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Lodging is a persistent problem which severely reduce yield and impair seed
quality in rapeseed (Brassica napus L.). Enhancing stem strength (SS) has proven
to be an effective approach to decrease lodging risk. In the present study, four
interrelated stem lodging-related traits, including stem breaking resistance (SBR),
stem diameter (SD), SS, and lodging coefficient (LC), were investigated among 472
rapeseed accessions. A genome-wide association study (GWAS) using Brassica
60K SNP array for stem lodging-related traits identified 67 significantly associated
quantitative trait loci (QTLs) and 71 candidate genes. In parallel, a gene co-expression
network based on transcriptome sequencing was constructed. The module associated
with cellulose biosynthesis was highlighted. By integrating GWAS and gene co-
expression network analysis, some promising candidate genes, such as ESKIMO1
(ESK1, BnaC08g26920D), CELLULOSE SYNTHASE 6 (CESA6, BnaA09g06990D), and
FRAGILE FIBER 8 (FRA8, BnaC04g39510D), were prioritized for further research. These
findings revealed the genetic basis underlying stem lodging and provided worthwhile
QTLs and genes information for genetic improvement of stem lodging resistance in
B. napus.

Keywords: Brassica napus L., stem lodging-related traits, genome-wide association study, gene co-expression
network, candidate genes

INTRODUCTION

Lodging can be defined as the permanent displacement of shoots from their vertical standpoint
(Berry, 2013). Lodging is of two types: stem lodging and root lodging, resulting from buckling
of the lower stems and failure of the anchorage system, respectively (Berry, 2013). High-yield
cultivars accompanying heavy canopy are more prone to stem lodging (Kuai et al., 2016;
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Kendall et al., 2017). For rapeseed (Brassica napus L.), lodging is
a persistent problem, leading to 20–46% yield loss and almost 4%
oil content reduction during flowering (Kendall et al., 2017) and
also impeding crops harvesting (Berry, 2013; Hua et al., 2014).
One of the prerequisites for high-yield breeding is to develop
stem lodging resistance. Stem lodging risk can be decreased
not only by reducing plant height (PH) but also by increasing
the physical strength of stem (Shah et al., 2017). However,
dwarf/semi-dwarf plant may have limited canopy photosynthesis
and biomass production, thereby limiting yield (Stewart et al.,
2003; Islam et al., 2007). Thus, the major focus for improving
lodging resistance is to enhance stem strength (SS).

In the last decade, enormous efforts were spent on
mapping causal loci for lodging-related traits using linkage-
based quantitative trait locus (QTL) mapping and linkage
disequilibrium (LD)-based genome-wide association study
(GWAS). For example, a number of QTLs for lodging-related
traits, such as SS and stem diameter (SD), have been identified
using linkage mapping in rice (Kashiwagi and Ishimaru, 2004;
Dixit et al., 2015), soybean (Chen et al., 2011), and maize (Peiffer
et al., 2013). In rapeseed, QTLs for resistant pressure per plant
(RPPP), a trait mainly determined by root morphology and stem
bending strength (Kashiwagi and Ishimaru, 2004), have been
detected using linkage mapping with low-density markers of
simple sequence repeat (SSR) and sequence-related amplified
polymorphism (SRAP) (Peng, 2012; Li Y. et al., 2014). However,
these results are hard to apply in candidate gene characterization
because marker information is lacking and QTL regions are still
large. GWAS has emerged as an alternative powerful approach
for dissecting QTLs that are significantly associated with lodging-
related traits in corps, such as in soybean (Wen et al., 2015),
wheat (Cericola et al., 2017), and oat (Tumino et al., 2016). In
B. napus, Wei L. et al. (2017) have identified novel candidate
genes for lignin biosynthesis, which is correlated with lodging
resistance, by combining GWAS and transcriptome sequencing.
However, the causal loci of other characteristics underlying
stem lodging, such as xylan and cellulose, have not been well
elucidated.

In this study, we investigated four stem lodging-related
traits, including stem breaking resistance (SBR), SD, SS, and
lodging coefficient (LC) among 472 rapeseed accessions. GWAS
of these traits identified 67 significantly associated QTLs and
71 candidate genes. In parallel, a weighted gene co-expression
network analysis (WGCNA) based on expression profiles was
conducted. This analysis highlighted a module associated with
cellulose biosynthesis. By integrating GWAS and WGCNA, we
were able to identify novel candidate genes underlying stem
lodging resistance in B. napus.

MATERIALS AND METHODS

Plant Material and Phenotyping
A population of 472 B. napus core germplasm collected
worldwide was used for phenotyping in the present study
(Supplementary Table S1; Li F. et al., 2014). Field experiments
were carried out in five environments across three locations and

two growing seasons. During the 2014–2015 growing season, the
association population was grown at Wuhan (113.68◦E, 30.58◦N)
and Yangluo (114.50◦E, 30.38◦N), which both in Hubei province
of China and were termed as E1 and E2, respectively. During the
2015–2016 cropping season, the experiments were conducted at
Wuhan, Yangluo, and Changsha (113.00◦E, 28.22◦N, in Hunan
province of China), which were referred to as E3, E4, and E5,
respectively. In each environment, a randomized complete block
design with three replicates was implemented. Field cultivation
and management were implemented according to previously
described method (Chen et al., 2014) and were kept uniform in
these five growth environments.

At mid-May, five randomly selected plants from the center
of each plot were used to investigate the stem lodging-related
traits. SBR of 15 cm length of segment from lower stem was
measured using the YYD-1 SS tester (TOP Instrument Co.,
Zhejiang, China). The maximum strength needed to break the
middle of lower stem segment was recorded. SD was represented
by measuring the diameter of measurement point of SBR. Then,
SS was defined as the SBR on unit area and calculated as
follows: SS = SBR/[π(SD/2)2

]. PH and seed yield (SY) per
plant were determined as previously described (Chen et al.,
2014). Finally, LC was calculated according to the following
formula: LC = PH × SY/SS. The average phenotypic value of five
plants in a plot represents the phenotypic data of a line in this
plot.

