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Abstract

Optimal root system architecture (RSA) is essential for vigorous growth and yield in
crops. Plants have evolved adaptive mechanisms in response to low phosphorus (LP)
stress, and one of those is changes in RSA. Here, more than five million single-
nucleotide polymorphisms (SNPs) obtained from whole genome re-sequencing data
(WGR) of an association panel of 370 oilseed rape (Brassica napus L.) were used to
conduct genome-wide association study (GWAS) of RSA traits of the panel at LP in
‘pouch and wick’ system. Fifty-two SNPs were forcefully associated with lateral root
length (LRL), total root length (TRL), lateral root density (LRD), root number (RN),

mean lateral root length (MLRL) and root dry weight (RDW) at LP. There were
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significant correlations between phenotypic variation and the number of favorable
alleles of the associated loci on chromosomes A06 (chrA06 20030601), CO03
(chrC03 3535483) and C07 (chrC07 42348561), respectively. Three candidate genes
(Bnad06g29270D, BnaC03g07130D and BnaC07g43230D) were detected by
combining transcriptome, candidate gene association analysis and haplotype analysis.
Cultivar  carrying  “CCGC”  at  BnaAd06g29270DHapl,  “CAAT”  at
BnaC03g07130DHapl and “ATC” at BnaC07g43230DHapl had greater LRL, LRN
and RDW than lines carrying other haplotypes at LP supply. The RSA of cultivar
harboring the three favorable haplotypes was further confirmed by solution culture
experiments. These findings define exquisite insights into genetic architectures

underlying B. napus RSA at LP, and provide valuable gene resources for root breeding.

Introduction

Oilseed rape (Brassica napus L.; B. napus) is a globally important oil crop (Chalhoub
et al. 2014). B. napus has high phosphorus (P) demand and P deficiency affects root
development and reduces seed yield (Wang et al. 2017; Liu et al. 2021a). As populations
expand around the world, the demand for edible oil is also growing. However, P
fertilizers are derived from non-renewable P rock resources and over application of P
fertilizers are associated with environmental issues, such as eutrophication (Vance et al.
2003; Liu et al. 2015). Therefore, detecting the genetic mechanisms for tolerance to low
P (LP) availability and breeding P-efficient B. napus cultivars to reduce P use in
agricultural systems is crucial.

Root system architecture (RSA) is the spatial configuration of different types and
ages of roots emerging from a single plant and is important for plant survival (Lynch et
al. 1995). Traditional linkage analysis has identified abundant quantitative trait loci
(QTLs) for root traits in B. rnapus in response to low P availability. A B. napus DH
population (BnaTNDH) has been constructed from a cross between a P-efficient
cultivar, ‘Ningyou7’, and a P-inefficient cultivar, ‘Tapidor’ (Shi et al. 2013). Thirty
QTLs were detected for primary root length (PRL), total root length (TRL), root number

(RN) and lateral root density (LRD) in an agar-based growth system with P-deficient
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and P-sufficient supply in BnaTNDH population of B. napus (Shi et al. 2013). Among
them, QTLs clustered on A03 chromosome associated with LRN and RDW at a low P
supply. Altogether, 131 QTLs were detected for RSA traits using a high-density single-
nucleotide polymorphism (SNP)-based genetic linkage map (Zhang et al. 2016). The
intervals of QTLs for root and shoot biomass overlapped on chromosome A03, and
QTLs for root biomass and lateral root emergence on chromosome A04 and C04, COS8
and C09 were co-located. A major QTL explained 18.0% of the phenotypic variation
for lateral root density on chromosome C09 (Zhang et al. 2016).

Compared with traditional linkage analysis, GWAS (genome-wide association study)
does not require construction of mapping populations, which can save time (Xiao et al.
2017). For B. napus, a 60K SNP chip has been developed for genotyping line in GWAS
studies and was used GWAS analysis of RSA at LP. Two hundred and eighty-five SNPs
were significantly associated with RSA in response to LP by GWAS study involving
405 accessions (Wang et al. 2017). Nine SNPs linked with RSA were consistent with
the published QTL mapping of RSA in the BnaTNDH population (Wang et al. 2017;
Zhang et al. 2016). Eleven SNPs were identified by a combined GWAS and QTL
mapping approach, with the SNPs located on A06, A08 and CO1 co-located with QTLs
associated with root angle at LP (Duan et al. 2021).

GWAS of RSA of B. napus under nutrient conditions have also been reported. Thirty-
one significant SNPs were detected for root traits by shovelomics approach in the field
using GWAS analysis with 216 B. napus accessions (Arifuzzaman et al. 2019). Two
association mapping panels were used to perform GWAS on root related traits in B.
napus, and 27 significant SNPs were identified (He et al. 2019). Thirty-two SNPs are
identified as significantly associated with root related traits at five vegetative stages by
a GWAS analysis with 280 B. napus accessions, with BraAd03g52990D,
BnaA06g37280D, and BnaA09g07580D identified as candidate genes (Li et al. 2021).

