
six well-developed siliques, randomly selected from the
first branch adjacent to the main inflorescence, were
used to investigate phenotypic data. As the rapeseed
silique is oval-shaped, the maximum width of a silique
in the middle position was treated as “breadth”, and the
minimum-data at the same position was treated as
“thickness”. Phenotypic data were collected as follows.
(1) SL (cm): estimated from the average length (exclud-
ing the length of beak) of the six well-developed chosen
siliques. (2) SB and ST (both mm): estimated from the
average breadth and thickness, respectively, of the six
chosen siliques using a Vernier caliper. (3) SPS: esti-
mated from the average value of six chosen siliques. (4)
SV (mL): estimated from the average volume of the six
chosen siliques using a cylinder containing water, from
the volume change following submersion of siliques
[43]. (5) SD: measured according to SD =SPS/SL. All
phenotype data were collected in three measurements
per replication.

QTL analysis and meta-analysis for the silique traits

Basic statistical analysis was implemented using SPSS
18.0 software (SPSS Inc., Chicago, IL, USA). QTL ana-
lysis for SL, SB, ST, SPS, SV and SD were performed by
the QTL Cartographer 2.5 software with composite
interval mapping (CIM) [44]. A walking speed was set to
2 c¢M and a window size of 10 ¢cM with five background
cofactors. The LOD threshold was determined by 1000-
permutation test based upon a 5 % error rate [45], and a
LOD of 2.7-3.2 was used to identify the existence of
QTLs in each environment, and these QTLs were
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termed ‘identified QTLs’. The method for QTL nomen-
clature was as described by Wang et al. (2013) [11]. A
number was added if more than one QTL was located
on the same chromosome, for instance, gSL-AS5-2.

Identified QTLs repeatedly detected in different mi-
croenvironments and with overlapping Cls for the same
trait were integrated into a consensus QTL by meta-
analysis using BioMercator 2.1 software with default
parameters. [46, 47], and were then named with initial let-
ters ‘cq, for instance, cgSL-A5-2. Consensus QTLs occurring
in at least one microenvironment with PVE > 20 %, or in at
least two microenvironments with PVE > 10 %, were con-
sidered as major QTLs [4]. The consensus QTLs with over-
lapping ClIs for different traits were further integrated into
one unique QTL and designated with initial letters ‘ug’ (for
example, ug-AS5-1). If a consensus QTL had no overlapping
CI with others, it was also regarded as a unique QTL.

Construction of the consensus map and QTL comparison
Consensus map construction and QTL comparison were
carried out with BioMercator 2.1 [46, 47]. The popula-
tions chosen for comparison included three DH and two
RIL populations: SS [1], BE [5], QN [6], TN [4] and HY
[3] (Additional file 6). A ‘two-round’ strategy was used
for QTL comparison [17]. In the first round, QTLs identi-
fied in each population were collected, and those QTLs in
one population of the same trait with overlapping Cls
were integrated into consensus QTLs using meta-analysis.
The consensus QTLs were named with the population
abbreviation followed with ¢g’ and the name of traits, a
hyphen (-) and the linkage group. A number was added if
more than one QTL was located on same chromosome
(e.g. QN-cqSL-A10-1). In the second round, based on the
common markers, the markers in homologous chromo-
somes were projected from other maps onto the reference
KN DH map to construct a consensus map. Then the
consensus QTLs detected in different populations were
aligned to the KN map and QTLs were compared between
published QTLs and our results.

Map alignment of B. napus with Arabidopsis, B. rapa and
B. oleracea

Among the 403 markers mapped in the KN genetic map,
141 markers with known sequence information were
treated as anchor markers for map alignment between B.
napus and Arabidopsis [27]. Finally, 33 blocks and 127
islands were aligned between Arabidopsis pseudochro-
mosomes and the consensus KN DH linkage map [27].
The related genes that may control the seven silique
traits of Arabidopsis on each block were located accord-
ing to their physical position in the Arabidopsis genome.
Their genetic position on the KN DH map was obtained
according to their closest anchor markers in the same
synteny block. If the aligned gene(s) was located in the
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