Statistical Analysis
An lme4 package in R was used to estimate best linear unbiased
predictions (BLUPs) across multi-environment on a per line
basis for all the lodging-related traits (Merk et al., 2012). The
BLUP value and phenotypic data of each accession under single
environment were used as the final trait values for GWAS. The
broad-sense heritability was estimated according to the following
equation: H2 = δ2

g/(δ
2
g + δ2

ge/n+ δ2
e/nr), where δ2

g represents the
genetic variance, δ2

ge represents the interaction variance between
genotypes and environments, δ2

e represents the error variance,
n represents the number of years/locations, and r represents
the number of replicates within each environment, respectively.
The analysis of variance (ANOVA) of four traits were conducted
using “aov” function of R. Correlation matrix was calculated and
visualized using corrplot package in R (Wei and Simko, 2016).

Genotyping With an SNP Array
Single-nucleotide polymorphism (SNP) genotyping had been
implemented in previous reports (Li F. et al., 2014; Li et al., 2016).
Briefly, genomic DNA of 472 rapeseed accessions was extracted
from the young leaf tissue and was then hybridized to the Brassica
60K Illumina R© Infinium SNP array, which contains 52,157 SNP
markers, according to manufacturer’s protocol. The SNPs with
minor allele frequency (MAF) < 5% or call frequency <80% were
filtered.

In order to mapping SNPs to the physical position of genome,
a local BLAST program (Altschul et al., 1990) was performed. The
sequences of retained SNPs were queried against the B. napus
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genome sequences (Chalhoub et al., 2014). The top and unique
blast-hits were selected for the further analysis.

Population Structure Analysis
We pruned 19,945 SNPs for strong LD (r2 > 0.8) using PLINK
tool (Purcell et al., 2007). These remaining 7458 SNPs were
subjected to infer population structure and neighbor-joining
(NJ) tree. Population structure was assessed using STRUCTURE
software 2.3.4 (Pritchard et al., 2000). The K-value (the inferred
number of subpopulations) was set from 1 to 10 with five
replications under the admixture model in the SRUCTURE.
The 10,000 iterations were adopted for the burn-in period and
the Markov Chain Monte Carlo (MCMC) replications after
burn-in. The optimal K-value was determined by the ad hoc
statistic 1K, based on the rate of change in the log probability
of data between successive K-values (Evanno et al., 2005),
using STRUCTURE HARVESTER website1 (Earl and Vonholdt,
2012). The STRUCTURE bar plot representing a given K-value
was obtained with distruct (Rosenberg, 2004). In addition, the
CLUMPP program was used to align the different replicate runs
and integrate a Q-matrix (Jakobsson and Rosenberg, 2007).

An un-rooted NJ phylogenetic tree was constructed using
Nei’s genetic distances among 472 lines (Nei, 1972) by using
PowerMarker version 3.25 (Liu and Muse, 2005). And the tree
was visualized using MEGA7 (Kumar et al., 2016). Principle
component analysis (PCA) was conducted with all the SNPs
using GCTA tool (Yang et al., 2011) and a P-matrix including the
top five principal components was constructed. TASSEL version
5.0 (Bradbury et al., 2007) was used to estimate the relative
kinship matrix (K-matrix), which comparing all pairs of the 472
accessions, and the pair-wise LD among all the SNPs, as the
squared allele frequency correlations (r2).

GWAS and Candidate Gene Selection
Genome-wide association study was implemented using TASSEL
5.0 software (Bradbury et al., 2007) with the Q-model, one of
general linear models (GLMs) adjusted using the Q-matrix, and
the Q+ K model, one of mixed linear models (MLMs) correcting
for both Q-matrix and K-matrix. For the GLM, the following
equation was used: y =Xβ+ e; and for the MLM, the equation was
as follows: y = Xβ+ Zu+ e, in both equations: y is the phenotype,
X is the genotype, β is a vector containing the fixed effects, Z is the
relative kinship matrix, u is a vector of random additive genetic
effects, and e is the unobserved vector of the random residual.
The significant threshold of SNPs–traits association was set to
−log10 (p) = 4.0. Manhattan plots and quantile–quantile (Q–
Q) plots were produced using the qqman package in R software
(Turner, unpublished). The “stepAIC” function from the MASS
package in R was employed to estimate the total phenotypic
variation explained by the significant SNPs in the best fitting
multiple regression model.

The QTL interval where the potential candidate gene situated
was determined based on methods of the previous report (Wang
et al., 2016). In short, two or more neighboring SNPs within a
1.5-Mb region were defined as one QTL. For the remaining SNP

1http://taylor0.biology.ucla.edu/structureHarvester/

that farther than 1.5 Mb away from another significant SNP, the
LD block where the single SNP located, in which flanking markers
were in strong LD (r2 > 0.4), was also regarded as one QTL.
An LD block was generated using the Haploview v4.2 (Barrett
et al., 2005) and was displayed by LDheatmap package (Shin et al.,
2006). A functional annotation was implemented to predict the
function of candidate genes using a BlastP program against to
Arabidopsis thaliana TAIR10 protein database.

Transcriptome Sequencing Study
To dissect the expression pattern of stem lodging-related genes
during flowering and silique developing, the stems from two
extremely high-SBR lines (3260 and 5721) and two extremely
low-SBR lines (3399 and 3453) were harvested and pooled as
four independent samples that were designated as FH (High-
SBR during Flowering), FL (Low-SBR during Flowering), SH
(High-SBR during Silique developing), and SL (Low-SBR during
Silique developing), respectively. Total RNA was extracted using
SV Total RNA Isolation System (Promega Biotech Co., Ltd.,
Beijing, China). After a test of total RNA quality, the 12 cDNA
libraries of four samples (three biological replicates per sample)
were constructed. Subsequently, these libraries were sequenced
using an Illumina HiSeq X Ten sequencer (Illumina Inc., San
Diego, CA, United States), and millions of 150 bp paired-end
reads were generated.

