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Plant height (PH), branch initiation height (BIH), and stem diameter (SD) are three
stem-related traits that play crucial roles in plant architecture and lodging resistance.
Herein, we show one doubled haploid (DH) population obtained from a cross between
Y689 (one Capsella bursa-pastoris derived Brassica napus intertribal introgression) and
Westar (B. napus cultivar) that these traits were significantly positively correlated with
one another and with flowering time (FT). Based on a high-density SNP map, a total
of 102 additive quantitative trait loci (QTL) were identified across six environments.
Seventy-two consensus QTL and 49 unique QTL were identified using a two-round
strategy of QTL meta-analysis. Notably, a total of 19 major QTL, including 11 novel ones,
were detected for these traits, which comprised two QTL clusters on chromosomes
A02 and A07. Conditional QTL mapping was performed to preliminarily evaluate the
genetic basis (pleiotropy or tight linkage) of the co-localized QTL. In addition, QTL by
environment interactions (QEl) mapping was performed to verify the additive QTL and
estimate the QEI effect. In the genomic regions of all major QTL, orthologs of the genes
involved in phytohormone biosynthesis, phytohormone signaling, flower development,
and cell differentiation in Arabidopsis were proposed as candidate genes. Of these,
BnaA02g02560, an ortholog of Arabidopsis GASA4, was suggested as a candidate
gene for PH, SD, and FT; and BnaA02908490, an ortholog of Arabidopsis GNL, was
associated with PH, BIH and FT. These results provide useful information for further
genetic studies on stem-related traits and plant growth adaptation.

Keywords: Brassica napus, alien introgression, QTL cluster, stem-related trait, candidate gene

INTRODUCTION

Rapeseed (Brassica napus L., AACC, 2n = 38) is the second largest oil crop in the world after
soybean, with an annual production of ~70 million metric tons in recent years (2015-2017)
(https://apps.fas.usda.gov/psdonline/psdReport.aspx). Plant height (PH), branch initiation height
(BIH), and stem diameter (SD) are stem-related traits that affect plant architecture in rapeseed
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(Cai et al,, 2016). Together with flowering time (FT), these
traits constitute selection targets in the breeding of varieties with
preferred morphologies and adaptations.

Both PH and FT are complex traits that are controlled by
endogenous and environmental factors (Zhang et al, 2015).
Extensive research has shown that many phytohormones,
including gibberellins (GAs), brassinosteroids (BRs), auxin
(IAA), and strigolactones (SLs), participate in PH regulation.
Genes associated with phytohormone biosynthesis and signaling
ultimately determine plant height (Fujioka and Yokota, 2003;
Sakamoto, 2004; Muhr et al., 2016; Zhao et al., 2017; Li et al.,
2018). Using Arabidopsis thaliana as a model for long-day species
and rice (Oryza sativa) for short-day species, remarkable progress
has been made in identifying FT regulators (Blimel et al,
2015). Five major pathways (Srikanth and Schmid, 2011) and
approximately 180 genes have been found in A. thaliana (Fornara
et al., 2010). For example, CONSTANS (CO) was considered to
be a network hub integrating internal and external signals into
the photoperiodic flowering pathway (Shim et al., 2017). Several
lines of evidence indicate that CO activates FLOWERING LOCUS
T (FT) and TWIN SISTER OF FT (TSF) (Tiwari et al., 2010;
Pearce et al., 2017; You et al., 2017). In turn, FT and TSF encode
a long- range signal (florigen) that carries information about
the inducement of flowering from the leaf to the shoot apical
meristem (SAM) (You et al., 2017).

Quantitative trait loci (QTL) mapping is a powerful tool for
elucidating the genetic architecture of complex traits (Mauricio,
2001), and many QTL for PH and FT have been identified in B.
napus (Raman et al., 2013; Luo et al., 2014; Wang et al., 2015;
Liu et al,, 2016; Sun et al., 2016), including several co-localized
QTL in biparental populations (Quijada et al., 2006; Udall et al.,
2006; Mei et al., 2009). In contrast, QTL associated with BIH and
SD are comparatively rare. Recently, significant SNPs relating to
BIH and PH were detected via a genome-wide association study
(GWAS), in which it was also found that BIH was significantly
correlated with PH in this natural population (Zheng et al., 2017).
In the case of co-localized QTL or SNPs for different traits, it
may be that such clustering is due to either pleiotropy or linkage
(Quijada et al., 2006). To distinguish linkage from pleiotropy,
conditional QTL mapping method was proposed to evaluate the
genetic relationships between correlated traits at the QTL level
(Zhu, 1995; Wen and Zhu, 2005).

In the present study, QTL mapping for PH, BIH, SD, and FT
were performed, based on a high-density SNP map constructed
from a DH population developed from a cross involving one
Capsella bursa-pastoris derived B. napus intertribal introgression
line with compressed branches and wooden stems (Shen et al.,
2018). Additive QTL and the QTL by environment interactions
(QEI) were detected across multiple environments. Notably, 19
major QTL, 11 of which had not been previously identified, were
revealed on chromosomes A02 and A07, and organized into two
QTL clusters. We then analyzed the genetic basis (pleiotropy or
tight linkage) of the co-localized QTL using conditional QTL
mapping. In addition, candidate genes within the confidence
interval of the major QTL were proposed based on the known
function of Arabidopsis orthologs. These results enabled us to
better understand the genetic mechanisms of the four traits and

facilitate marker-based breeding to improve plant architecture
and growth adaptation, and ultimately to increase rapeseed yield.

MATERIALS AND METHODS

Plant Material and Growth Conditions

A B. napus YW-DH population encompassing 208 lines was used
as a mapping population (Shen et al.,, 2018). The parents of this
doubled-haploid (DH) population were B. napus introgression
Y689 and cultivar Westar. Y689 was derived from a partial
intertribal hybrid between B. napus cv. Zhongyou 821 and
Capsella bursa-pastoris (L.) Medic (2n = 4x = 32) (Chen et al.,
2007; Zhang et al., 2013; Shen et al., 2018). Westar is a spring-type
canola that is widely used in experiments involving the role of
genetic architecture in resistance to Sclerotinia sclerotiorum and
timing of flowering (Zhao et al., 2009; Nelson et al., 2014). Y689
is both taller and flowers later than Westar.

The DH lines and the two parents were grown using a
randomized complete block design with two replicates. Each
plot contained two rows with 30 cm row spacing and 20
cm spacing between plants. Year-location combinations were
treated as environments, which were coded as 15WH (Wuhan,
Hubei Province, China, 2015-2016), 15CD (Chengdu, Sichuan
Province, China, 2015-2016), 15ER (Ezhou, Hubei Province,
China, 2015-2016), 16WH (Wuhan, Hubei Province, China,
2016-2017), 16XN (Xining, Qinghai Province, China, 2016) and
17WN (Weining, Guizhou Province, China, 2017). The areas
WH, CD, and ER are semi-winter-type rapeseed growing areas,
in which seeds are typically sown in October and plants are
harvested in May of the coming year, whereas the areas XN and
WN are spring-type rapeseed growing areas, in which sowing
typically occurs in May and plants are harvested in September.
Detailed information about the six environments is listed in Table
S1. The phenotypes of PH, BIH, SD, and FT were measured in
six, five, five, and five of the environments, respectively (Table
S1). Normal agronomic practices for rapeseed were conducted in
field management.

Phenotypic Evaluations and Statistical

Analysis

Flowering time was recorded for each plot when half of the
plants in the plot initiated flowering, and the days from the
sowing date to the flowering time were used for the phenotype. At
maturity, five representative plants from the center of each plot
were selected for measurements of PH, BIH, and SD. Plant height
was defined as the distance from the base of the above-ground
plant to the tip of the main inflorescence; BIH was defined as
the distance from the base of the above-ground plant to the first
primary branch with siliques; and SD was defined as the stem
thickness at 20 cm above the soil surface using slide calipers.

For PH, BIH, and SD, data from the five plants were averaged
to represent the phenotype of a plot, and data from replicated
plots were averaged to represent the phenotype of a DH line.
Broad-sense heritability (h?) and correlations among the four
traits were analyzed using SAS GLM and CORR packages,
respectively (Shen et al., 2018; SAS v9.3, SAS Institute, Cary, NC,
USA).
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QTL Mapping

Based on a YW-DH population deriving from a cross between
an alien introgression line Y689 and B. napus cv. Westar, we
constructed a linkage map using 3,073 available SNP markers,
which covered a length of 2,242.14 ¢M and had an average
marker interval of 0.73 cM (Shen et al., 2018). After the
phenotypic investigation across six environments for PH and five
environments for BIH, SD, and FT, QTL analysis was carried
out for each experiment independently using Windows QTL
Cartographer 2.5 with the composite interval mapping (CIM)
method (Wang et al., 2012). Likelihood of odd (LOD) thresholds
for claiming QTL for PH, BIH, SD, and FT were determined by
1,000 permutations at P = 0.05. All additive QTL for the four
traits were analyzed by two-round QTL meta-analysis (Shi et al.,
2009), with BioMercator 4.2 software (Sosnowski et al., 2012).
In the first round, significant additive QTL for each trait were
integrated into the consensus QTL. In the second round, the
consensus QTL detected from different traits were integrated into
unique QTL. In addition, consensus QTL explained more than
15% of the phenotypic variation (PVE) in one environment or
with PVEs higher than 10% in two or more environments defined
as major QTL.

