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Genome-wide association study dissects the genetic control of plant height and 
branch number in response to low-phosphorus stress in Brassica napus
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• Background and Aims Oilseed rape (Brassica napus) is one of the most important oil crops worldwide. 
Phosphorus (P) deficiency severely decreases the plant height and branch number of B. napus. However, the gen-
etic bases controlling plant height and branch number in B. napus under P deficiency remain largely unknown. 
This study aims to mine candidate genes for plant height and branch number by genome-wide association study 
(GWAS) and determine low-P-tolerance haplotypes.
• Methods An association panel of B. napus was grown in the field with a low P supply (P, 0 kg ha−1) and a suffi-
cient P supply (P, 40 kg ha−1) across 2 years and plant height and branch number were investigated. More than five 
million single-nucleotide polymorphisms (SNPs) were used to conduct GWAS of plant height and branch number 
at two contrasting P supplies.
• Key Results A total of 2127 SNPs were strongly associated (P < 6·25 × 10−07) with plant height and branch 
number at two P supplies. There was significant correlation between phenotypic variation and the number of fa-
vourable alleles of associated loci on chromosomes A10 (chrA10_821671) and C08 (chrC08_27999846), which 
will contribute to breeding improvement by aggregating these SNPs. BnaA10g09290D and BnaC08g26640D were 
identified to be associated with chrA10_821671 and chrC08_27999846, respectively. Candidate gene association 
analysis and haplotype analysis showed that the inbred lines carrying ATT at BnaA10g09290Hap1 and AAT at 
BnaC08g26640Hap1 had greater plant height than lines carrying other haplotype alleles at low P supply.
• Conclusion Our results demonstrate the power of GWAS in identifying genes of interest in B. napus and provided 
insights into the genetic basis of plant height and branch number at low P supply in B. napus. Candidate genes and 
favourable haplotypes may facilitate marker-based breeding efforts aimed at improving P use efficiency in B. napus.

Key words: Oilseed rape, genome wide association study, plant height, branch number, low phosphorus supply, 
haplotype analysis.

INTRODUCTION

Oilseed rape (Brassica napus) is one of the most important 
sources of vegetable oil globally. The global production of 
vegetable oil reached 75 million tons in 2020 (http://www.fao.
org/faostat/zh/#data/QC/visualize). Oilseed rape canopy archi-
tecture is determined by plant height (PH), the length of the 
main inflorescence and the number (BN) and distribution of an-
cillary branches (Li et al., 2016). Canopy architecture indirectly 
influences cultivar yield potential by significantly influencing 
the number of siliques per plant. It has previously been shown 
that PH negatively correlates with siliques per plant, owing to 
the greater lodging risk of taller plants, and BN positively cor-
relates with the number of siliques per plant (Qiu et al., 2006; 
Chen et al., 2014).

Phosphorus (P) is an essential macroelement for plant growth 
and development (Kochian, 2012). Oilseed rape has a high P 

requirement and P deficiency reduces PH and BN, and the sub-
sequent seed yield of B. napus (Shi et al., 2013). Phosphorus in 
the soil is easily fixed by metal cations to form insoluble com-
pounds or bound in organic forms, which are difficult to be dir-
ectly absorbed and used by plants (Holford, 1997). Therefore, P 
fertilizers must be supplied to ensure the normal growth and de-
velopment of crops. The use of P fertilizer increased from 34·5 
million tons in 2001 to 45·4 million tons in 2017 (http://www.
fao.org/faostat/zh/#data/QC/visualize). However, long-term 
excess P fertilizer is problematic because of its limited bio-
availability and potential environmental problems such as 
eutrophication, and the depletion of non-renewable rock phos-
phate resources (Vance et al., 2003). Therefore, uncovering the 
genetic mechanisms of B. napus tolerance to low P (LP) and 
breeding P-efficient varieties is an important way to reduce P 
use in agricultural systems.
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Linkage mapping analysis has been widely used to study the 
genetic basis of P tolerance in B. napus (Yang et al., 2010a, b; 
Ding et al., 2012; Shi et al., 2013). Sixty-two significant quan-
titative trait loci (QTLs) were associated with plant P uptake, 
total root surface area, root length, root volume and total dry 
weight under high and low P conditions in three experiments, 
explaining 12·7–31·9 % of the phenotypic variation (Yang et al., 
2010a). Ding et al. (2012) detected 21 significant QTLs asso-
ciated with PH and BN under high and low P conditions, ex-
plaining 8.5–19·8 % of the phenotypic variation. One hundred 
and fifty-five significant QTLs were associated with seed yield 
and yield-related traits from three different trials, and 79 QTLs 
detected at LP (a deficient P supply) and 76 at SP (a sufficient P 
supply) (Shi et al., 2013). Among them, 16 QTLs were associ-
ated with PH and 5 QTLs were associated with BN (Shi et al., 
2013). However, due to the limited number of genetic markers 
and the frequency of recombination in mapping populations, the 
physical interval for these QTLs are usually large, which makes 
it difficult to determine the candidate genes (Xiao et al., 2017).