The clean reads were obtained by trimming the raw data.
The clean data were deposited in the Short Read Archive (SRA)
database of NCBI under the accession number SRP142441. These
clean reads were aligned to the B. napus reference genome
(Chalhoub et al., 2014) using HISAT v2.0.4 (Kim et al., 2015).
To quantify the gene expression level, HTSeq v0.6.1 was used to
count the FPKM values (the number of fragments per kilobase
of transcript sequence per millions mapped reads, Anders et al.,
2015). The criteria|log2 (High-SBR/Low-SBR)| > 1 and P < 0.05
was applied here to identify differentially expressed genes (DEGs)
between two genotypes.

Construction of Gene Co-expression
Network
Weighted correlation network analysis was conducted using
WGCNA version 1.61 package in R software (Langfelder and
Horvath, 2008). A total of 8850 genes with FPKM value > 3
and coefficient of variation of FPKM higher than 0.3 across all
samples were included in the WGCNA workflow. In WGCNA,
the scale-free topology criterion was used to determine the soft-
threshold, which is defined as the similarity relationships between
gene-pairs and obtained by computing the unsigned Pearson’s
correlation matrix (Zhang and Horvath, 2005). Subsequently,
network was constructed using a step-by-step method by turning
adjacency matrix into topological overlap matrix (TOM) and
calling the hierarchical clustering function. Module identification
was implemented after merging of modules whose expression
profiles are very similar with a merge CutHeight of 0.25. The
eigengene values of all detected 25 modules were calculated to
assess module-sample relationships. To explore the biological
meaning of each module, gene ontology (GO) enrichment
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analysis was performed using the OmicShare tools, a free online
platform for data analysis2. The interaction network of hub-genes
in module was visualized using Cytoscape 3.5.1 (Shannon et al.,
2003).

Validation of DEGs by qRT-PCR
The expression level of DEGs was validated by qRT-PCR as
described previously (Yan et al., 2016). In brief, RNA samples
prepared for transcriptome sequencing were used for cDNA
synthesis; expression of the DEGs in different rapeseed samples
was evaluated using LightCycler 480 SYBR Green I Master
mix and a LightCycler 480II real-time PCR system (Roche,
Switzerland). Bna.ACTIN7 and Bna.UBC21 were included as
housekeeping genes and relative expression levels of target
genes were normalized to geometric mean of two housekeeping
genes using the 2−11CT method. Gene-specific primers were
listed in Supplementary Table S8. Three independent biological
replicates, each with three technical replicates, were run for target
and housekeeping genes.

RESULTS

Phenotypic Variation and Correlation
Analysis
Four stem lodging-related traits across 472 accessions in
five environments (LC in four environments) were evaluated
and extensive phenotype variations were found (Table 1 and
Supplementary Figure S1). The SBR was varied from 6.45 to
153.56 N with an average of 51.94 N, the SD was varied from 4.68
to 17.11 mm with an average of 10.77 mm, the SS was varied from
0.20 to 1.11 N/mm2 with an average of 0.54 N/mm2, and the LC
was varied from 407.66 to 8461.42 with an average of 2569.71,
respectively (Table 1). An ANOVA of these traits revealed
significant differences among genotypes, environments, and an
interaction between genotype and environment (P < 0.001,
Supplementary Table S2). The broad-sense heritability (H2) of
SBR, SD, SS, and LC in the rapeseed population was 67.46,
61.30, 66.54, and 51.85%, respectively (Supplementary Table S2),
suggesting that environmental factors had limited influence on
these traits.

Correlation analysis of the traits showed that SBR was
positively correlated with SD (r = 0.73–0.82, P < 0.05) and
SS (r = 0.48–0.75, P < 0.05) across each environment. While
the negative correlations were observed between SS and LC
(r = −0.52 to −0.40, P < 0.05) across each environment
(Figure 1). The interrelationship between traits illustrated that it
is essential to take the multiple interrelated traits into account to
comprehensively assess stem lodging resistance performance.

Population Structure and Relative
Kinship Analysis
A final set of 19,945 high-quality SNPs distributed on the whole
genome was subjected to PCA, and relative kinship analysis. After

2www.omicshare.com/tools

TABLE 1 | Phenotypic variation for stem lodging-related traits among 472
accessions.

Traits Environments Min Max Mean SD (%)a CVb

SBR E1 24.22 153.56 68.10 21.56 0.32

E2 16.60 138.13 56.11 16.24 0.29

E3 22.31 151.54 63.26 21.82 0.34

E4 13.60 150.78 48.89 16.32 0.33

E5 6.45 66.56 23.28 8.27 0.36

SD E1 8.17 15.45 11.63 1.24 0.11

E2 6.25 14.78 11.75 1.20 0.10

E3 7.78 17.11 11.82 1.51 0.13

E4 6.98 15.24 11.25 1.30 0.12

E5 4.68 10.97 7.43 1.06 0.14

SS E1 0.37 1.11 0.62 0.11 0.18

E2 0.29 0.96 0.50 0.09 0.19

E3 0.20 1.02 0.56 0.12 0.21

E4 0.21 0.93 0.48 0.10 0.21

E5 0.26 0.90 0.52 0.10 0.19

LC E1 \

E2 1073.37 8275.52 3546.34 1018.02 0.29

E3 433.72 8461.42 2396.65 1067.23 0.45

E4 728.79 7926.33 3052.70 1130.86 0.37

E5 407.66 3567.37 1283.13 436.52 0.34

SBR, stem breaking resistance (N); SD, stem diameter (mm); SS, stem strength
(N/mm2); LC, lodging coefficient; E1, Wuhan in 2015; E2, Yangluo in 2015; E3,
Wuhan in 2016; E4, Yangluo in 2016; and E5, Changsha in 2016. aStandard
deviation. bCoefficient of variation.

pruning the 19,945 SNPs for strong LD (r2 > 0.8), 7458 SNPs
were applied to infer population structure and NJ tree.