To dissect the genetic basis (pleiotropy or tight linkage) of the
co-localized QTL, conditional QTL mapping was performed (Li
et al., 2014; Zhang et al., 2016). Conditional phenotypic values
y (T1|T2) were obtained using the software QGAStation 2.0
(http://ibi.zju.edu.cn/software/qga), where T1 and T2 represent
the target traits; T1|T2 signifies that T1 was conditioned on T2,
indicating that y (T1|T2) were the conditional values obtained
when the effect of T2 on T1 was removed. The conditional values
were then used to scan QTL via the same method as was used for
unconditional QTL mapping described above.

To detect the QTL by environment interactions (QEI),
QTL analysis was also carried out using QTL IciMapping
4.1 (http://www.isbreeding.net) with the inclusive composite
interval mapping (ICIM) method. The ICIM-MET functionality
in the software performed a stepwise regression to identify the
most significant markers at 0.001 probability level with the step
size of 1 cM. The LOD thresholds of QTL were determined
by a 1,000 permutation test at a 95% confidence level. To
distinguish from the QTL identified by CIM, we designated the
QTL identified by ICIM as “combined QTL.”

Following the previously described nomenclature (Udall et al.,
2006), unconditional additive QTL were designated with an
initial letter “q” followed by the abbreviation of trait name, and
the detected QTL order on the chromosome (e.g., qPH.A01-1).
Consensus QTL, unique QTL, combined QTL, and conditional
additive QTL were thus designated with the initial letters
“cq-,” “uq-, “Iq-, and “cdq-” (e.g., cqPH.A02-1, uqPH.CO01-1,
IqPH.A01-2, cdgPH|FT.C01-2), respectively.

RESULTS

Phenotypic Performances of the Parental

and DH Lines
Parents of Y689 and Westar differed significantly in PH, SD,
and FT in all experimental environments, whereas for BIH,

significant differences were only detected between the spring-
type rapeseed growing areas of 16XN and 17WN. Descriptive
statistics of these four traits for the two parents, as well as the DH
lines across multiple environments, are listed in Table 1. The DH
lines exhibited broad variations among the four traits. Frequency
distributions of the phenotypic values of the four traits in the DH
lines are shown in Figure 1. Among these traits, FT was differed
significantly between spring-type and semi-winter-type rapeseed
areas, with averages ranging from 58.7 £ 3.9 to 68.7 & 5.3 and
142.0 = 3.0 to 146.7 £ 8.6, respectively (Table 1 and Figure 1).

An ANOVA revealed that differences in genotypes,
environments, and the interactions between genotype and
environment were all highly significant (Table S2). The broad-
sense heritabilities (%) of PH, BIH, SD, and FT were calculated
as 0.78, 0.52, 0.55, and 0.81, respectively (Table S2). Lower
heritability of BIH and SD indicated that these two traits were
influenced by environmental factors to a greater degree than
were the other two traits. The Pearson’s correlation coefficients
between the four traits were detected in three representative
environments (15WH, 15CD, and 17WN) (Table 2). As a result,
all four traits were significantly and positively correlated with one
another. For example, in the spring-type rapeseed area 17WN,
PH was determined to be significantly positively correlated with
BIH (r = 0.67, P < 0.001), SD (r = 0.76, P < 0.001), and FT
(r=0.61, P < 0.001); BIH was significantly positively correlated
with both SD (r = 0.53)and FT (r = 0.68); and significant
positive correlations were also observed between SD and FT
(r=0.54, P < 0.001) (Table 2).

Unconditional Additive QTL Mapping and

Meta-Analysis

With the method of CIM, a total of 102 significant additive
QTL associated with PH, BIH, SD, and FT were detected across
3 years (Table S3 and Figure 2). These QTL were primarily
distributed on chromosomes A07 (25 QTL), A02 (20 QTL), C02
(13 QTL), and C06 (12 QTL), singly explained 2.88-32.60% of
the phenotypic variance. They were subjected to the first round
of QTL meta-analysis trait-by-trait, and resulted in 72 consensus
QTL (Table S3). Of these, 19 consensus QTL were considered
as major QTL, 11 (57.9%) of which were stably detected in
at least two separate environments (Table 3). Notably, these
major consensus QTL were all located on chromosomes A02 and
A07, and organized into two major QTL clusters (Table 3 and
Figure 3).

For PH, 25 additive QTL were detected and account for 3.40-
29.06% of the phenotypic variation. These QTL were integrated
into 17 consensus QTL, with five QTL (cqPH.A02-1, cqPH.A02-
2, cqPH.A07-1, cqPH.A07-2, and cqPH.A07-3) considered to be
major QTL (Table S3 and Table 3). Of these, cqPH.A07-2 was
repeatedly detected in five environments, and accounted for a
mean PVE of 19.52%, with the highest PVE (29.06%) detected
in 15ER (Table 3).

For BIH, 22 additive QTL were detected, with a PVE of
3.86-23.02%. These QTL were integrated into 16 consensus
QTL, with five QTL (cqBIH.A02-1, cqBIH.A02-2, cqBIH.A02-
3, cqBIH.A07-1, and cqBIH.A07-2) considered to be major QTL
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TABLE 1 | Statistical analysis of PH, BIH, SD, and FT for the DH lines and their parents.

Trait? Environment? Parents DH lines
Y689 Westar Range Mean + SD Skewness Kurtosis Heritability
PH 15WH 132.40 + 8.04 113.86 + 9.96***C 81.70-153.70 123.66 + 12.80 —0.62 0.53 0.78
15CD 147.38 + 13.75 131.38 + 7.93"* 104.40-167.10 137.25 £ 12.15 —-0.17 -0.14
15ER 136.85 + 6.39 122.89 + 8.89* 88.70-156.10 124.95 £ 12.75 —0.10 0.04
16WH 168.50 + 12.29 1563.13 + 8.75* 114.53-181.35 148.49 + 13.22 —0.13 -0.32
16XN 143.90 + 6.42 108.00 + 5.06"** 91.563-169.63 132.22 + 13.02 —-0.16 0.28
17WN 1569.33 + 12.09 102.30 + 12.76™** 96.29-181.88 134.44 + 15.54 —0.03 —0.05
BIH 15WH 42.63 + 9.36 45.00 + 9.86 12.50-71.50 40.76 £ 10.38 0.23 0.73 0.52
15CD 44.58 + 9.93 50.88 + 11.63 3.00-58.00 26.76 + 10.53 0.14 —0.45
15ER 43.05 + 7.66 4517 £ 6.74 10.70-71.80 40.50 £ 10.47 —0.04 0.62
16XN 82.29 + 7.57 14.13 £+ 6.48" 10.00-90.43 47.81 £ 16.15 0.11 —-0.23
17WN 72.84 + 12.07 24.00 £ 3.50"* 15.00-102.00 4317 £14.13 0.70 117
SD 15WH 10.24 £ 2.17 9.06 + 2.62* 6.34-13.89 9.86 + 1.32 —0.04 0.23 0.55
15CD 14.99 £+ 2.15 11.85 £ 1.05™ 7.93-18.42 13.09 £+ 2.19 0.01 —-0.43
15ER 10.76 £ 1.61 8.67 + 1.59* 5.11-18.82 10.52 £ 1.71 1.07 4.18
16WH 13.07 £ 1.16 11.25 + 1.80"* 7.12-15.48 11.18 £ 1.27 —0.14 0.81
17WN 13.30 £+ 2.21 8.42 + 1.83"* 6.73-15.94 11.31 £ 1.85 0.05 —0.46
FT 15WH 1442 £ 1.8 139.4 + 2.4* 130.0-154.0 142.0 £ 3.0 —0.30 2.11 0.81
15CD 1482 £ 22 140.8 +£ 1.6™ 128.0-158.0 144.4 + 4.8 —0.67 1.59
16WH 1678 £ 24 141.2 £ 3.4 121.3-162.4 146.7 + 8.6 -0.77 0.23
16XN 62.6 £ 1.9 53.2 + 2.4 51.0-70.5 58.7 £ 3.9 0.70 0.14
17WN 744 £ 3 60.6 + 2.3 60.0-87.0 68.7 £ 5.3 0.93 1.28

aPH, plant height. BIH, branch initiation height. SD, stem diameter. FT, flowering time.

b15WH, Wuhan, 2015-2016; 15CD, Chengdu, 2015-2016; 15ER, Ezhou, 2015-2016; 16WH, Wuhan, 2016-2017; 16XN, Xining, 2016; 17WN, Weining, 2017.

©The significance level between two parents: *p < 0.05; **p < 0.01, ***p < 0.001.

(Table S3 and Table 3). Two QTL (cqBIH.A07-1 and cqBIH.A07-
2), which were detected in three of the five environments,
accounted for 17.69 and 9.69% of mean PVE, respectively
(Table 3).