Compared with QTL mapping, genome wide association study 
(GWAS) can achieve a higher resolution of the underlying gen-
etic loci, which greatly improves the efficiency of gene mapping 
(Nordborg and Weigel, 2008). GWAS has been widely applied 
to the genetic dissection of complex traits in crops, such as grain 
size in rice (Si et al., 2016), PH in maize (Zhang et al., 2019b) 
and silique number in B. napus (Li et al., 2020). GWAS com-
bined with QTL analysis has been used successfully to mine can-
didate genes in B. napus, such as root-related traits (Wang et al., 
2017) and clubroot resistance (Laperche et al., 2017) in B. napus 
and capsaicinoid content in Capsicum (Han et al., 2018).

GWAS of the PH and BN of B. napus under SP conditions has 
been conducted in several studies (Li et al., 2016; Sun et al., 2016; 
Zheng et al., 2017). However, the genetic bases controlling PH 
and BN in B. napus under P deficiency remain unknown. In this 
study, we investigated the PH and BN of a B. napus association 
panel at LP and SP across 2 years. GWAS of PH and BN was 
performed using high-quality single-nucleotide polymorphisms 
(SNPs) by whole-genome resequencing (Tang et al., 2021). We 
aimed to identify the (1) genetic diversity of the population, (2) 
significant SNPs and candidate genes associated with PH and 
BN at contrasting P supplies and (3) reveal the favourable haplo-
types for breeding P-efficient B. napus cultivars.

MATERIALS AND METHODS

Plant materials and growth conditions

The association panel of Brassica napus comprises 403 cul-
tivars and inbred lines, including 350 semi-winter, 44 spring, 

8 winter and 1 unknown type, collected from major B. napus 
breeding centres across China (Supplementary Data Table 
S1). Of them, 361 lines originated in China, 21 from Europe, 
8 from Japan, 5 from Canada, 4 from Australia, 3 from Korea 
and 1 unknown (Supplementary Data Table S1). The panel was 
grown in the field at LP supply (P, 0 kg ha−1) and SP supply (P, 
40 kg ha−1) with three replications at Meichuan Town, Wuxue 
city, Hubei province, China (115·55° E , 29·85° N) from 2018 
to 2019 (Trial 1) and from 2019 to 2020 (Trial 2). The soil was 
sandy loam soil. The topsoil (0–30 cm) was collected before 
sowing (before fertilization) for determination of the avail-
able nutrient concentrations (Table 1). We used 0·5 m NaHCO3 
(pH 8·5) to measure available soil P. All the plots received basal 
fertilizer, and the application rate was as follows (per hectare), 
108 kg of N (supplied as urea), 0 or 40 kg of P (supplied as 
calcium superphosphate), 87  kg of K (supplied as potassium 
chloride) and 6 kg of B (supplied as borax). These fertilizers 
were thoroughly mixed and applied in bands near the crop 
rows. The remaining N (72 kg ha−1) was top-dressed as urea 
in equal amounts at the four- to five-leaf stage. Each accession 
had four rows and each plot had eight plants in each row. At the 
mature stage, six plants in each plot were selected to measure 
PH and BN. the PH was the length of the plant from the base 
of the stem to the tip of the main inflorescence, and BN was 
calculated as the number of primary branches arising from the 
main shoot. PHr and BNr were defined as the ratio of PH_LP to 
PH_SP and that of BN_LP to BN_SP, respectively.

Genome-wide association analysis and candidate gene 
identification

More than 10 million high-quality SNP markers of the asso-
ciation panel of B. napus were derived from a previous study 
(Tang et al., 2021). After filtering the SNPs with minor-allele 
frequency (MAF) >0.05 and missing rate <0·2, we obtained 
5·58 million SNPs for GWAS. GWAS for PH was carried out 
using general linear models (GLMs) and mixed linear models 
(MLMs) by Tassel 5.0 software (Bradbury et al., 2007). In order 
to minimize the contribution from regions of extensive strong 
linkage dissequilibrium (LD), we scanned the whole genome 
with a sliding window of 500 kb (in steps of 100 SNPs), and 
used Plink software to remove SNPs related to other SNPs 
within the window with correlation coefficient (R2)  >  0·2. 
Finally, we obtained 497 761 SNPs. Admixture software was 
used to calculate the Q matrix and Tassel 5.0 software was 
used to calculate the K matrix. The Manhattan plot was drawn 
by ggplot2 (https://cran.r-project.org/web/packages/ggplot2/
index.html) software and the Quantile–Quantile plot was drawn 

Table 1. Soil physical and chemical properties in the field trials

Trial (year) Replications pH (1:1 
H2O)

Organic matter 
(g kg−1)

Total N concentration 
(g kg−1)

Available P 
concentration (g kg−1)

Total P concentration 
(g kg−1)

Total K concentration 
(g kg−1)

Trial 1 (2018–19) 1 5·61 7·37 0·91 11·56 0·57 13·2
2 5·69 8·04 1·12 11·71 0·53 12·1
3 5·65 8·33 1·30 12·19 0·46 14·6

Trial 2 
(2019–20)

1 5·70 8·42 1·19 12·51 0·63 11·8
2 5·58 7·88 1·33 16·95 0·56 10·5
3 5·56 7·03 1·06 14·10 0·62 12·7
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by the CMplot software (https://github.com/YinLiLin/CMplot). 
The threshold for the significance of associations between SNPs 
and traits was P < 6·25 × 10−07. The LD statistic was calculated 
by PopLDdecay software (Zhang et al., 2019a). According to 
the LD decay (238 kb) of the panel, the genes located within 
300 kb upstream and downstream of the peak SNPs were con-
sidered as candidate genes. The genotypes of BnaA02g33340D, 
BnaA10g09290D and BnaC08g26640D in the association 
panel of B.  napus were obtained by bcftools software (http://
samtools.github.io/bcftools/bcftools.html). Candidate gene as-
sociation analysis of BnaA02g33340D, BnaA10g09290D and 
BnaC08g26640D were performed with Tassel 5.0 software 
(Bradbury et al., 2007). The SNP markers from 2 kb upstream 
of the gene to 2 kb downstream of the gene were used to con-
duct association analysis with the PH of the association panel 
of B. napus at both P supplies.