The population structure across 472 rapeseed accessions was
investigated using STRUCTURE software. The LnP (K) values
gradually increased with K-value from 1 to 10 (Figure 2A);
however, the summit of 1K value was achieved at K = 2
(Figure 2B). These data in Figure 2B implied that 472 lines
could be clustered into two groups (Figure 2C). By applying
a membership threshold of 0.70, the first group of 64 and
the second group of 199 accessions were assigned as Group 1
and Group 2, respectively. The remaining 209 accessions were
assigned into a Mixed Group. The assignment of groups for all the
accessions was presented in Supplementary Table S1. To dissect
the genetic structure of the association population, molecular
phylogenetic analysis based on the Nei’s genetic distances of 7458
SNPs was conducted. The NJ tree showed that the accessions
displayed three divergent groups that mostly consistent with the
groups assigned by STRUCTURE (Figure 2D). However, the
Group 1 was divided into two sub-clusters. Further analysis for
the two sub-clusters in Group 1 showed most of the lines in one
of the sub-clusters were winter rapeseed (36 out of 37 lines),
while approximately 75% (20 out of 27 lines) of the other sub-
cluster were spring rapeseed. In Group 2, most of lines were from
Asia, and 129 lines from China were semi-winter type. In the
Mixed Group, winter rapeseed (83 lines) were the largest part,
followed by semi-winter rapeseed (72) and spring rapeseed (53)
(Supplementary Table S1). A similar pattern of grouping was
also revealed through PCA (Figure 2E). The first two principal
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FIGURE 1 | Correlation analysis among stem lodging-related traits. SBR, stem breaking resistance (N); SD, stem diameter (mm); SS, stem strength (N/mm2); LC,
lodging coefficient; E1, Wuhan in 2015; E2, Yangluo in 2015; E3, Wuhan in 2016; E4, Yangluo in 2016; and E5, Changsha in 2016. The magnitude of correlation is
indicated by different colors of number at the left diagonal and circles at the right diagonal. The circles marked by cross indicate no significantly correction was
observed between traits (P > 0.05).

components explained 10.28 and 5.56% of the genetic variance,
respectively (Figure 2E).

In addition, the relative kinship analysis indicated that
average kinship coefficient between any two accessions was 0.097.
A total of 52.5% of pairwise kinship coefficients were equal
to 0, and 63.5% of kinship coefficients varied from 0 to 0.05
(Supplementary Figure S2).

Genome-Wide Association Study
Genome-wide association study was conducted to explore the
association between SNPs and four stem lodging-related traits
across 472 rapeseed accessions. A total of 158 significantly
associated SNPs have been identified using the BLUP value and

individual environment phenotypic value in GLM and MLM,
respectively (Figure 3 and Supplementary Table S3). These
SNPs were located on all the chromosomes except A1 and C9.
Moreover, 34 SNPs were detected repeatedly across multiple
environments (Supplementary Table S3).

For SBR, altogether 78 significantly associated SNPs, which
collectively explained 38.1% of the total phenotypic variation and
corresponded to 26 QTLs, were identified in GLM and MLM
(Supplementary Tables S3, S4). Half of loci were verified in at
least two environments, and three loci (SBR-A08c, SBR-A10a, and
SBR-C08b) were discovered repeatedly both in GLM and MLM.
In addition, the locus SBR-A08a in A08 was stably expressed
across five environments (Supplementary Table S4). For SD and
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FIGURE 2 | Population structure analysis of association population in rapeseed. (A) The variation trend of LnP(K) with change of K-value from 1 to 10. (B) Delta K
based on the rate of change of LnP(K) between successive K. (C) Population structure defined by STRUCTURE when K = 2. (D) NJ tree analysis based on 472
rapeseed accessions. (E) Principal component analysis based on 472 rapeseed accessions. 472 lines were clustered into Group 1, Group 2, and Mixed Group
based on the 1K-value and the probability of membership.

SS, 31 and 35 significantly associated SNPs, which contributed to
23.7 and 23.3% of the cumulative phenotypic variation and were
assigned to 16 and 15 QTLs, were detected in GLM and MLM,
respectively (Supplementary Tables S3, S4). For LC, a total of
14 significantly associated SNPs corresponding to 10 loci, which
explained 4.12–6.40% of the phenotypic variation, were detected
(Supplementary Tables S3, S4).

QTL that control more than one trait are of special interest
to us. For instance, SBR-C08b, a locus for SBR, which across
from 27,791,286 to 28,749,469 on C08, was consistently detected
on the corresponding vicinity region for the traits of SD (SD-
C08a, spanning from 27,791,286 to 28,749,785) and SS (SS-C08b,
spanning from 27,604,355 to 27,952,594). What’s more, this locus
has been identified by using both GLM and MLMs for these three
traits (Figures 3, 4A and Supplementary Table S4). Thus, we
analyzed the LD and haplotype (Hap) effect of significant SNPs
on this QTL on C08. A high LD between the associated SNPs
was observed (Figure 4B). We detected four major Haps based on
the three shared significant SNPs that detected in both SBR and
SD among the 472 rapeseed accessions (Figure 4C). The average
SBR value of Hap4 was remarkably higher than those in the other
three Haps (Figure 4D, P< 0.05). The comparative analysis of SD
between Haps exhibited a similar difference pattern (Figure 4E,
P < 0.05).

Transcriptome Sequencing Analysis
For these four samples (FH, FL, SH, and SL), a total of 146.35,
156.91, 158.59, and 143.76 million raw reads were generated
(Supplementary Table S5). After removing low quality reads and

adaptor sequences, clean reads with an average of 50.28 million
reads per sample were obtained. Moreover, approximately 80% of
clean reads were uniquely mapped to B. napus reference genome
(Supplementary Table S5). Of the DEGs identified between high-
SBR and low-SBR, 1679 DEGs were up-regulated and 2,586
DEGs were down-regulated during flowering, while 706 DEGs
were up-regulated and 414 DEGs were down-regulated during
silique developing (Supplementary Figure S3). Moreover, 361
common up-regulated DEGs and 253 common down-regulated
were identified between two development stages (Supplementary
Figure S3).