For SD, 16 additive QTL with PVE ranging from 4.10 to
17.48% were integrated into 14 consensus QTL, and only two
QTL (cgSD.A07-1 and cqSD.A07-4) were repeatedly identified in
two environments (Table S3 and Table 3). This high proportion
(87.5%) of environment-specific QTL suggests that SD is a
complex trait and is greatly influenced by the environment, which
was further reflected in its relatively low heritability (k> = 0.55)
(Table 1).

For FT, 39 additive QTL were detected, with PVE ranging
from 2.84 to 32.60%. These QTL were integrated into
25 consensus QTL, with four consensus QTL (cqFT.A02-1,
cqFT.A02-2, cqFT.A07-2, and cqFT.A07-3) considered to be
major QTL (Table3 and Table S3). One of the major QTL,
cqFT.A02-1, was stably expressed in all five environments (mean
PVE = 11.76%; LOD: 4.52-20.98), whereas cqFT.A02-2 was
detected only in spring-type rapeseed areas 17WN and 16XN
(mean PVE = 30.89%; LOD: 15.35-16.90), and cqFT.A07-2 was
detected only in winter-type rapeseed areas 15 and 16 WH (mean
PVE = 22.51%; LOD: 13.76-20.57). In addition, cqFT.A07-3 was
an environment-specific QTL, although it explained 28.13% of
the phenotypic variance in 15CD (Table 3).

To dissect the overlapping consensus QTL for the different
traits, the second round of QTL meta-analysis was performed.
In this round, all consensus QTL were integrated into 49 unique
QTL, 15 (30.6%) of which controlled at least two traits (Table
S4). Among these, two unique QTL (uqA02-1 and uqA02-2)
located at the intervals of 4.51-5.79 and 12-15.69 ¢cM on A02,
respectively, were associated with all four traits, and two other
unique QTL (uqA07-3 and uqA07-5) located at the intervals of
112.30-113.26 and 118.30-119.58 cM on A07, respectively, were
associated with three of the four traits (Table 4).

Conditional QTL Mapping

Conditional QTL mapping was performed to reveal the
additional additive QTL that could not be detected by
unconditional QTL mapping methods. In total, 194 QTL were
identified by conditional QTL mapping, including 63, 36, 24,
and 71 QTL for PH, BIH, SD, and FT, respectively (Table
S5). Of these, 99 QTL were also detected by unconditional
QTL mapping, whereas the remaining 95 QTL could only
be detected by conditional QTL mapping (Table S6). For
instance, cdqFT|PH.A07-2, a QTL located on 114.7 cM of
chromosome A07 (PVE = 17.33%), was detected by conditional
QTL mapping in the environment 15CD. This QTL could
not be detected by unconditional QTL mapping in 15CD,
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initiation height (BIH). (C) Stem diameter (SD). (D) Flowering time (FT). 16WH, 15CD, 15ER, 16WH, 16XN, and 17WN represent six environments with different colors.
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TABLE 2 | Correlations between PH, BIH, SD, and FT in 15WH, 15CD, and
17WN.

Environment? TraitP PH BIH sD
15WH BIH 0.49"*¢

SD 0.66"* 0.20*

FT 0.28"* 0.53* 0.17*
15CD BIH 0.32%

SD 052" 0.19*

FT 0.34"* 0.32°* 0.15*
17WN BIH 0.67*

SD 0.76"* 0.53*

FT 0.61* 0.68* 0.54**

a15WH, Wuhan, 2015-2016; 15CD, Chengdu, 2015-2016; 17WN, Weining, 2017.
PPH, plant height; BIH, branch initiation height; SD, stem diameter; FT, flowering time.
©The significance level: *p < 0.05; **p < 0.01; ***p < 0.001.

although it could be repeatedly detected in 15 and 16 WH
(Tables S3, S6).

Conditional QTL mapping was also used to evaluate
possible genetic relationships between PH, BIH, SD, and FT.
Unconditional QTL mapping revealed the presentence of two
major QTL clusters on chromosomes A02 and A07, including
seven unique QTL that controlled more than two traits (Figure 3

and Table 4). Conditional QTL mapping was performed for
preliminary discernment of whether unique QTL were due to
one allele with pleiotropic effects or by multiple tightly linked
but independent alleles (Li et al., 2014; Zhang et al., 2016). As
a result, different unique QTL contributed differentially to the
genetic basis of the correlated traits (Table S7). For instance,
uqA02-1 was associated with all four traits; for FT, this QTL
was detected in all five environments by unconditional QTL
mapping, and when FT was conditioned on PH, BIH, and SD
in conditional QTL mapping, it could also be detected in most
of the environments, whereas for PH, BIH, and SD, conditional
analysis failed to detect the QTL detected by unconditional
analysis, suggesting that this unique QTL (i.e., uqA02-1) might
contain two closely linked alleles, one specially for FT, and
the other pleiotropic for PH, BIH, and SD (Table S7). Two
other unique QTL on A02, uqA02-2, and uqA02-3, each showed
signs of pleiotropy rather than tight linkage as the underlying
genetic basis for the related traits, because the QTL could not
be detected (or was only detected with strongly reduced effect
when one of the traits was conditioned by one of the others)
in unconditional QTL mapping (Table S7). For the unique
QTL on AO07, in general, tight linkage rather than pleiotropy
might explain the co-localized QTL for the correlated traits,
because most of the corresponding QTL could be detected in
both conditional and unconditional mapping (Table S7). These
results accorded with the interpretation that the median degree of
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FIGURE 2 | Process and results of the two-round QTL meta-analysis for PH, BIH, SD, and FT mapped on the chromosomes. All identified additive QTL were
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integrated into consensus QTL trait by trait, and then all consensus QTL collected from different traits were integrated into unique QTL. From the outermost circle to
the second outer circle, the SNP markers on each chromosome were aligned to their positions in the physical map. From the third outer circle to the innermost, each
color of circle represents one environment, except for the yellow and gray ones, which are used to describe the positions of consensus and unique QTL on
chromosomes. In addition, black, blue and red blocks on circles represent the range of confidence intervals for identified, consensus, and unique QTL, respectively.

pleiotropy is very limited (Wang et al., 2010; Wagner and Zhang,
2011).

QTL by Environment Interactions Mapping

To verify the additive QTL detected by the CIM algorithm and to
estimate QEI, QEI mapping was performed using the phenotypic
data from multiple environments, as well as their genotypes.
Consequently, a total of 31 combined QTL associated with PH,
BIH, SD, and FT were identified, using LOD thresholds of 5.92,
5.46, 5.41, and 5.37, respectively (Table5). Of these, 23 QTL
(74.1%) were also detected by CIM, including 11 major QTL
(Table 5). Several of these combined QTL exhibited a strong

QEI effect, such as IgBIH.C06-1, the PVE (A) of which was 0.04
and the PVE (A by E) was 5.52. In construct, others displayed
weak QEI, such as IqPH.A07-1, with PVE (A) and PVE (A by
E) values of 10.32 and 3.15, respectively. In general, the major
QTL exhibited weaker QEI effects than did minor QTL. Among
the traits PH, BIH, SD, and FT, four major QTL associated with
BIH displayed strong QEI effects, indicating that BIH is highly
influenced by environmental factors (Table 5).

Candidate Genes Mining
The available reference genome of B. napus and the functional
annotation of the A. thaliana genome were exploited to
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TABLE 3 | Summary of the major consensus QTL and their corresponding identified QTL used for QTL meta-analysis.

Trait Major consensus QTL Identified QTL
QTL?2 Chr.p Peak cIc PI (kb)d QTL LoD® Peak Cl Add.f  R2(%) Env.9
PH cqPH.A02-1  AO2 5.23 41-6.3 115-1,575 gPH.A02-1 4.16 5.01 1.6-6 3.42 6.07  16WH
gPH.A02-2  11.72 5.31 2.6-14.3 6.19 20.09  16XN
gPH.A02-3 8.03 5.31 3-5.6 6.60 1550  17WN
cqPH.A02-2  AO2 12.41 7.2-17.4 1,575-4,331 gPH.A02-4 7.18 12.41 7.2-17.4 6.52 16.07  17WN
cqPH.A07-1  AO7 104.67 104-105.4 15,114-15,207  gPH.AQ7-1 261 10401 101.5-104.8  6.41 486  17WN
gPH.AO7-2  10.05  104.81 104-105.5 6.05 16.76  16WH
cgPH.A07-2  AO7 112.71 112-113.4 15,704-15,944  gPH.A07-3 399  112.71 110.6-114 6.53 729  17WN

gPH.A07-4 14.61 112.71 111.1-114 7.02 23.18 16WH
gPH.AQ07-5 8.64 112.71 111.2-114 5.19 14.81 16CD
gPH.AQ7-6 13.06 112.71 111.3-116.2 6.80 23.27 15WH
gPH.AQ7-7 12.89 112.71 111.3-114 8.14 29.06 15ER
cgPH.A07-3 A07 119.31 118.6-120.1 17,226-19,481 gPH.AQ7-8 13.38 119.31 118.56-120.8 6.93 23.74 15WH
gPH.AQ7-9 13.87 119.31 118.8-120.8 6.89 22.19 16WH