Haplotype analysis

The haplotype analysis was predicted using the HaploView 
software (Barrett et al., 2005). One-way ANOVA and Student’s 
t-test were employed to compare the differences in PH among 
the haplotypes. Haplotypes containing at least 20 B. napus cul-
tivars were used for further comparative analysis. Student’s 
t-test was used to compare the differences in PH among the 
haplotypes.

Statistical analysis of phenotypic data

The mean values of PH and BN of six plants of each repli-
cation were calculated using Excel 2007. Best linear unbiased 
prediction (BLUP) of PH and BN at LP and SP supply for 
each line was calculated using the R package ‘lme4’ (https://
cran.r-project.org/web/packages/lme4/index.html). Trial 1_
BLUP and Trial 2_BLUP were calculated with the phenotypic 
values of three replications in Trial 1 and Trial 2, respectively 
(Supplementary Data Table S2). The R language was used to 
calculate the correlation coefficients between phenotypes. 
The broad-sense heritability was calculated as: h2  =  VG/(VG/
(VG + VE)/nr), where VG is genetic variance, VE is environmental 
variance, n is the number of environments and r is the number 
of replicates.

RESULTS

Phenotypic variation for PH and BN of an association panel of 
B. napus at LP and SP supplies

From the seedling stage to the silique stage at LP, the old leaves 
turned dark and purple, and the inhibition of root and shoot 
growth was observed in most lines (Supplementary Data Fig. 
S1A–E). In addition, the PH and BN of B. napus decreased at LP 
compared with SP (Supplementary Data Fig. S1F–I). Extensive 
phenotypic variations for PH and BN were observed in the as-
sociation panel of B. napus at LP and SP (Supplementary Data 
Figs S1F and S2, Table 2, Supplementary Data Table S2). At 
LP, PH varied from 57·5 to 179·3  cm (Supplementary Data 

Fig. S2, Table 2, Supplementary Data Table S2) and BN varied 
from 0 to 11 per plant across the 2 years (Supplementary Data 
Fig. S2, Table 2, Supplementary Data Table S2). At SP, PH 
varied from 84·0 to 235·0  cm (Supplementary Data Fig. S2, 
Table 2, Supplementary Data Table S2) and BN varied from 1 
to 16 per plant across the 2 years (Supplementary Data Fig. S2, 
Table 2, Supplementary Data Table S2). PHr varied from 0·40 
to 1·00 and BNr varied from 0·10 to 1·00 across the 2 years 
(Supplementary Data Fig. S2, Table 2, Supplementary Data 
Table S2). High h2 values were observed for all traits (Table 2). 
The correlation coefficients of PH_SP, BN_SP, PH_LP, BN_LP, 
PHr and BNr between Trial 1 and Trial 2 were 0·57, 0·28, 0·27, 
0·09, 0·19 and 0·09, respectively (Supplementary Data Fig. S3). 
Thus, BLUP analysis was employed to deal with multi-year and 
field phenotypic values of PH and BN.

Population structure, relative kinship and LD decay

A total of 5·58 million SNP markers were identified for 
this B.  napus association panel (Supplementary Data Table 
S3). SNP number on each chromosome ranged from 171 159 
on A08 to 475 529 on C03 (Supplementary Data Table S3). 
The LD decay on each chromosome ranged from 1996  kb 
on C07 to 45  kb on A03, when r2 was 0·1 (Supplementary 
Data Table S3). The LD decay on the whole genome was 
238  kb (Supplementary Data Fig. S4, Table S3). A  total of 
497 761 SNPs were selected to assess the population struc-
ture, relative kinship and LD. The population could be div-
ided into five subgroups based on the cross-validation errors 
(Supplementary Data Fig. S5). The r pairwise relative kin-
ship is close to 0 (Supplementary Data Fig. S6, Table S4). For 
example, the values of the relative kinships were 0–129 976 
pairs and 0·1–148 803 pairs, and the ratios to the total value 
were 80·03 and 91·62 %, respectively (Supplementary Data 
Table S4). These results showed that the genetic distance of 
the majority of the accessions in the association panel were 
large enough for the GWAS analysis.