Gene Co-expression Network
Construction and Analysis
Weighted gene co-expression network analysis was performed
to construct the undirected and weighted gene networks and
detect the modules related to stem lodging-related traits. When
power β = 14, the scale-free topology fit does not improve after
increasing the power (Figure 5A). Furthermore, at this power, a
high mean number of connections was maintained (Figure 5B),
suggesting that power β = 14 is a proper parameter to construct
network. The highly interconnected genes are then clustered into
a module. In this study, 8,850 genes were assigned into 24 distinct
modules and 7 genes were not assigned into any module, which
is denoted as “gray” module (Figure 5C and Supplementary
Table S6).

To represent gene expression profiles of a module, module
eigengene (ME), the first principal component of a given
module, has been calculated. The correlations between MEs and
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FIGURE 3 | Manhattan plots for GWAS results of stem lodging-related traits in five environments and BLUP. (A) SBR, SD, SS, and LC in GLM. (B) SBR, SD, SS, and
LC in MLM. The horizontal red line indicates the significance threshold [–log10 (p) = 4.0]. The orange, red, cyan, dark violet, dark green, and blue dots above red line
represent SNPs significantly associated with traits in E1, E2, E3, E4, E5, and BLUP, respectively.

specific samples were shown in Figure 5D. A high positive
correlation was found between FH sample and “green” module
which includes 763 genes, while the negative correlations were
found between the other three samples and “green” module
(Figure 5D). These data imply that genes enriched in this module
might play important roles in lodging resistance regulation in
rapeseed and we put our focus on this module for further
exploration.

“Green” Module Was Associated With
Cellulose Biosynthesis
By comparing the FPKM values of 763 genes in the “green”
module across four samples (FH, FL, SH, and SL) in a heatmap,
we revealed that most of the genes enriched in the “green”
module were highly expressed in FH sample and weakly
expressed or almost not expressed in the other three samples
(Figure 5E). And the eigengene expression analysis for “green”
module among four samples displayed the similar expression
trend (Figure 5F). To provide biological interpretation of the
gene network in “green” module, enrichment analyses of GO
terms were conducted. For Biological Processes ontology, the
genes in “green” module are mostly enriched for cellulose
biosynthetic process (GO:0030244), cellulose metabolic process
(GO:0030243), glucan biosynthetic, and metabolic process

(GO:0051274, GO:0051273, and GO:0009250) (Figure 5G). For
Molecular Function ontology, the most prevalent GO terms
were cellulose synthase activity (GO:0016759 and GO:0016760)
and [uridine diphosphate (UDP)-] glucosyltransferase activity
(GO:0035251 and GO:0046527; Supplementary Figure S4).
Collectively, these genes in the “green” module mainly played
roles during flowering and were mainly enriched in function of
cellulose biogenesis and metabolic process.

Subsequently, the interaction network between cellulose
biosynthesis genes and theirs top20 genes in weight values was
constructed using Cytoscape (Figure 6). The network showed
pivotal roles of FRAGILE FIBER 8 (FRA8), two COBRA (COB),
REVERSIBLYGLYCOSYLATED POLYPEPTIDE 1 (RGP1), and 13
primary cell wall CELLULOSE SYNTHASEs (CESAs), including
four CESA1, one CESA2, two CESA3, and six CESA6 (Figure 6).
The mutation of primary CESAs, FRA8, and RGP1 lead to
cellulose defect in the cell wall of A. thaliana (Zhong et al., 2005;
Rautengarten et al., 2011; Kumar and Turner, 2015).

Candidate Genes Prediction and
Prioritization by Integrating GWAS and
Gene Co-expression Network
The potential candidate genes within the interval of QTLs were
predicted by blasting against Arabidopsis gene database. In total,
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FIGURE 4 | LD and haplotype (Hap) effect of significant SNPs on overlapped loci on C08. (A) Manhattan plots for QTLs (SBR-C08b, SD-C08a, and SS-C08b) on
C08 chromosomal region for SBR, SD, and SS, respectively. The horizontal blue line indicates the significance threshold [–log10 (p) = 4.0]. The green and red dots
represent SNPs detected in GLM and MLM, respectively. (B) LD plot of significant SNPs. (C) Haps analysis based on three overlapped significant SNPs between
SBR and SD. (D) Hap effect for SBR. (E) Hap effect for SD. Statistical significance was determined with ANOVA, different letters (a, b, and c) represent significant
difference at 5% level.

71 candidate genes have been identified for stem lodging-related
traits in GWAS. Among these genes, 24, 17, 14, and 17 were
localized within the search window of 10, 10, 8, and 6 loci for trait
SBR, SD, SS, and LC, respectively (Table 2 and Supplementary
Table S7).

We consider candidate genes that have been identified
on overlapped QTL as most promising candidates for future
studies. At the above-mentioned hot spot on C08 (SBR-C08b,
SD-C08a, and SS-C08b), three promising candidate genes,
ESKIMO1 (ESK1, BnaC08g26920D), CELLULOSE SYNTHASE
LIKE A14 (CSLA14, BnaC08g26930D), and EXPANSIN
A16 (EXPA16, BnaC08g26400D), have been identified
in both models (Figure 4B, Table 2, and Supplementary
Table S7). BnaC08g26920D, the ortholog of ESK1/TRICHOME
BIREFRINGENCE-LIKE 29 and a member of the TBL gene
family, was detected at 28.1 Mb on C08 for SBR and SD. ESK1
plays an essential role in xylan O-acetylation during secondary

wall biosynthesis in Arabidopsis (Yuan et al., 2013). In this
overlapped QTL, on 3.7 kb downstream from BnaC08g26920D
(ESK1), the ortholog of CSLA14, BnaC08g26930D, was a
member of cellulose synthase-like gene family and was detected
for SBR and SD. In addition, the other genes involved in
cellulose biosynthesis have also been identified, such as
BnaA09g06990D for SBR, the ortholog of CESA6 (Table 2;
Fagard et al., 2000). Besides the orthologs of ESK1 and CSLA14,
BnaC08g26400D, which is ortholog of EXPA16, has also been
identified in the same QTL for the trait SBR. The EXPA16
has been reported to be involved in multidimensional cell
growth and cell wall loosening (Wieczorek et al., 2006).
Interestingly, this gene is also a candidate gene for traits of
SD and SS.