BIH cgBIH.A02-1 AO2 4.01 1.4-5.5 1156-1,280 gBIH.A02-1 12.56 4.01 1.4-5.5 7.92 21.99 16XN
coBIH.A02-2  AO2 13.41 7.4-17.4 1,675-4,331 gBIH.A02-2 10.24 13.41 7.4-17.4 7.34 19.44 16XN
coBIH.A02-3  A02 20.61 18.9-24.6 5,233-8,233 0BIH.A02-3 10.81 20.61 18.9-24.6 6.43 19.83 17WN

cgBIH.A07-1 AO07 113.13 112-114.3 15,704-15,964 gBIH.A07-1 8.80 110.31 108.4-114.4 5.24 18.65 15WH
gBIH.A07-2 6.15 112.71 110.6-114 4.19 11.41 15CD
oBIH.A07-3 11.90 114.71 113-116.7 6.26 23.02 15ER
cgBIH.A07-2  AO7 120.81 120.3-121.3 18,917-22,002 oBIH.A07-4 3.11 120.81 116.2-121.3 3.60 5.20 17WN
gBIH.A07-5 4.07 120.81 118.8-121 4.76 7.87 16WH
gBIH.A07-6 8.88 120.81 119.9-121 4.85 16.01 15CD

SD cgSD.A02-1 AO2 5.31 1.6-5.6 115-1,280 gSD.A02-1 7.30 5.31 1.6-5.6 0.78 15.14 17WN
cgSD.A07-1 AO7 112.71 111.9-113.5 156,704-15,944 gSD.A07-1 7.32 112.71 112-113.9 0.89 17.48 16ER
agSD.A07-2 7.83 112.71 112-1156.2 0.99 12.30 16WH

cgSD.A07-2 AO7 114.71 113.7-116.2 15,943-16,684 gSD.A07-3 8.78 114.71 113.7-116.2 0.62 16.58 15WH
cgSD.A07-3 AQ7 118.01 116.2-119.3 16,163-18,917 gSD.A07-4 6.14 118.01 116.2-119.3 0.86 15.63 15ER
cgSD.A07-4 AQ7 120.97 119.7-122.2 18,917-22,002 gSD.A07-5 8.52 120.31 117-120.8 0.62 16.67 15WH

gSD.A07-6 3.45 121.51 118.8-122.2 0.36 5.71 16WH

FT cqFT.A02-1 A2 5.3 4.4-6.2 116-1,575 gFT.A02-1 4.52 5.31 1.9-5.6 1.35 6.03 16XN
gFT.A02-2 6.01 5.31 2.9-9.9 1.42 7.95 16CD

gFT.A02-3 5.62 5.31 3-6.5 2.06 7.42 17WN

aqFT.A02-4 8.57 5.31 3.6-18 0.99 10.39 15WH

gFT.A02-5 20.98 5.31 4.2-10.5 4.74 27.03 16WH

cgFT.A02-2 AO2 14.02 11.2-16.9 1,675-4,331 gFT.A02-6 15.35 13.41 8.1-17.4 2.93 20.18 17WN

gFT.A02-7 16.90 14.41 10.1-17.4 2.27 32.60 16XN
cgFT.A07-2 AO7 114.7 114.2-115.2 15,954-16,684 gFT.A07-2 20.57 114.71 114-1156.7 1.93 28.81 15WH
gFT.A07-3 13.76 114.71 114-1156.3 4.09 16.21 16WH
cgFT.A07-3 AQ7 118.01 116.8-119.8 16,171-18,917 qFT.A07-4 18.40 118.01 116.8-119.8 3.08 28.13 15CD

aQTL underline indicate the novel major QTL that were not detected since the release of B.napus 60 K SNP array.
bChromosome.

¢Confidence interval.

9Physical interval.

€L ogarithm of odds.

Phenotypic variation explained by additive effect.

9Environment.

identify candidate genes (Chalhoub et al., 2014). Notably, 21,  (Table S8). For PH, candidate genes consisted mainly of three
16, 26, and 45 candidate genes for PH, BIH, SD, and FT  kinds of genes associated with phytohormones (GA, BR, and
were identified in major consensus QTL regions, respectively = IAA), flower development, and phosphate ion transmembrane
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FIGURE 3 | QTL clusters on chromosomes A02 and AQ7. The length of the vertical bar in the “~" and “F" symbol indicates the confidence interval of the QTL, and the
position of the horizontal bar indicates the peak position of the QTL.

transport, such as GASA4, GNL, LEP, FT, TCP, BAKI,
CYP724A1, ARFS8, and APT2. For BIH, several candidate genes
involved in cell differentiation, flower development and the
gibberellic acid mediated signaling pathway were identified,
including LOF2, JGL, FT, TCPI1, GA200X4, and RGA2. For
SD, the candidate genes were genes primarily involved in
cellular developmental processes, the gibberellic acid mediated
signaling pathway, and plant-type cell wall organization, such
as MYB, AGP4, NAS2, KNU, WUS, KAN4, HY5, GASA4,
UGD3, and EXPA23. For FT, most of the candidate genes
were related to light signaling (such as BNQ3, COL3, HY5,
ARR3, and TNY), photoperiod (such as AAT2, PRRY, SRRI,
VEL1, CDF5, and MBD9), flower development (such as
FT, NAP, MMP, SVP, VGTI1, and SEP3), and vernalization
(such as KIN2, ZAT12, VIP2, NUA, and CSTF64) (Table
S8).

Several of the candidate genes exhibited some degree
of pleiotropy. For example, BnaA02¢00370, BnaA02g00920,
BnaA02¢01670, and BnaA02¢02510, which are orthologs of
Arabidopsis FLC, HY5, FY, and PRE2, respectively, were
found to be associated with both FT and SD. Notably,
BnaA02¢02560, an ortholog of Arabidopsis GASA4, was suggested
as a candidate gene controlling PH, SD, and FT. One
candidate gene, BnaA02¢08490, an ortholog of Arabidopsis
GNL, was determined to be associated with PH, BIH, and
FT (Table S8).

DISCUSSION

QTL Clusters and Environment-Specific
QTL

We previously developed one DH population from a cross
between an alien introgression line Y689 and B. napus cv.
Westar, designed as YW-DH population (Shen et al, 2018).
The introgression was characterized by its plant architecture of
compressed branches, and enhanced lignification of stems and
other organs. The trait of the more intensive lignification of
organs was caused by the introgression of the genetic element
from C. bursa-pastoris, which likely resulted in the taller plant
height and longer growth period of Y689 than the recipient
cultivar. Consequently, some novel and major QTL for branch
angle were detected using the YW-DH population (Shen et al.,
2018).

In the present study, the YW-DH population was utilized
to detect the QTL associated with four significantly positively
correlated traits (PH, BIH, SD, and FT). A total of 19 major
QTL were identified and organized into two QTL clusters located
within 1.4-24.6 cM (with a physical interval of 0.1-8.2 Mb)
on A02 and 104.0-122.2 cM (with a physical interval of 15.1-
22.0 Mb) on AQ7 (Table4). In general, the QTL cluster on
A02 was stably detected in spring-type rapeseed growing areas,
whereas the QTL cluster on A07 was stably detected in semi-
winter-type growing areas (Figure 2 and Table 3). For example,
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TABLE 4 | Unique QTL involved in more than two traits located on chromosomes A02 and A07.

Unique QTL Consensus QTL®
Chr.2 Peak cib Trait Peak cl
ugA02-1 A02 5.15 4.51-5.79 cqSD.A02-1 SD 5.31 1.6-5.6
cqFT.A02-1 FT 53 4.37-6.24
cqBIH.A02-1 BIH 4,01 1.4-5.5
cqPH.A02-1 PH 5.28 4.13-6.33
ugA02-2 A02 13.85 12-15.69 cqPH.A02-2 PH 12.41 7.2-17.39
cqFT.A02-2 FT 14.02 11.15-16.89
cqSD.A02-2 SD 14.41 11-17.5
cqBIH.A02-2 BIH 13.41 7.4-17.39
ugA02-3 A02 21.28 19.68-22.87 cqSD.A02-3 SD 20.61 18.6-23.7
cqFT.A02-3 FT 22.78 19.9-25.65
cqBIH.A02-3 BIH 20.61 18.89-24.6
ugA07-3 A07 112.78 112.30-113.26 cqBIH.A07-1 BIH 113.13 111.97-114.28
cqSD.A07-1 SD 112.71 111.89-113.52
cqPH.A07-2 PH 112.71 112.01-113.4
ugA07-4 A07 114.70 114.22-115.17 cqSD.A07-2 SD 114.71 113.7-116.2
cqFT.A07-2 FT 114.7 114.19-115.22
ugAO07-5 A07 118.94 118.30-119.58 cqSD.A07-3 SD 118.01 1156.2-119.3
cqPH.A07-3 PH 119.31 118.55-120.06
cqFT.A07-3 FT 118.01 116.8-119.8
ugAQ7-6 A07 120.83 120.37-121.28 cqBIH.A07-2 BIH 120.81 120.32-121.29
cqSD.A07-4 SD 120.97 119.7-122.24

aChromosome.
bConfidence interval.