Genome-wide association mapping of PH and BN of B. napus at 
LP and SP supplies

We performed GWAS with GLM and MLM approaches to 
identify SNPs associated with PH and BN at LP and SP in 
B. napus. A total of 1289 SNPs were identified to be signifi-
cantly associated with PH of B. napus at LP and SP across 
2 years (P < 6·25 × 10−07) (Supplementary Data Fig. S7A–D, 
Tables S5 and S6). Among them, 133, 685 and 471 SNPs 
were associated with PH_LP, PH_SP and PHr, respectively. 
The GLM analysis detected a total of 1275 significant SNPs 
at both P supplies. Among them, 131, 678 and 466 SNPs 
were associated with PH_LP, PH_SP and PHr, respectively, 
and were distributed on all chromosomes, explaining between 
6·03 and 14·01 % of the phenotypic variation (Supplementary 
Data Table S5). Chromosome C03 had the largest number of 
significant SNPs (244) and chromosome A07 had the least 
number of significant SNPs (7 SNPs) (Supplementary Data 
Table S5). MLM analysis detected 106 significant SNPs 
on 18 of the 19 B.  napus chromosomes (excluding C02) at 
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both P supplies. Among them, 15, 74 and 17 SNPs were as-
sociated with PH_LP, PH_SP and PHr, respectively, and ex-
plained between 7·85 and 14·23 % of the phenotypic variation 
(Supplementary Data Table S6). Among them, 93 signifi-
cant SNPs were simultaneously identified by the two models 
(Supplementary Data Tables S5 and S6).

For BN, the GLM analysis detected a total of 837 signifi-
cant SNPs at both P supplies. Among them, 34, 770 and 33 
SNPs were associated with BN_LP, BN_SP and BNr, re-
spectively, which were distributed on all chromosomes and 
explained between 6·12 and 15·83 % of the phenotypic vari-
ation (Supplementary Data Fig. S7E–H, Tables S5 and S6). 
MLM analysis detected 93 significant SNPs at both P supplies. 
Among them, three and 90 SNPs were associated with BN_LP 
and BN_SP, respectively, which explained between 6·92 and 
14·47 % of the phenotypic variation. Of them, 90 SNPs were 
detected by both the GLM and MLM analyses (Supplementary 
Data Tables S5 and S6).

Candidate genes for PH and BN at LP supply in B. napus

We identified 1289 significant SNPs significantly associ-
ated with PH_LP and PHr. Two, 19, 3, 9, 88, 5 and 5 signifi-
cant SNPs were associated with PH_LP in Trial 1_R1, Trial 
1_R2, Trial 1_R3, Trial 1_BLUP, Trial 2_R1, Trial 2_R2 and 

Trial 2_BLUP, respectively (Supplementary Data Fig. S7A–
D, Tables S5 and S6). Fifteen, 17, 12, 23, 250, 1 and 158 sig-
nificant SNPs were associated with PHr in Trial 1_R1, Trial 
1_R2, Trial 1_R3, Trial 1_BLUP, Trial 2_R1, Trial 2_R2 and 
Trial 2_BLUP, respectively (Supplementary Data Fig. S7A–D, 
Tables S5 and S6). The SNP of chrA10_8216711 on chromo-
some A10 was associated with PH_LP and PHr in both Trial 
2_R2 and Trial 2_BLUP (Fig. 1A, B). In this study, the LD 
decay was 238 kb for this association panel (Supplementary 
Data Table S3). Based on the LD decay, 300  kb up/down-
stream of the significant SNPs were selected to identify can-
didate genes on A10 and 76 candidate genes were detected. 
The significant SNP associated with PH_LP and PHr iden-
tified at the 8 216 711 bp position on chromosome A10 was 
found located in the genetic region of BnaA10g09290D, 
whose function was unknown. Candidate gene association 
analysis of BnaA10g09290D with SNP markers from the 2-kb 
promoter region and the entire coding region showed that 
three SNPs in BnaA10g09290D were significantly associated 
with the PH_LP and PHr, and had strong LD with each other 
(Fig. 1C, H). Further analysis demonstrated that the A allele 
of chrA10_8216680, T allele of chrA10_8216711 and T al-
lele of chrA10_8216756 were the P-deficiency-tolerant alleles 
(Fig. 1). Two major haplotypes based on the three significant 
SNPs were detected in this association panel, among which 
BnaA10g09290Hap2 (TCA) was P deficiency sensitive, while 

Table 2. Mean, maximum (max.), minimum (min.), range, heritability and coefficient of variation (CV) of PH, BN, PHr (ratio of PH_LP 
to PH_SP) and BNr (ratio of BN_LP to BN_SP) in an association panel of B. napus in Trial 1 and Trial 2, at LP and SP

Trait Year Replication Mean Min. Max. Range CV (%) h2 (%)

PH_LP (cm) Trial 1 1 121·89 73·75 165·50 91·75 14·80 63.26
2 132·02 74·95 179·25 104·30 14·31 
3 132·15 79·00 179·00 100·00 14·31 

Trial 2 1 128·66 57·50 176·00 118·50 18·23 
2 126·93 60·50 170·50 110·00 16·42 

BN_LP (no. per plant) Trial 1 1 2·9 0·0 8·0 8·0 53·76 61.01
2 4·2 0·0 9·5 9·5 45·80 
3 4·3 0·0 10·5 10·5 46·65 

Trial 2 1 4·4 0·0 10·0 10·0 45·98 
2 4·0 0·0 11·0 11·0 51·15 

PH_SP (cm) Trial 1 1 137·43 90·50 194·00 103·50 12·72 88.51
2 151·11 84·00 207·50 123·50 12·25 
3 159·85 97·00 214·00 117·00 11·02 