More interestingly, among these 71 candidates identified
in GWAS, five genes (BnaA02g12730D, BnaA05g14370D,
BnaA07g11030D, BnaC01g01290D, and BnaC07g40400D)
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FIGURE 5 | Gene co-expression network construction and “green” module analysis. (A) Estimated scale-free topology fit value of power (β) from 1 to 20. (B) Mean
connectively between successive powers. (C) Cluster dendrogram showing co-expression modules. Each leaf in the tree is one gene and modules corresponding to
branches are labeled by different colors. (D) Module–sample association. Each row corresponds to a module and each column corresponds to a sample. The
number in brackets indicates the number of genes in each module. (E) Heat map illustrating the FPKM values of 763 genes in “green” module. (F) The eigengene
expression analysis for “green” module. (G) GO enrichment analysis in biological processes for “green” module. FH, High-SBR during Flowering; FL, Low-SBR
during Flowering; SH, High-SBR during Silique developing; SL, Low-SBR during Silique developing.

were differentially expressed between high-SBR and
low-SBR (Supplementary Table S7). It is remarkable that,
BnaA05g14370D, the ortholog of AUXIN RESPONSE FACTOR
2 (ARF2) was continuously down-regulated during flowering
and silique developing (Supplementary Table S7). It has been
reported that arf2 mutants exhibit thick and long inflorescence,
implying a function of SS regulation for ARF2 (Okushima et al.,
2005).

Considering that the genes in “green” module were mainly
enriched in function of cellulose biogenesis process and our
GWAS candidate list also includes a cellulose biosynthetic
gene, thus, a novel candidate gene, CESA6 (BnaA09g06990D),
was identified jointing GWAS and gene co-expression network
(Table 2). CESA6 encodes a cellulose synthase isomer and
its mutant has cellulose defect in the primary cell wall and
shows a short-hypocotyl phenotype in Arabidopsis (Fagard
et al., 2000; Hématy et al., 2007). In addition, although FRA8
(BnaC04g39510D) was only identified in gene co-expression
network (Table 2), it was also a high-promising candidate gene in

virtue of exactly and dramatic mutants phenotype in Arabidopsis
(Zhong et al., 2005).

DEGs Validation
The five DEGs (BnaA02g12730D, BnaA05g14370D,
BnaA07g11030D, BnaC01g01290D, and BnaC07g40400D)
identified in GWAS were selected to validate the gene expression
patterns by qRT-PCR. The expression patterns of all five genes
were consistent with those showed in RNA-seq (Supplementary
Figure S5), proving the reliable of our data.

DISCUSSION

Population Structure in Association
Mapping Population
The spurious association between traits and markers would
emerge when population structure was ignored. Hence, to reduce
both Type I and II errors (false positives and false negatives), it
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FIGURE 6 | The gene co-expression network of “green” module. The 17 genes involving in cellulose biosynthesis are indicated by larger red circles and square
(A03.CESA6), respectively. The 17 hub-genes’ top20 genes in weight values were colored by green.

is essential to deepen the understanding of population structure
in rapeseed. In this study, when K = 2, the highest 1K value was
observed (Figure 2B), meaning that the association population
could be classified into two subpopulations. However, this result
is not in accordance with previously released report (Li F. et al.,
2014). In which, the same population was used for association
mapping, however, the elbow of 1K emerged at K = 3. This
difference might be caused by two reasons: first, the position of
SNPs in that paper was obtained by mapping the SNPs of array
to “pseudomolecules” representative of the B. napus genome.
Because the B. napus reference genome (Darmor v4.1) had not
been released at that time (Chalhoub et al., 2014), all the SNPs
position were hypothetical; second, the SNPs used for population
structure analysis in the present study was almost double as
much as that study (Li F. et al., 2014). All these might affect the
analysis outcomes of population structure which generated by
STRUCTURE software.

In our study, 472 rapeseed accessions could be clustered
into three groups when the probability of membership
threshold was considered (Figures 2D,E and Supplementary
Table S1). However, Group 1 was divided into two sub-
clusters, which mainly consisted of winter rapeseed and spring
rapeseed, respectively, by the lines belong to Mixed Group
(Figures 2D,E). The component of Group 2 demonstrated the
similar phenomenon, that is, association panels are difficult to
completely be separated according to ecotype or geographical
origin. Moreover, the lines in Mixed Group often located
at an intermediate position between Groups 1 and 2. This
phenomenon has been reported in previous studies (Li F. et al.,
2014; Xu et al., 2016) and could possibly be interpreted by the

introgression induced by interspecific hybridization between
diverse germplasms. When winter rapeseed originated from
Europe was introduced to other countries, including China,
Australia, and Canada, interspecific hybridization between
different gene pools was carried out to improve adaptation
and quality, accompanying with the generation of semi-winter
rapeseed and spring rapeseed (Wei D. et al., 2017).

An Integration of GWAS and WGCNA
Provides a Powerful Approach for
Candidate Gene Prediction
Recently, GWAS has been widely applied to identify QTLs
and thus shed light on the genetic basis underlying important
agronomic traits in B. napus. However, there are still many
obstacles in the fine mapping and target genes cloning due to the
large region of the identified QTLs and lack of comprehensive
understanding of the genetic mechanisms of complex traits.
In the face of these challenges, a very promising strategy by
combing both GWAS and RNA-seq has been employed to
functionally characterize the association results. By using this
approach, the key genes associated with agronomic traits such
as fiber developmental traits in upland cotton and resistance
to Sclerotinia stem rot and lodging in rapeseed have been
discovered (Sun et al., 2017; Wei et al., 2016; Wei L. et al.,
2017). However, a particular phenotype is a reflection of network
effect of interrelated genes (Kobayashi et al., 2016). The RNA-
seq approach based on gene expression changes in those studies
may not effectively reflect the regulatory network of traits because
of the absence of information about interrelationship of genes.
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TABLE 2 | A list of priority candidate genes for stem lodging-related traits.