®Major consensus QTL are in bold font. Consensus QTL explained more than 15% of the phenotypic variation in one environment or with the phenotypic variation more than 10% in

two or more environments were defined as major QTL.

cqFT.A02-2 on A02 was repeatedly detected in the spring-type
areas 16XN and 17WN, with a high mean PVE of 30.89%, but
was not detected in semi-winter-type areas. Another QTL on
A07, cqBIH.A07-1, was repeatedly detected in the semi-winter-
type areas 15WH, 15CD, and 15ER, with a mean PVE of 17.69%,
but was not detected in spring-type areas (Table 3). These results
were explained by QEI mapping, in which cqFT.A02-2 exhibited
such a strong QEI effect that it could not be detected any more,
and cqBIH.A07-1 had both lower total PVE and a higher PVE (A
by E) (Table 5). Particularly, some QTL were repeatedly detected
in most of the environments (such as cqFT.A02-1 and cqPH.A07-
2), with lower PVE (A by E) in QEI mapping (Tables 3, 5). These
findings will facilitate the utilization of appropriate QTL to match
local growing conditions.

Pleiotropy or Tight Linkage of the
Co-localized QTL

Co-localized QTL or pleiotropic genes are of great significance
for breeders and geneticists, for assessing the effects of selective
genetic improvement programs, or for understanding pathways
of genetic activity (Hill and Zhang, 2012). Co-localized QTL
for PH and FT have been identified in many crops, including
rice (Wei et al,, 2010; Cai et al., 2014; Weng et al., 2014; Zhou
et al,, 2016), maize (Durand et al,, 2012) and barley (Wang
et al,, 2014). In rice, Ghd7, encoding a CCT domain protein,

played pleiotropic roles for plant height, heading date, grains
per panicle, and environmental response (Xue et al., 2008; Weng
et al., 2014). Subsequently, several other genes or major QTL
that had pleiotropic effects on plant height and heading date
(flowering time) were cloned in rice, such as DTH8/ Ghd8, Hdl,
and DIfI (Wei et al., 2010; Yan et al., 2011; Zhang et al., 2012; Cai
etal., 2014). At the QTL level, conditional analysis was performed
to infer the causal relationships among the traits that shared QTL.

In this study, we revealed 95 QTL that could only be detected
by conditional QTL mapping (Table S6), and the expression of
these QTL may have been suppressed by the conditional traits.
Excluding the effect of conditional traits facilitate to obtain more
QTL, and know much information about the genetic basis of
the target trait. In addition, conditional mapping was performed
to estimate the unique QTL located on the two QTL clusters.
However, the genetic basis (pleiotropy or tight linkage) of some
unique QTL could only be estimated in spring-type (uqA02-2)
or semi-winter-type (uqgA07-4 and uqA07-5) rapeseed growing
areas (Table S7), thus limiting comparisons of the results between
conditional and unconditional QTL mapping for these QTL.
Actually, the mathematical model-based method for evaluating
the pleiotropy of a QTL is probably arbitrary (Wagner and Zhang,
2011), and further research should focus on increasing mapping
resolution and performing gene functional analysis. In any case,
conditional QTL mapping proved to be an efficient tool for
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TABLE 5 | Summary of the combined QTL detected by QEI mapping.

Trait Combined QTL2 ChrP Pos.© cid LOD® LOD (A LOD(AbyE) PVE" PVE(A) PVE(AbyE) AddX Consensus

artL!

FT IqFT.A02-1 A02 5 45-55 56.68 54.13 2.55 39.33 26.43 12.90 2.01 cqFT.A02-1
IQFT.A02-2 AO2 21 185-21.5  11.44 2.48 8.96 433 1.00 3.34 0.38  cqFT.A02-3
IQFT.A03-1 AO3 184 1325-1355  5.70 4.71 0.99 217 1.86 0.32 —0.51
IFT.A06-1 AOB 141 137.5-142 6.89 3.09 3.80 1.63 1.22 0.41 —~0.42  CcoFT.A06-3
IqFT.AQ7-1 AO7 55 53.5-55.5 5.38 3.84 1.55 4.00 1.52 2.48 0.50
IgFT.A07-2 A07 114  1135-1145 54.88 27.51 27.36 22.01 12.05 9.97 1.40 cqFT.A07-2
IgFT.CO1-1 Co1 65 64.5-65.5 6.67 2.49 4.18 3.81 1.00 2.81 0.38
IgFT.C02-1 Co2 34 33.5-34.5 5.42 2.83 2.59 3.84 1.10 273 041  cqFT.C02-1
IgFT.C02-2 Co2 47 46.5-47.5 5.94 2.04 3.90 1.75 0.83 0.92 0.35 cqFT.C02-2
IgFT.C02-3 Co2 169 156.5-169.5  15.92 12.51 3.40 7.47 5.11 2.36 —-0.85 cqFT.C02-3
IFT.C03-1 co3 49 46.5-49.5 7.00 2.32 4.68 2.31 0.92 1.39 0.36
IgFT.C06-1 C06 70 69.5-70.5  16.53 3.65 12.88 3.95 1.48 2.47 —~0.50  cqFT.C06-4
IgFT.C09-1 C09 123 121.5-1235  9.20 7.33 1.87 514 2.92 2.21 —~0.66  CcqFT.C09-2

PH  IqPH.A02-1 A02 5 45-55 23.77 18.46 5.31 12.67 8.61 4.06 3.03 cqPH.A02-1
IqPH.A07-1 A07 113 111.5-1135  29.91 22,06 7.85 13.47 10.32 3.15 3.39 cqPH.A07-2
IqPH.A07-2 A07 115  1145-1155  12.91 5.34 7.57 6.47 2.44 4.03 1.67 cqPH.A07-3
IgPH.A10-1 A10 54 51.5-54.5 6.88 4.93 1.96 2.84 2.24 0.60 1.49  cqPH.A10-3
IgPH.C02-1 Co2 48 47.5-48.5 6.26 452 1.74 2.83 2.05 0.78 1.46  cqPH.C02-2
IgPH.C02-2 Co2 154  150.5-1545  8.02 3.48 454 3.51 1.58 1.94 125  cqPH.C02-5
IgPH.CO5-1 Co5 0 0-0.5 7.03 455 2.48 2.87 2.06 0.82 —1.43  coPH.C05-1

BH  IgBIH.A02-1 A02 5 2.5-5.5 10.89 5.53 5.36 19.77 5.53 14.24 1.66  cqBIH.A02-1
IgBIH.A02-2 A02 20 18.5-21.5 10.06 3.70 6.37 13.80 3.66 10.14 1.30 cqBIH.A02-3
IgBIH.A07-1 A07 111 1105-1115  12.95 2.97 9.97 10.61 2.98 7.63 1.23
IqBIH.A07-2 A07 114  1135-1145  15.08 3.47 11.61 11.24 3.50 7.73 1.36  cqBIH.A07-1
IqBIH.A07-3 A07 120  1195-120.5  9.66 3.00 6.66 7.80 2.87 4.93 1.23  cqBIH.A07-2
IgBIH.CO1-1 co1 105 104.5-106 6.20 4.87 1.34 5.56 4.84 0.72 1.49
IqBIH.CO3-1 co3 138 137.5-1385  5.86 458 1.28 6.04 4.61 1.43 1.46
IqBIH.CO6-1 C06 70 69.5-70.5 6.24 0.04 6.20 5.56 0.04 5.52 -0.15

SD  1gSD.A02-1 A02 5 1.5-5.5 7.45 3.89 3.56 7.46 3.37 4.09 0.20 cqSD.A02-1
IgSD.A02-2 AO2 21 18.5-21.5 8.79 3.88 4.90 4.82 3.37 1.45 020 cgSD.A02-3
1qSD.A07-1 A07 113 111.5-1135  11.86 6.90 4.96 8.55 5.99 2.56 0.28 cqSD.A07-1

aCombined QTL is the QTL detected by QEI mapping with ICIM algorithm. The corresponding major consensus QTL detected by CIM algorithm are in bold font.

bChromosome.

¢Chromosomal position (cM) of the peak.

dConfidence interval.

€LOD sore for additive and QEI effect.

LOD score for additive effect.

9LOD score for QEl effect.

hPhenotypic variation explained by additive and QEl effect.
'Phenotypic variation explained by additive effect.
IPhenotypic variation explained by QEl effect.

kEstimated average additive effect of the QTL.

IThe corresponding major consensus QTL detected by CIM algorithm.

preliminary assessments of the genetic basis of the correlated
traits.