Trial 2 1 170·31 97·00 216·00 119·00 12·82 
2 160·16 107·00 204·00 97·00 11·67 
3 171·78 90·00 235·00 145·00 11·76 

BN_SP (no. per plant) Trial 1 1 4·2 1·0 9·5 8·5 39·48 70.12
2 5·9 1·5 13·0 11·5 31·31 
3 6·7 3·0 15·0 12·0 28·75 

Trial 2 1 7·2 1·0 15·0 14·0 26·85 
2 6·7 3·0 14·0 11·0 26·69 
3 7·0 2·5 15·5 13·0 26·77 

PHr Trial 1 1 0·84 0·45 1·00 0·54 12·22 69.64
2 0·83 0·52 1·00 0·47 12·93 
3 0·81 0·50 1·00 0·50 13·98 

Trial 2 1 0·75 0·40 1·00 0·60 16·17 
2 0·73 0·40 0·97 0·57 15·93 

BNr Trial 1 1 0·61 0·10 1·00 0·90 40·97 61.33
2 0·64 0·10 1·00 0·90 37·03 
3 0·63 0·13 1·00 0·88 34·79 

Trial 2 1 0·59 0·11 1·00 0·89 35·81 
2 0·59 0·11 1·00 0·89 37·74 

http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcab115#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcab115#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcab115#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcab115#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcab115#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcab115#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcab115#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcab115#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcab115#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcab115#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcab115#supplementary-data
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BnaA10g09290Hap1 (ATT) was P deficiency tolerant (Fig. 
1G, L). Notably, chrA10_8216680 (T/A) located in the exon 
region of the gene BnaA10g09290D and resulted in amino 
acid changes from isoleucine to asparagine and might con-
tribute to the phenotypic difference in PH_LP and PHr (Table 
3).

The region significantly associated with PHr in both Trial 
1_R2, Trial 1_R3, Trial 1_BLUP and Trial 2_BLUP on 
chromosome C08 ranged from 27·95 to 28·13 Mb (Fig. 2A, 
B). Based on the LD decay (238  kb), 300  kb upstream and 
downstream regions of the significant SNP (chrC08_27999846, 
P  =  8·91E-08, phenotypic variance explained  =  12.46  %) 
were selected and found to contain 101 genes. The lead SNP 
of chrC08_27999846 was located within BnaC08g26640D. 
Three SNPs in BnaC08g26640D were detected to be signifi-
cantly associated with the PHr (Fig. 2C), and the A allele of 
chrC08_27999709, A  allele of chrC08_27999778 and T al-
lele of chrC08_27999846 were the P-deficiency-tolerant al-
leles (Fig. 2D–F). These three significant SNPs revealed two 
major haplotypes, and BnaC08g26640Hap1 (AAT) had sig-
nificantly greater PHr value than BnaC08g26640Hap2 (GTC) 
(P = 1·51E-15) (Fig. 2G). The SNP chrC08_27999709 (A/G) 
was located in the intron region, and did not result in any amino 
acid change (Table 3). The SNP of chrC08_27999846 (T/C) 
was in the exon region, and it was a synonymous mutation that 
did not result in any amino acid change (Table 3). The SNP of 
chrC08_27999778 (A/T) located in the exon region of the gene 
BnaC08g26640D and resulted in amino acid changes from 
isoleucine to asparagine and might contribute to the pheno-
typic difference in PHr (Table 3).

Three SNPs associated with BN_LP, chrA01_13846343, 
chrA03_20898013 and chrC07_521008 were detected sim-
ultaneously by GLM and MLM (Supplementary Data Tables 
S5 and S6). On chromosome A01, 40 candidate genes were 
detected underlying the region around chrA01_13846343 
(Supplementary Data Table S7). The ATP phosphoribosyl 
transferase 1 (BnaA01g21560D) and low-temperature- and 
salt-responsive protein (BnaA01g21470D) were identified in 
the candidate region. On chromosome A03, the significant 
SNP chrA03_20898013 was also detected by GLM and MLM 
model simultaneously, with P  =  4·97E-07 and R2  =  9·21  % 
(Supplementary Data Tables S5 and S6). Two genes encoding 
heat shock transcription factor A7A (BnaA03g41540D 
and BnaA03g41550D) were identified in the upstream 

region from chrA03_20898013, and their homologue in 
Arabidopsis responds to abiotic stresses (Lin et  al., 2018). 
In addition, a phosphatidic acid phosphatase family protein 
(BnaA03g41050D) and a pyruvate orthophosphate dikinase 
(BnaA03g41960D) were identified in the downstream region 
of chrA03_20898013. On chromosome C07, a total of 62 
genes were detected underlying the candidate region around 
the SNP chrC07_521008 (P = 5·95E-07). Among these can-
didate genes was an EXP1 gene (BnaC07g00140D), which 
is involved in unidimensional cell growth and plant-type cell 
wall loosening, and may be involved in BN determination at 
LP (Supplementary Data Table S8).