Candidate genes Gene name Homolog Gene function Trait

BnaA03g47330D TBL18 AT4G25360.2 Encodes a member of the TBL gene family. Involves in the synthesis
and deposition of secondary wall cellulose.

SBR

BnaA05g15310D 4CL1 AT1G51680.1 Encodes an isoform of 4-coumarate:coa ligase, which is involved in the
last step of the general phenylpropanoid pathway.

SBR

BnaA05g16350D CSLD6 AT1G32180.1 Encodes a gene similar to cellulose synthase. SBR

BnaA08g11640D CCoAOMT1 AT4G34050.1 Caffeoyl-coa O-methyltransferase activity, involves in coumarin
biosynthetic process.

SBR

BnaA09g06870D XND1 AT5G64530.1 Involves in xylem development. SBR

BnaA09g06990Da CESA6 AT5G64740.1 Encodes a cellulose synthase isomer. Involves in primary cell wall
biogenesis.

SBR

BnaA10g24260D TBR AT5G06700.1 Encodes a member of the TBL gene family. Involves in the synthesis
and deposition of secondary wall cellulose.

SBR

BnaC04g47040D TBL33 AT2G40320.1 Encodes a member of the TBL gene family. Involves in the synthesis
and deposition of secondary wall cellulose.

SBR

BnaC08g26400D EXPA16 AT3G55500.1 Involves in plant-type cell wall loosening, modification, multidimensional
cell growth, and organization.

SBR, SD, SS

BnaC08g26920D ESK1 AT3G55990.1 Encodes a member of the TBL gene family. Involves in the synthesis
and deposition of secondary wall cellulose, xylan biosynthetic process.

SBR, SD

BnaC08g26930D CSLA14 AT3G56000.1 Encodes a gene similar to cellulose synthase. SBR, SD

BnaA08g07050D BRX AT1G31880.1 Encodes a key regulator of cell proliferation and elongation in the root. SD

BnaA05g14370Db ARF2 AT5G62000.3 Encodes an auxin response factor. SS

BnaC02g23170D FRA2 AT1G80350.1 Involves multidimensional cell growth, plant-type cell wall biogenesis. SS

BnaC03g22200D EXPA4 AT2G39700.1 Involves in plant-type cell wall loosening, modification, multidimensional
cell growth, and organization.

SS

BnaA04g03540D EXPA16 AT3G55500.1 Involves in plant-type cell wall loosening, modification, multidimensional
cell growth, and organization.

LC

BnaA07g10240D CEL5 AT1G22880.1 Involves in cell wall organization, cellulose catabolic process LC

BnaA07g12000D IRX14L AT5G67230.1 Encodes a member of the GT43 family glycosyltransferases. Involves in
cell wall organization, glucuronoxylan biosynthetic process, plant-type
secondary cell wall biogenesis.

LC

BnaC04g39510Dc FRA8 AT2G28110.1 A member of glycosyltransferase family 47 that is involved in secondary
cell wall biosynthesis.

SBR, stem breaking resistance; SD, stem diameter; SS, stem strength; LC, lodging coefficient. aThis gene was identified using GWAS and gene co-expression network.
bThis gene was identified using GWAS, it was also differentially expressed between high-SBR and low-SBR. cThis gene was only identified using gene co-expression
network.

To solve this problem, WGCNA serves as a systems biology
method to help interpret the correlation patterns between genes,
thus facilitating our understanding of gene networks instead of
individual genes (Langfelder and Horvath, 2008). In Arabidopsis,
for instance, the combined use of GWAS and WGCNA has
already been utilized to exploit candidate genes that are likely
associated with salt tolerance (Kobayashi et al., 2016).

In this study, we are the first to combine both GWAS and
WGCNA to excavate candidate genes underlying complex trait
in B. napus. As a result, the significant candidate genes regulating
stem lodging, such as ESK1, CESA6, and FRA8, were identified
(Table 2).

Stem Lodging Resistance in Rapeseed
Lodging is causing tremendous yield and quality reduction,
accordingly, it is imperative to deepen understanding to lodging
resistance in crops. However, lodging is a complex trait which
involves traits of SS, SD, canopy structure, and so on, and is
affected by genetic, husbandry, and environmental factors (Berry,
2013; Baker et al., 2014).

According to previous studies in Arabidopsis and rice, many
genes involved in lodging resistance have been identified,
such as CINNAMYL ALCOHOL DEHYDROGENASE-C (CAD-
C) and CAD-D, that act as the primary genes involved in
lignin biosynthesis in Arabidopsis (Sibout et al., 2005); CESA4
and CESA9, that are involved in cellulose biosynthesis in
rice (Zhang et al., 2009; Li et al., 2017); REDUCED WALL
ACETYLATION 1/2/3/4 (RWA1/2/3/4), that are required for
the acetylation of xylan in Arabidopsis (Lee et al., 2011);
IRREGULAR XYLEM 9 (IRX9), IRX9L, and IRX14, that are from
glycosyltransferase family and play roles in xylan biosynthesis
in rice (Chiniquy et al., 2013). However, there is still limited
study in lodging resistance in B. napus. To date, little of genes
regulating stem lodging have been identified. Wei L. et al.
(2017) identified four candidate genes regulating lignin. However,
the genes controlling other chemical composition of cell wall,
such as xylan and cellulose, have not been included in that
paper.

The stem physical strength is mainly maintained by cell
wall development. Plant cell wall can be roughly characterized
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into two types: the primary cell wall, which is composed
of cellulose, hemicellulose, and pectin, and the secondary
cell wall, which is composed of cellulose, hemicellulose, and
lignin (Li S. et al., 2014). These polymers of cell wall
provide a framework that gives further strength to cells that
have to sustain enhanced mechanical stress (Bischoff et al.,
2010).