Novel QTL and Candidate Genes for
Stem-Related Traits

Plant height and flowering time are important agronomic
traits that have attracted the attention of many biologists and

geneticists. After the release of the B. napus reference genome and
the 60 K SNP array, it became more convenient to compare the
mapping results obtained from different genetic backgrounds.
Here, we compared our results with previous studies by
anchoring a known marker physical position to the rapeseed
reference genome. Because the information about markers in
some studies was incomplete or their physical positions were
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ambiguous, we only compared our results to those that also used
the 60 K SNP array to perform genotyping (Li et al., 2015, 2016;
Schiessl et al., 2015; Xu et al., 2015; Sun et al., 2016; Wang et al.,
2016; Luo et al,, 2017; Zheng et al., 2017). As a result, only six
of 17 PH QTL, two of 16 BIH QTL, and 13 of 25 FT QTL
detected in this study have been reported (Table S9). Among
the novel QTL, 11 were major QTL, including three PH QTL
(cqPH.A02-2, cqPH.A07-1, and cqPH.A07-2), three BIH QTL
(cqBIH.A02-1, cqBIH.A07-1, and cqBIH.A07-2) and five SD
QTL (cqSD.A02-1, c¢qSD.A07-1, ¢qSD.A07-2, cqSD.A07-3, and
cqSD.A07-4). Although all major FT QTL have been previously
reported, none of the major SD QTL have been presented in
previous studies, despite the strong correlation between these
two traits in our YW-DH population (Table 2). The scarcity
of research on the genetic architecture of SD in B. napus may
be due to its relatively low heritability (Table 1). The results
of our QTL mapping results (including the newly found major
QTL) presented here provide valuable additional insight into the
genetic architecture of the stem system, which may prove useful
for rapeseed breeding.

We screened various genes as possible candidate genes for
each trait based on GO annotations and data published in
the scientific literature. Of these, some candidate genes were
repeatedly identified for different traits, including BnaA02¢02560
and BnaA02g08490, orthologs of Arabidopsis GASA4 and GNL,
respectively. GASA4 was a member of the Arabidopsis GAST1I -
like gene family, the over-expression of which could promote GA
responses such as flowering and seed germination (Rubinovich
and Weiss, 2010). The results of other studies suggest that
GASA4 might play various roles in cell wall elongation (Irshad
et al., 2008). GNL is an important transcription target of the
GA signaling pathway (Bi et al., 2005), as well as its paralogous
GATA transcription factor GNC (GATA, NITRATE-INDUCIBLE,
CARBONMETABOLISM INVOLVED), which act upstream
from the flowering time regulator SOCI (SUPPRESSOR-
OFOVEREXPRESSION-OF-CONSTANS]) to directly regulate FT
(Richter et al., 2013a,b). As such, these two genes (GASA4 and
GNL) were both associated with GA, indicating the pleiotropic
role of phytohormone in regulating correlated traits. Although
our conditional QTL mapping results increased the likelihood
that most co-localized QTL were caused by tight linkage
mechanisms, it is possible that these potential candidate genes act
upstream of the same pathway, such as GA signaling in this study
(Fletcher et al., 2015).

Alien Introgression Derived DH Population

Contributes to QTL Detection

Traditional QTL mapping and GWAS are two common
approaches for studying the molecular mechanism of the four
traits included in our analysis. Although seven of the eight

REFERENCES

Bi, Y. M., Zhang, Y., Signorelli, T., Zhao, R., Zhu, T., and Rothstein, S. (2005).
Genetic analysis of Arabidopsis GATA transcription factor gene family reveals
a nitrate-inducible member important for chlorophyll synthesis and glucose
sensitivity. Plant J. 44, 680-692. doi: 10.1111/j.1365-313X.2005.02568.x

studies used for comparison purposes relied on GWAS, we
detected numerous novel major QTL in our YW-DH population,
indicating that traditional QTL mapping remains a powerful tool
for elucidating quantitative plant traits. The strong detection
power of QTL mapping depends on a large population size and a
high-density SNP map. Particularly, the parent Y689 used in this
study was a B. napus introgression line derived from intertribal
hybridization with C. bursa-pastoris, which increased the genetic
divergence of the genomic structure and thus expanded the
phenotypic diversity of the DH population.

In conclusion, using the excellent B. napus introgression line
as one parent for the construction of DH population and a
high-density SNP map, many powerful QTL associated with four
positively and significantly correlated agronomic traits (PH, BIH,
SD, and FT) were revealed. The major QTL were distributed
primarily on chromosomes A02 and A07, and organized into two
QTL clusters. As the increased degree of stem lignification in the
alien introgression was associated with compressed branching,
taller height, and longer growth period, it was worthwhile to
further elucidate the genetic and developmental networks among
these traits by using this population (Wei et al., 2017). These
stem-related QTL should assist in the development of rapeseed
varieties featuring plant architecture and lodging resistance traits
that facilitate mechanical harvesting.

AUTHOR CONTRIBUTIONS

ZL and YX conceived the experiment. YS performed the research.
YS and EX contributed to phenotypic measurements. YS, XG, and
YX contributed to data analysis. YS and ZL wrote the manuscript.
All authors reviewed and approved this submission.

ACKNOWLEDGMENTS

We thank Drs. Liangcai Jiang, Cheng Cui from Crop Research
Institute, Sichuan Academy of Agricultural Sciences for
arranging the field experiments in Chengdu. The study was
supported by National Key Research and Development Program
of China (grant 2016YFD0100202), NSFC program (31360344),
Science and Technology Special Project of Guizhou Academy
of Agricultural Sciences (no. [2017] 08), Project of scientific
research institutions for enterprise services of Guizhou province
(no. [2015]4001), and Special project of Guizhou Academy of
Agricultural Sciences (no. [2015]17).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fpls.2018.
00390/full#supplementary-material

Bliimel, M., Dally, N., and Jung, C. (2015). Flowering time regulation in crops-
what did we learn from Arabidopsis? Curr. Opin. Biotechnol. 32, 121-129.
doi: 10.1016/j.copbio.2014.11.023

Cai, G., Yang, Q., Chen, H., Yang, Q., Zhang, C., Fan, C,, et al. (2016). Genetic
dissection of plant architecture and yield-related traits in Brassica napus. Sci.
Rep. 6:21625. doi: 10.1038/srep21625

Frontiers in Plant Science | www.frontiersin.org

11

March 2018 | Volume 9 | Article 390


https://www.frontiersin.org/articles/10.3389/fpls.2018.00390/full#supplementary-material
https://doi.org/10.1111/j.1365-313X.2005.02568.x
https://doi.org/10.1016/j.copbio.2014.11.023
https://doi.org/10.1038/srep21625
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Shen et al.

QTL Analysis of Rapeseed Traits

Cai, Y., Chen, X,, Xie, K, Xing, Q., Wu, Y,, Li, ], et al. (2014). DIfl, a WRKY
transcription factor, is involved in the control of flowering time and plant height
in rice. PLoS ONE 9:¢102529. doi: 10.1371/journal.pone.0102529

Chalhoub, B., Denoeud, F., Liu, S., Parkin, I. A., Tang, H., Wang, X,, et al. (2014).
Early allopolyploid evolution in the post-Neolithic Brassica napus oilseed
genome. Science 345, 950-953. doi: 10.1126/science.1253435

Chen, H., Wang, H., and Li, Z. (2007). Production and genetic analysis of
partial hybrids in intertribal crosses between Brassica species (B. rapa,
B. napus) and Capsella bursa-pastoris. Plant Cell Rep. 26, 1791-1800.
doi: 10.1007/500299-007-0392-x

Durand, E., Bouchet, S., Bertin, P., Ressayre, A., Jamin, P., Charcosset, A., et al.
(2012). Flowering time in maize: linkage and epistasis at a major effect locus.
Genetics 190, 1547-1562. doi: 10.1534/genetics.111.136903

Fletcher, R. S., Mullen, J. L., Heiliger, A., and McKay, J. K. (2015). QTL analysis
of root morphology, flowering time, and yield reveals trade-offs in response to
drought in Brassica napus. J. Exp. Bot. 66, 245-256. doi: 10.1093/jxb/eru423

Fornara, F., de Montaigu, A., and Coupland, G. (2010). SnapShot: control of
flowering in Arabidopsis. Cell 550, 550-552. doi: 10.1016/j.cell.2010.04.024

Fujioka, S., and Yokota, T. (2003). Biosynthesis and metabolism
of  brassinosteroids. ~ Annu.  Rev.  Plant  Biol. 54, 137-164.
doi: 10.1146/annurev.arplant.54.031902.134921

Hill, W. G., and Zhang, X. S. (2012). On the pleiotropic structure of the genotype-
phenotype map and the evolvability of complex organisms. Genetics 190,
1131-1137. doi: 10.1534/genetics.111.135681

Irshad, M., Canut, H., Borderies, G., Pont-Lezica, R., and Jamet, E. (2008).
A new picture of cell wall protein dynamics in elongating cells of
Arabidopsis thaliana: confirmed actors and newcomers. BMC Plant Biol. 8:94.
doi: 10.1186/1471-2229-8-94

Li, F., Chen, B., Xu, K,, Gao, G., Yan, G., Qiao, J,, et al. (2016). A genome-wide
association study of plant height and primary branch number in rapeseed
(Brassica napus). Plant Sci. 242, 169-177. doi: 10.1016/j.plantsci.2015.05.012

Li, L, Long, Y., Zhang, L., Dalton-Morgan, J., Batley, J., Yu, L., et al. (2015).
Genome wide analysis of flowering time trait in multiple environments
via high-throughput genotyping technique in Brassica napus L. PLoS ONE
10:€0119425. doi: 10.1371/journal.pone.0119425