Comparison of the significant SNPs with QTLs for P efficiency

Based on the Darmor-bzh reference genome, we analysed the 
co-localization of the significant SNPs detected in our study 
and the QTLs detected by previous study (Shi et  al., 2013). 
Thirty-three significant SNPs detected by GWAS co-localized 
with the intervals of the QTLs for the same traits in a previous 
linkage analyses of the BnaTNDH population (Shi et al., 2013), 
including 4 SNPs on A02, 7 SNPs on A09, 7 SNPs on C06 
and 15 SNPs on C07 (Supplementary Data Table S9). Among 
them, four co-located SNPs on A02 chromosome associated 
with PH_LP (Fig. 3A–C), including the P-tolerant T allele of 
chrA02_23692807, C allele of chrA02_23713660, A allele of 
chrA02_23899688 and T allele of chrA02_23912345 (Fig. 3D). 
A total of 152 candidate genes were within the QTL (PH_LP1_
A02a; Shi et al., 2013) confidence interval on A02 (Fig. 3A, 
Supplementary Data Table S10). Among the four co-localized 
SNPs, the lead SNP chrA02_23899688 (P = 1·85E-07) was lo-
cated in the CDS region of BnaA02g33340D (Supplementary 
Data Table 3). Since BnaA02g33340D was identified by asso-
ciation with PH_LP, we examined the association of sequence 
variation in BnaA02g33340D with the PH_LP of the associ-
ation panel. Five SNPs in BnaA02g33340D were detected to 
be significantly associated with the PH_LP (Fig. 3E). Further 
analyses showed that the G allele of chrA02_23899623, G al-
lele of chrA02_23899654, T allele of chrA02_23899669, C al-
lele of chrA02_23899686 and A  allele of chrA02_23899688 
were P-tolerant alleles (Fig. 3F). There were two major 
haplotypes associated with PH and Hap1 (GGTCA) and had 
higher PH at low P than Hap2 (ATATC) with a P-value of 

Table 3. List of synonymous and non-synonymous SNP variants identified in the candidate genes of BnaA02g33090D, BnaA10g09290D 
and BnaC08g26640D

Gene SNP Major  
allele

Minor  
allele

SNP location SNP type Amino acid changes

BnaA02g33090D chrA02_23899623 G A Intron – –
chrA02_23899654 G T Intron – –
chrA02_23899669 T A Intron – –
chrA02_23899686 C T Exon Synonymous –
chrA02_23899688 A C Exon Non-synonymous Histidine to proline

BnaA10g09290D chrA10_8216680 T A Exon Non-synonymous Isoleucine to asparagine
chrA10_8216711 C T Intron –  
chrA10_8216756 A T Exon Synonymous  

BnaC08g26640D chrC08_27999709 A T Intron – –
 chrC08_27999778 A T Exon Non-synonymous Isoleucine to asparagine
 chrC08_27999846 T C Exon Synonymous –

http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcab115#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcab115#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcab115#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcab115#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcab115#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcab115#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcab115#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcab115#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcab115#supplementary-data
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0·0010, suggesting that the variation in BnaA02g33340D was 
associated with PH_LP (Fig. 3G). Further analysis indicated 
that chrA02_23899623 (G/A), chrA02_23899654 (G/T) and 
chrA02_23899669 (T/A) were located in the intron region, and 
the SNP ‘chrA02_23899686 (C/T)’ was located in the exon re-
gion and was a synonymous mutation, which was unlikely to 
affect the function of the BnaA02g33340D protein (Table 3). 
The SNP ‘chrA02_23899688 (A/C)’ was located in the exon 
region of the gene BnaA02g33340D and resulted in amino acid 
changes from histidine to proline and may be causative of the 
difference in PH_LP (Table 3). These observations demon-
strated that BnaA02g33340D is most likely to be the candidate 
gene for the locus represented by lead SNP chrA02_23899688.

DISCUSSION

Significant differences in the PH and BN in the association panel 
of B. napus at LP supply

In this study, the available soil P concentration in three fields 
ranged from 11·56 to 16·95 mg kg−1, which are between P de-
ficient and slightly P deficient (Zou et  al., 2009). Some typ-
ical P-deficiency symptoms were observed in most lines in 
the field, such as greater anthocyanin visibility in old leaves, 
restricted shoot growth at the seedling stage (Supplementary 
Data Fig. S1A–C), and reduced PH and BN at the mature stage 
(Supplementary Data Fig. S1D–F). Plant height and BN are es-
sential components of plant canopy architecture in B. napus, 
which are closely correlated with its yield (Zheng et al., 2020). 
Compared with SP, PH and BN of ‘Eyou Changjia’ (a P-efficient 
variety) decreased by 11 and 25·4  %, respectively; and PH 
and BN of B104-2’ (a P-inefficient variety) decreased by 23  
and 46·9 %, respectively (Ding et al., 2012). In addition, the  
PH and BN of ‘Eyou Changjia’ were higher than those of 
‘B104-2’ at LP in two field trials (Ding et al., 2012). Cultivars 
‘Tapidor’ and ‘Ningyou 7’ are parental cultivars of the 
BnaTNDH population and PH and BN at LP were also less 
than those at SP (Shi et al., 2013). Compared with the control 
(no P application), the PH of B. napus increased by 11·2, 16·7 
and 19·4 %, respectively, and the BN of B. napus increased by 
25·5, 36·2 and 40·4 % in the P application rates of 103·0, 206·0 
and 309·0 kg hm−2 (Lu et al., 2005).