In our study, we identified candidate genes regulating xylan
and cellulose. Xylan is one component of hemicelluloses,
whose acetylation could provide plants mechanical strength
(Urbanowicz et al., 2014). ESK1/TBL29 (BnaC08g26920D)
coding xylan O-acetyltransferases have been identified for SBR
and SD in our GWAS result (Table 2 and Supplementary
Table S7). ESK1/TBL29 has been reported to play an essential
role in xylan O-acetylation during secondary wall biosynthesis.
The esk1 mutation exhibited collapsed xylem as well as
reduced secondary wall thickening and attenuated stem
mechanical strength (Lefebvre et al., 2011; Yuan et al., 2013,
2016).

Another candidate gene, FRA8/IRREGULAR XYLEM 7(IRX7)
gene, has also been reported to be involved in xylan biosynthesis
(Zhong et al., 2005). The Arabidopsis FRA8 mutation caused a
dramatic reduction in xylan content and fiber wall thickness as
well as a decrease in cellulose content and SS (Zhong et al.,
2005). Notably, it is known that variation in stem tensile strength
is associated with variation in fiber dimensions, such as cell
wall thickness and fiber length. Recently, a strong candidate
gene FRA8 for fiber length was identified using association
mapping in Populus (Porth et al., 2013). In the present study,
FRA8 (BnaC04g39510D) was identified as the hub-gene in
“green” module, which was associated with cellulose biosynthesis,
using WGCNA (Table 2 and Figure 6). In addition, although
FRA8 (BnaC04g39510D) was not mined as a candidate gene
using association mapping here, its duplicated gene, FRA8
(BnaA04g16260D) was identified as highly promising candidate
gene for trait of SBR in our another association mapping
based on re-sequencing (data not shown), which implied that
FRA8 possibly plays a key role in stem lodging regulation in
rapeseed.

In addition, we also found a promising candidate gene
involved in cellulose biosynthesis, which is vital for cell wall
development. By association mapping, we have identified the
candidate gene CESA6 (BnaA09g06990D) for SBR (Table 2
and Supplementary Table S7). CESA6 is 431.8 Kb away from
significant SNP Bn-A09-p3051349, which was also detected
for SBR in previously report (Wei L. et al., 2017) and was
the only one overlapped SNP between that report and our
study. Moreover, CESA6 (BnaA09g06990D) was also identified
in “green” module using WGCNA. In higher plants, cellulose,
which consists of β-1,4-linked glucan chains, is synthesized
by CESA complexes (CSC) using UDP-glucose as substrates
(Somerville, 2006). CESA6 is a member of CSC that synthesize
primary cell wall cellulose. The strong cellulose deficiency
and short hypocotyl phenotypes were observed in mutants of
CESA6 (Fagard et al., 2000; Hématy et al., 2007). Furthermore,
for CESA6, besides a role in primary wall development, it
may also continue to transiently express during secondary

cell wall development in aspen trees (Samuga and Joshi,
2004).

Although a better understanding for stem lodging was
acquired with the identification of potential associated loci
and promising candidate genes of stem lodging-related traits,
the genetic regulation mechanism, especially gene regulation
network, underlying stem lodging remains elusive. Therefore,
more thorough research is still required to elucidate the
molecular basis of stem lodging regulation and lay the
foundation for genetic improvement of lodging resistance in
B. napus.
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FIGURE S1 | The distribution of SBR, SD, SS, and LC across 472 rapeseed
accessions in five environments. (A), (D), (H), (L), and (P) the distribution of SBR
in E1, E2, E3, E4, and E5, respectively. (B), (E), (I), (M), and (Q) the distribution of
SD in E1, E2, E3, E4, and E5, respectively. (C), (F), (J), (N), and (R) the
distribution of SS in E1, E2, E3, E4, and E5, respectively. (G), (K), (O), and (S) the
distribution of LC in E2, E3, E4, and E5, respectively. SBR, stem breaking
resistance (N); SD, stem diameter (mm); SS, stem strength (N/mm2); LC, lodging
coefficient; E1, Wuhan in 2015; E2, Yangluo in 2015; E3, Wuhan in 2016; E4,
Yangluo in 2016; and E5, Changsha in 2016.

FIGURE S2 | Distribution of pairwise relative kinship. Only kinship coefficients of
0–0.5 are shown.

FIGURE S3 | Venn diagram of differentially expressed genes (DEGs) identified by
RNA-seq. FH, High-SBR during Flowering; FL, Low-SBR during Flowering; SH,
High-SBR during Silique developing; SL, Low-SBR during Silique developing. The
“up” and “down” indicate up-regulated expression and down-regulated
expression, respectively.

FIGURE S4 | GO enrichment analysis in molecular function for “green” module.
The top 15 of pathway enrichment are shown.

FIGURE S5 | Expression patterns of five DEGs. The bar plot shows the relative
expression level determined by qRT-PCR. The heat map below the bar plot
represents the expression level that was normalized based on FPKM from
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RNA-seq. FH, High-SBR during Flowering; FL, Low-SBR during Flowering; SH,
High-SBR during Silique developing; SL, Low-SBR during Silique developing.
Error bars, standard deviation; ∗ and ∗∗ above the bar represent significant a
difference at 5 and 1% level, respectively.

TABLE S1 | List of 472 rapeseed accessions used for association mapping.

TABLE S2 | ANOVA and broad-sense heritability for stem lodging-related traits.

TABLE S3 | List of SNPs associated significantly with stem lodging-related traits.

TABLE S4 | The loci significantly associated with stem lodging-related traits.

TABLE S5 | Summary of reads generated by RNA-seq.

TABLE S6 | List of 8850 genes assigned into 25 different modules and their
corresponding FPKM value across 12 samples.

TABLE S7 | List of candidate genes for stem lodging-related traits.

TABLE S8 | Primers used for qRT-PCR.
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