Li, N,, Shi, J., Wang, X,, Liu, G., and Wang, H. (2014). A combined linkage
and regional association mapping validation and fine mapping of two major
pleiotropic QTLs for seed weight and silique length in rapeseed (Brassica napus
L.). BMC Plant Biol. 14:114. doi: 10.1186/1471-2229-14-114

Li, Z., Zhang, X., Zhao, Y., Li, Y., Zhang, G., Peng, Z., et al. (2018). Enhancing auxin
accumulation in maize root tips improves root growth and dwarfs plant height.
Plant Biotechnol. J. 16, 86-99. doi: 10.1111/pbi.12751

Liu, H, Du, D., Guo, S. Xiao, L., Zhao, Z., Zhao, Z., et al. (2016).
QTL analysis and the development of closely linked markers for days to
flowering in spring oilseed rape (Brassica napus L.). Mol. Breed. 36:52.
doi: 10.1007/s11032-016-0477-8

Luo, Y. X, Luo, C. Y., Du, D. Z., Fu, Z, Yao, Y. M., Xu, C. C,, et al. (2014).
Quantitative trait analysis of flowering time in spring rapeseed (B. napus L.).
Euphytica 200, 321-335. doi: 10.1007/s10681-014-1140-2

Luo, Z., Wang, M., Long, Y., Huang, Y., Shi, L., Zhang, C., et al. (2017).
Incorporating pleiotropic quantitative trait loci in dissection of complex traits:
seed yield in rapeseed as an example. Theor. Appl. Genet. 130, 1569-1585.
doi: 10.1007/s00122-017-2911-7

Mauricio, R. (2001). Mapping quantitative trait loci in plants: uses and caveats for
evolutionary biology. Nat. Rev. Genet. 2, 370-381. doi: 10.1038/35072085

Mei, D. S., Wang, H., Hu, Q., Li, Y. C.,, Xu, Y. S, and Li, Y. C. (2009). QTL analysis
on plant height and flowering time in Brassica napus. Plant Breed. 128, 458-465.
doi: 10.1111/j.1439-0523.2008.01528.x

Muhr, M., Priifer, N., Paulat, M., and Teichmann, T. (2016). Knockdown of
strigolactone biosynthesis genes in Populus affects BRANCHEDI expression
and shoot architecture. New Phytol. 212, 613-626. doi: 10.1111/nph.14076

Nelson, M. N., Rajasekaran, R., Smith, A., Chen, S., Beeck, C. P., Siddique, K.
H., et al. (2014). Quantitative trait loci for thermal time to flowering and
photoperiod responsiveness discovered in summer annual-type Brassica napus
L. PLoS ONE 9:¢102611. doi: 10.1371/journal.pone.0102611

Pearce, S., Shaw, L. M., Lin, H., Cotter, J. D., Li, C., and Dubcovsky, J. (2017). Night-
break experiments shed light on the photoperiodl-mediated flowering. Plant
Physiol. 174, 1139-1150. doi: 10.1104/pp.17.00361

Quijada, P. A., Udall, J. A., Lambert, B., and Osborn, T. C. (2006). Quantitative
trait analysis of seed yield and other complex traits in hybrid spring
rapeseed (Brassica napus L.): 1. Identification of genomic regions from winter
germplasm. Theor. Appl. Genet. 113, 549-561. doi: 10.1007/s00122-006-0323-1

Raman, H., Raman, R., Eckermann, P., Coombes, N., Manoli, S., Zou, X., et al.
(2013). Genetic and physical mapping of flowering time loci in canola (Brassica
napus L.). Theor. Appl. Genet. 126, 119-132. doi: 10.1007/s00122-012-1966-8

Richter, R., Bastakis, E., and Schwechheimer, C. (2013a). Cross-repressive
interactions between SOC1 and the GATAs GNC and GNL/CGALI in the
control of greening, cold tolerance, and flowering time in Arabidopsis. Plant
Physiol. 162, 1992-2004. doi: 10.1104/pp.113.219238

Richter, R., Behringer, C., Zourelidou, M., and Schwechheimer, C. (2013b).
Convergence of auxin and gibberellin signaling on the regulation of the GATA
transcription factors GNC and GNL in Arabidopsis thaliana. Proc. Natl. Acad.
Sci. U.S.A. 110, 13192-13197. doi: 10.1073/pnas.1304250110

Rubinovich, L., and Weiss, D. (2010). The Arabidopsis cysteine-rich protein
GASA4 promotes GA responses and exhibits redox activity in bacteria and in
planta. Plant J. 64, 1018-1027. doi: 10.1111/j.1365-313X.2010.04390.x

Sakamoto, T. (2004). An overview of gibberellin metabolism enzyme
genes and their related mutants in rice. Plant Physiol. 134, 1642-1653.
doi: 10.1104/pp.103.033696

Schiessl, S., Iniguez-Luy, F., Qian, W., and Snowdon, R. J. (2015). Diverse
regulatory factors associate with flowering time and yield responses in winter-
type Brassica napus. BMC Genomics 16:737. doi: 10.1186/s12864-015-1950-1

Shen, Y., Yang, Y., Xu, E.,, Ge, X,, Xiang, Y., and Li, Z. (2018). Novel and
major QTL for branch angle detected by using DH population from an exotic
introgression in rapeseed (Brassica napus L.). Theor. Appl. Genet. 131, 67-78.
doi: 10.1007/s00122-017-2986-1

Shi, J., Li, R,, Qiu, D,, Jiang, C., Long, Y., Morgan, C,, et al. (2009). Unraveling
the complex trait of crop yield with quantitative trait loci mapping in Brassica
napus. Genetics 182, 851-861. doi: 10.1534/genetics.109.101642

Shim, J. S., Kubota, A., and Imaizumi, T. (2017). Circadian clock and photoperiodic
flowering in Arabidopsis: constans is a hub for signal integration. Plant Physiol.
173, 5-15. doi: 10.1104/pp.16.01327

Sosnowski, O., Charcosset, A., and Joets, J. (2012). BioMercator V3: an upgrade of
genetic map compilation and quantitative trait loci meta-analysis algorithms.
Bioinformatics 28, 2082-2083. doi: 10.1093/bioinformatics/bts313

Srikanth, A., and Schmid, M. (2011). Regulation of flowering time: all roads lead
to Rome. Cell. Mol. Life Sci. 68, 2013-2037. doi: 10.1007/s00018-011-0673-y

Sun, C., Wang, B,, Wang, X, Hu, K,, Li, K, Li, Z, et al. (2016). Genome-
wide association study dissecting the genetic architecture underlying the
branch angle trait in rapeseed (Brassica napus L.). Sci. Rep. 6:33673.
doi: 10.1038/srep33673

Tiwari, S. B., Shen, Y., Chang, H. C., Hou, Y., Harris, A., Ma, S. F,, et al. (2010).
The flowering time regulator CONSTANS is recruited to the FLOWERING
LOCUS T promoter via a unique cis-element. New Phytol. 187, 57-66.
doi: 10.1111/j.1469-8137.2010.03251.x

Udall, J. A., Quijada, P. A, Lambert, B., and Osborn, T. C. (2006). Quantitative
trait analysis of seed yield and other complex traits in hybrid spring rapeseed
(Brassica napus L.): 2. Identification of alleles from unadapted germplasm.
Theor. Appl. Genet. 113, 597-609. doi: 10.1007/s00122-006-0324-0

Wagner, G. P., and Zhang, J. (2011). The pleiotropic structure of the genotype-
phenotype map: the evolvability of complex organisms. Nat. Rev. Genet. 12,
204-213. doi: 10.1038/nrg2949

Wang, J., Yang, J., Jia, Q., Zhu, J., Shang, Y., Hua, W., et al. (2014). A new QTL
for plant height in barley (Hordeum vulgare L.) showing no negative effects on
grain yield. PLoS ONE 9:¢90144. doi: 10.1371/journal.pone.0090144

Wang, N., Chen, B., Xu, K., Gao, G., Li, F., Qiao, J., et al. (2016). Association
mapping of flowering time QTLs and insight into their contributions
to rapeseed growth habits. Front. Plant Sci. 7:338. doi: 10.3389/fpls.2016.
00338

Wang, S., Basten, C. ], and Zeng, Z. B. (2012). Windows QTL Cartographer
2.5. Raleigh, NC: Department of Statistics, North Carolina State University.
Available online at: http://statgen.ncsu.edu/qtlcart/ WQTLCart.htm

Wang, X., Wang, H., Long, Y., Liu, L, Zhao, Y., Tian, J., et al. (2015).
Dynamic and comparative QTL analysis for plant height in different
developmental stages of Brassica napus L. Theor. Appl. Genet. 128, 1175-1192.
doi: 10.1007/s00122-015-2498-9