Extensive phenotypic variations for PH and BN are observed 
in several natural populations of B.  napus at SP (Li et  al., 
2016; Sun et al., 2016; Luo et al., 2017; Zheng et al., 2017). 
For example, the PH varied from 48·3 to 228·3 cm among 496 
B.  napus accessions, with an average ranging from 133·5 to 
187·3 cm across six environments (Sun et al., 2016), and varied 
from 86.2 to 206·0 cm among 333 B. napus accessions across 
2 years, with 1·6- to 2·4-fold variations across the 2 years (Zheng 
et al., 2017). In this study, we measured PH and BN in a panel 
of 403 B. napus accessions across 2 years under both LP and 
SP conditions. At SP, the PH varied from 84.0 to 235·0 cm and 
BN varied from 1 to 15 per plant (Table 2; Supplementary Data 
Table S1 and Fig. S2). Compared with the association panel 
with 496 B.  napus accessions (Sun et  al., 2016), the natural 
population in this study has more extensive genetic variation 
at SP. At LP conditions, the PH varied from 57·5 to 179·2 cm 
and BN varied from 0 to 11 per plant (Table 2; Supplementary 

Data Table S1 and Fig. S2). These data show that P deficiency 
significantly reduced the PH and BN of B.  napus compared 
with those grown at SP in our study and others. In addition, 
extensive phenotypic variations for PH and BN at LP would be 
useful for screening for P-efficient cultivars that have greater 
potential to give higher yields at LP.

Candidate genes associated with significant SNPs for PH and BN 
of B. napus at LP

GWAS has been successfully applied to the genetic dissec-
tion of low P tolerance in different crops, such as in maize (Xu 
et al., 2018; Luo et al., 2019), rice (Wissuwa et al., 2015), wheat 
(Liu et al., 2015), soybean (Zhang et al., 2014) and oilseed rape 
(Wang et al., 2017). However, up to now there has been no re-
port on the GWAS of B. napus PH and BN at LP, major deter-
minants of seed yield and yield in B. napus. A  total of 2127 
significant SNPs were detected for PH and BN and 33 SNPs 
were identified co-localized with previously identified QTLs 
(Supplementary Data Tables S5, S6, S9). Closer examination of 
allelic frequency of the four co-located SNPs on chromosome 
A02 among this association panel indicated that the inbred 
lines carrying a minor allele have lower PH than inbred lines 
carrying a major allele at LP (Fig. 3D). Interestingly, the PH 
of the accessions carrying the minor allele and major allele did 
not show a significant difference at SP supply (Supplementary 
Data Fig. S8). The four co-localized SNPs decrease the PH 
at LP and might affect the seed yield. ChrA10_8216711 for 
PH_LP and PHr in both Trial 2_R2 and Trial 2_BLUP was lo-
cated in the genetic region of a gene with unknown function, 
BnaA10g09290D. ChrC08_27999846 for PHr was located in 
the exon of BnaC08g26640D. We performed candidate gene as-
sociation analysis and haplotype analysis for BnaA10g09290D 
and BnaC08g26640D, and high-P-efficiency haplotypes of 
BnaA10g09290Hap1 and BnaC08g26640Hap1, respectively, 
were identified (Figs 1G, L and 2G).

In addition, some genes reported to be associated with P 
uptake and homeostasis were also detected in our association 
analysis (Supplementary Data Table S11). PHOSPHATE1 
(PHO1), a gene that encodes a membrane protein consisting of 
SPX, plays an important role in loading P into xylem in roots 
(Hamburger et al., 2002; Pacak et al., 2016; Che et al., 2020). 
The peak SNP chrA07_6641098 on A07 was identified to be lo-
cated within 280 kb of B. napus BnaA07.PHO1 (Supplementary 
Data Table S11). Many plant proteins with SPX domains are in-
volved in Pi signalling (Wang et al., 2004; Duan et al., 2008). 
In this study, BnaC03g65110D, a gene with an SPX (SYG1/
Pho81/XPR1) domain-containing protein, was located within 
the interval of the SNP chrC03_54249584 for the trait of PHr 
(Supplementary Data Table S11). BnaC05g27910D was a 
homologous gene of BnaC03g65110D, also containing an 
SPX (SYG1/Pho81/XPR1) domain, and was located within the 
interval of the leading SNP chrC05_25541489 for the trait of 
PHr (Supplementary Data Table S11). In Arabidopsis, AtUBP14 
is involved in the response of root systems to P deficiency (Lee 
et al., 2008). In this study, BnaA08g08470D (BnaA08.UBP20), 
a gene that contains ubiquitin-specific protease activity, was 
located within the interval of the SNP chrA08_8488725 
and linked with the trait for PHr (Supplementary Data Table 
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S11). The PHT1 family encode plant Pi transporters to trans-
port P into plants (Huang et  al., 2019). Recently, BnaPht1;4 
was found to participate in the uptake and transportation of 
P, and promotes seed germination and seedling growth of B. 
napus by regulating the biosynthesis of ABA and GA (Huang 
et al., 2019). In this study, we identified the BnaA04g22280D 
(BnaA04.PHT11;4) by SNP chrA04_16843321 for BN_LP, 
which was likely to affect the growth and development of BN at 
LP (Supplementary Data Table S11). In addition, we identified 
BnaA09g16430D (BnaA09.Pht1;6) by SNP chrA09_9605643 
for BN_LP, which is located 170 kb downstream of the SNP 
chrA09_9605643 (Supplementary Data Table S11). Purple acid 
phosphatases (PAPs) are a family of binuclear metalloenzymes 
(Olczak et  al., 2003). Overexpression of OsPAP10c (purple 
acid phosphatase 10c) enhances the utilization of phytate-P, 
root growth and yield at LP in rice (Deng et  al., 2020). 
BnaA03g41050D (BnaA03.PAP2) was located 310  kb down-
stream of the SNP chrA03_20898013 and linked with the trait 
for BN_LP (Supplementary Data Table S11). These candidate 
genes might play important roles in the development of PH and 
BN in B. napus at a deficient P supply.

Co-location of the significant SNPs for root system architecture 
traits and PH and BN of B. napus at a deficient P supply

Previously, 285 SNPs were detected associated with root-
related traits of B.  napus at LP and a P-efficient haplotype, 
BnA03Hap, on chromosome A03 was identified (Wang et al., 
2017). Fifty-three significant SNPs in this study were adja-
cent to previously published significant SNPs associated with 
root system architecture at LP, which may control both the 
root system and PH or BN at LP (Supplementary Data Table 
S12). For example, SNP chrA08_10449680 was associated 
with PHr in this study and chrA08_10481443 was associ-
ated with primary root length at LP (PRL_LP) in Wang et al. 
(2017). BnaA08g11400D was detected by chrA08_10449680 
and linked with the trait for PHr and located 106 kb upstream 
of chrA08_10449680 (Supplementary Data Table S12). 
BnaA08g11400D was homologous to Arabidopsis root hair de-
fective 6-like 2 (RSL2). RSL2 encodes a basic helix–loop–helix 
transcription factor that promotes root hair initiation, growth 
and elongation (Yi et  al., 2010; Han et  al., 2017; Mangano 
et al., 2018). In addition, mutants lacking RSL2 have disrupted 
root hair formation under LP (Lan et al., 2012; Bhosale et al., 
2018). BnaA08g11400D may affect PH by regulating root hair 
development at LP or have pleiotropic effects on shoot growth 
and development in B. napus.

Conclusions

Taken together, the PH and BN of a panel of 403 B. napus 
accessions collected worldwide were investigated at LP and SP, 
with 2127 significant SNPs associated with these traits identi-
fied by GWAS. Thirty-three SNPs co-localized with previous 
QTLs, including four at LP and 22 at SP. In addition, candidate 
gene association and haplotype analysis of BnaA02g33340D, 
BnaA10g09290D and BnaC08g26640D revealed several 
P-tolerant haplotypes. These significant SNP loci, favour-
able alleles and haplotypes, and the accessions carrying these 

desired alleles and haplotypes will be useful for breeding for 
low-P-tolerance B. napus cultivars.

SUPPLEMENTARY DATA

Supplementary data are available online at https://academic.
oup.com/aob and consist of the following. Figure S1: shoot and 
root growth of an association panel of B. napus in the field at 
LP and SP. Figure S2: frequency distribution of PH and BN 
of an association panel of B.  napus in Trial 1and Trial 2 at 
LP and SP. Figure S3: correlation coefficients of PH and BN 
of B. napus between Trial 1 and Trial 2 at LP and SP. Figure 
S4: LD decay of an association panel of B. napus. Figure S5: 
population structure of an association panel of B. napus with 
K from 2 to 8. Figure S6: kinship of an association panel of 
403 B. napus accessions. Figure S7: GWAS of PH and BN in 
an association panel of B. napus at LP and SP supplies. Figure 
S8: association of alleles for PH_SP. Table S1: list of 403 ac-
cessions of B. napus used in the study. Table S2: PH and BN 
at LP and SP supplies in an association panel of B.  napus. 
Table S3: number of SNPs and LD decay on the 19 chromo-
somes of B. napus in this study. Table S4: kinship of an asso-
ciation panel of B. napus. Table S5: significant SNP loci for 
PH and BN of B. napus by GWAS in Trial 1 and Trial 2 at LP  
and SP by GLM. Table S6: significant SNP loci for PH and BN 
of B. napus by GWAS in Trial 1 and Trial 2 under LP and SP 
by MLM. Table S7: gene ontology (GO) enrichment analysis 
of candidate genes within 300 kb upstream and downstream of 
the lead SNP of chrA01__13846343 on A01 chromosome for 
BN_LP. Table S8: GO enrichment analysis of candidate genes 
within 300 kb upstream and downstream of the lead SNP of 
chrC07__521008 on C07 chromosome for BN_LP. Table S9: 
co-location of SNPs associated with plant height detected by 
GWAS with an association panel of B. napus and QTLs for PH 
detected in the BnaTNDH mapping population at LP and SP. 
Table S10: GO enrichment analysis of candidate genes located 
in the QTL linkage disequilibrium intervals on A02 chromo-
some for PH_LP. Table S11: candidate genes associated with 
phosphorus uptake and utilization in this study. Table S12: 
Comparison of SNPs detected by PH_LP and BN_LP in this 
study with previously identified SNPs for root and shoot traits 
at LP.
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