Frontiers in Plant Science | www.frontiersin.org

12

March 2018 | Volume 9 | Article 390


https://doi.org/10.1371/journal.pone.0102529
https://doi.org/10.1126/science.1253435
https://doi.org/10.1007/s00299-007-0392-x
https://doi.org/10.1534/genetics.111.136903
https://doi.org/10.1093/jxb/eru423
https://doi.org/10.1016/j.cell.2010.04.024
https://doi.org/10.1146/annurev.arplant.54.031902.134921
https://doi.org/10.1534/genetics.111.135681
https://doi.org/10.1186/1471-2229-8-94
https://doi.org/10.1016/j.plantsci.2015.05.012
https://doi.org/10.1371/journal.pone.0119425
https://doi.org/10.1186/1471-2229-14-114
https://doi.org/10.1111/pbi.12751
https://doi.org/10.1007/s11032-016-0477-8
https://doi.org/10.1007/s10681-014-1140-2
https://doi.org/10.1007/s00122-017-2911-7
https://doi.org/10.1038/35072085
https://doi.org/10.1111/j.1439-0523.2008.01528.x
https://doi.org/10.1111/nph.14076
https://doi.org/10.1371/journal.pone.0102611
https://doi.org/10.1104/pp.17.00361
https://doi.org/10.1007/s00122-006-0323-1
https://doi.org/10.1007/s00122-012-1966-8
https://doi.org/10.1104/pp.113.219238
https://doi.org/10.1073/pnas.1304250110
https://doi.org/10.1111/j.1365-313X.2010.04390.x
https://doi.org/10.1104/pp.103.033696
https://doi.org/10.1186/s12864-015-1950-1
https://doi.org/10.1007/s00122-017-2986-1
https://doi.org/10.1534/genetics.109.101642
https://doi.org/10.1104/pp.16.01327
https://doi.org/10.1093/bioinformatics/bts313
https://doi.org/10.1007/s00018-011-0673-y
https://doi.org/10.1038/srep33673
https://doi.org/10.1111/j.1469-8137.2010.03251.x
https://doi.org/10.1007/s00122-006-0324-0
https://doi.org/10.1038/nrg2949
https://doi.org/10.1371/journal.pone.0090144
https://doi.org/10.3389/fpls.2016.00338
http://statgen.ncsu.edu/qtlcart/WQTLCart.htm
https://doi.org/10.1007/s00122-015-2498-9
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Shen et al.

QTL Analysis of Rapeseed Traits

Wang, Z., Liao, B. Y., and Zhang, J. (2010). Genomic patterns of pleiotropy and
the evolution of complexity. Proc. Natl. Acad. Sci. U.S.A. 107, 18034-18039.
doi: 10.1073/pnas.1004666107

Wei, L., Jian, H., Lu, K., Yin, N., Wang, J., Duan, X,, et al. (2017). Genetic and
transcriptomic analyses of lignin- and lodging-related traits in Brassica napus.
Theor. Appl. Genet. 130, 1961-1973. doi: 10.1007/s00122-017-2937-x

Wei, X, Xu, J., Guo, H,, Jiang, L., Chen, S., Yu, C,, et al. (2010). DTHS8 suppresses
flowering in rice, influencing plant height and yield potential simultaneously.
Plant Physiol. 153, 1747-1758. doi: 10.1104/pp.110.156943

Wen, Y. X,, and Zhu, J. (2005). Multivariable conditional analysis for complex
trait and its components. Acta Genet. Sin. 32, 289-296.

Weng, X., Wang, L., Wang, J., Hu, Y., Du, H., Xu, C,, et al. (2014). Grain Number,
Plant Height, and Heading Date7 is a central regulator of growth, development,
and stress response. Plant Physiol. 164, 735-747. doi: 10.1104/pp.113.231308

Xu, L., Hu, K., Zhang, Z., Guan, C., Chen, S., Hua, W., et al. (2015). Genome-wide
association study reveals the genetic architecture of flowering time in rapeseed
(Brassica napus L.). DNA Res. 23, 43-52. doi: 10.1093/dnares/dsv035

Xue, W,, Xing, Y., Weng, X., Zhao, Y., Tang, W., Wang, L., et al. (2008). Natural
variation in Ghd?7 is an important regulator of heading date and yield potential
in rice. Nat. Genet. 40, 761-767. doi: 10.1038/ng.143

Yan, W. H., Wang, P., Chen, H. X., Zhou, H. ], Li, Q. P, Wang, C. R, et al. (2011). A
major QTL, Ghds, plays pleiotropic roles in regulating grain productivity, plant
height, and heading date in rice. Mol. Plant 4, 319-330. doi: 10.1093/mp/ssq070

You, Y., Sawikowska, A., Neumann, M., Posé, D., Capovilla, G., Langenecker,
T., et al. (2017). Temporal dynamics of gene expression and histone marks
at the Arabidopsis shoot meristem during flowering. Nat. Commun. 8:15120.
doi: 10.1038/ncomms15120

Zhang, H., Chen, J., Li, R, Deng, Z., Zhang, K., Liu, B., et al. (2016). Conditional
QTL mapping of three yield components in common wheat (Triticum aestivum
L.). Crop J. 4, 220-228. doi: 10.1016/j.¢j.2016.01.007

Zhang, J., Song, Q., Cregan, P. B., Nelson, R. L., Wang, X., Wu, J,, et al. (2015).
Genome-wide association study for flowering time, maturity dates and plant
height in early maturing soybean (Glycine max) germplasm. BMC Genomics
16:217. doi: 10.1186/s12864-015-1441-4

Zhang, X., Ge, X., Shao, Y., Sun, G., and Li, Z. (2013). Genomic change,
retrotransposon mobilization and extensive cytosine methylation alteration in
Brassica napus introgressions from two intertribal hybridizations. PLoS ONE
8:€56346. doi: 10.1371/journal.pone.0056346

Zhang, Z. H., Wang, K, Guo, L, Zhu, Y. J, Fan, Y. Y,, Cheng, S. H,
et al. (2012). Pleiotropism of the photoperiod-insensitive allele of Hdl on
heading date, plant height and yield traits in rice. PLoS ONE 7:¢52538.
doi: 10.1371/journal.pone.0052538

Zhao, B., Li, H.,, Li, ], Wang, B., Dai, C., Wang, J., et al. (2017). Brassica
napus DS-3, encoding a DELLA protein, negatively regulates stem elongation
through gibberellin signaling pathway. Theor. Appl. Genet. 130, 727-741.
doi: 10.1007/s00122-016-2846-4

Zhao, J., Buchwaldt, L., Rimmer, S. R., Sharpe, A., McGregor, L., Bekkaoui,
D., et al. (2009). Patterns of differential gene expression in Brassica napus
cultivars infected with Sclerotinia sclerotiorum. Mol. Plant Pathol. 10, 635-649.
doi: 10.1111/j.1364-3703.2009.00558.x

Zheng, M., Peng, C., Liu, H, Tang, M, Yang, H., Li, X, et al. (2017).
Genome-wide association study reveals candidate genes for control of
plant height, branch initiation height and branch number in rapeseed
(Brassica napus L.). Front. Plant Sci. 8:1246. doi: 10.3389/fpls.2017.
01246

Zhou, L., Liu, S., Wu, W, Chen, D., Zhan, X., Zhu, A., et al. (2016).
Dissection of genetic architecture of rice plant height and heading date by
multiple-strategy-based association studies. Sci. Rep. 6:29718. doi: 10.1038/srep
29718

Zhu, J. (1995). Analysis of conditional genetic effects and variance components in
developmental genetics. Genetics 141, 1633-1639.

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

The reviewer FX declared a shared affiliation, with no collaboration, with
several of the authors, YS, EX, XG, ZL, to the handling Editor.

Copyright © 2018 Shen, Xiang, Xu, Ge and Li. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Plant Science | www.frontiersin.org

13

March 2018 | Volume 9 | Article 390


https://doi.org/10.1073/pnas.1004666107
https://doi.org/10.1007/s00122-017-2937-x
https://doi.org/10.1104/pp.110.156943
https://doi.org/10.1104/pp.113.231308
https://doi.org/10.1093/dnares/dsv035
https://doi.org/10.1038/ng.143
https://doi.org/10.1093/mp/ssq070
https://doi.org/10.1038/ncomms15120
https://doi.org/10.1016/j.cj.2016.01.007
https://doi.org/10.1186/s12864-015-1441-4
https://doi.org/10.1371/journal.pone.0056346
https://doi.org/10.1371/journal.pone.0052538
https://doi.org/10.1007/s00122-016-2846-4
https://doi.org/10.1111/j.1364-3703.2009.00558.x
https://doi.org/10.3389/fpls.2017.01246
https://doi.org/10.1038/srep29718
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

	Major Co-localized QTL for Plant Height, Branch Initiation Height, Stem Diameter, and Flowering Time in an Alien Introgression Derived Brassica napus DH Population
	Introduction
	Materials and Methods
	Plant Material and Growth Conditions
	Phenotypic Evaluations and Statistical Analysis
	QTL Mapping

	Results
	Phenotypic Performances of the Parental and DH Lines
	Unconditional Additive QTL Mapping and Meta-Analysis
	Conditional QTL Mapping
	QTL by Environment Interactions Mapping
	Candidate Genes Mining

	Discussion
	QTL Clusters and Environment-Specific QTL
	Pleiotropy or Tight Linkage of the Co-localized QTL
	Novel QTL and Candidate Genes for Stem-Related Traits
	Alien Introgression Derived DH Population Contributes to QTL Detection

	Author Contributions
	Acknowledgments
	Supplementary Material
	References