Compared with SNP chip genotyping, whole genome re-sequencing (WGR) provides
higher accuracy in mapping the location of recombination events and is capable of
detecting more genetic variants. Recently, WGR technology has been used to analyze

the genetic structure of agronomic traits of B. napus including seed oil content (Tang et
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al. 2021), glucosinolate content (Tan et al. 2022), phytate (Liu et al. 2021a) and low-
temperature tolerance (Luo et al. 2021).

In this study, the genetic architecture of RSA at LP in the seeding stage was
investigated by GWAS using a panel of 370 B. napus accessions and more than 5
million SNPs. Here we report the (1) significant SNPs and candidate genes linked with
RSA traits at LP and (2) identify the favourable haplotypes for breeding cultivars with
optimal RSA in B. napus.

Materials and methods
Plant materials

The B. napus association panel contained 370 cultivars and inbred lines, comprising
327 semi-winter, 37 spring, 4 winter and 2 vegetable types, converged from major B.

napus breeding centers across China (Table S1).

Phenotypic investigation

The phenotype data for RSA of the association panel from the ‘pouch and wick’
system of B. napus at low P (0 mM Pi) published by Wang et al. (2007) were used in
this study. For individual genotypes, at least 16 replicates were sown. Fourteen days
after sowing on free-P paper, seedling’s root system was detected using a digital single-
lens reflex camera (Canon EOS 1100D, Canon Inc., Tokyo, Japan) with a marker at the
base. Root images were analyzed using RootReader2D (RR2D) and automatically
calculates PRL (primary root length), LRL (lateral root length) and LRN (lateral root
number) (Clark et al. 2013). TRL (total root length) = PRL + LRL, LRD (lateral root
density) = LRN / PRL and MLRL (mean lateral root length) = LRL/LRN as described
by Wang et al. (2017). Root samples were oven-dried at 80°C for two days and dry
biomass were collected. The mean, maximum, range, skewness and coefficient of
variation were calculated using the psych package in R software (https:/cran.r-
project.org/web/packages/psych/index.html). The correlation coefficients between
phenotypes were calculated by R language.

Cultivar L133 with three favourable haplotypes and cultivar L154 without these
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haplotypes were used to investigate the difference in RSA between them. Seedlings
were grown at sufficient P (SP: 250 umol L P) and low P (LP: 5 pmol L™ P) in
hydroponics in growth chamber (16 h light (7:00 am-23:00 pm)/ 8 h dark regime at
22°C) (Wang et al. 2017). Twenty-four-day-old seedlings were harvested after the
measurement of net photosynthetic rate (Pn). Pn of the youngest fully expanded leaf
was measured between 10 am to 12 am using a portable photosynthesis system (Li6400;
LI-COR, Lincoln, NE, USA). The root was scanned with a modified flatbed scanner
(Epson V700, Nagano-ken, Japan) at 400 dpi. Total root length (TRL, cm), root volume
(RV, cm?), root area (RA, cm?) and lateral root number (LRN, N) were determined with
the WinRHIZO program (Regent Instruments Inc., Quebec, Canada). Leaves were
scanned with the scanner and the whole area of leaves was measured using the Image J
software (http://rsbweb.nih.gov/ij/download.html). Shoot and root samples were dried

at 80°C for two days for dry biomass measurements.

Genome-wide association study and candidate gene identification

High-quality SNP markers (more than 10 million) across the B. napus association
panel, comprising 403 distinct genotypes, cultivars and inbred lines were obtained
previously (Tang et al. 2021). The SNPs filtered with minor-allele frequency (MAF)
(>0.05) and missing rate (<0.2), 1.60 million SNPs were obtained for GWAS in this
study. We used the factored spectrally transformed linear mixed models (Fast-LMM)
(https://www.softpedia.com/get/Science-CAD/FaST-LMM-Set.shtml). The threshold

for screening significant SNPs in this association panel is set to 6.25x10°7 (Liu et al.
2021a; Liu et al. 2021b). Use GGplot2 package (https:/cran.r-
project.org/web/packages/ggplot2/index.html) in R software to draw Manhattan plot

and CMplot package (https://cran.r-project.org/web/packages/CMplot/) to draw

Quantile-Quantile plot. Population structure and kinship was calculated by Admixture
software and Tassel 5.0 software, respectively (Bradbury et al. 2007; Alexander et al.
2009). Analysis of molecular variance (AMOVA) was performed with the arlequin
software (3.5.2.2) with 1000 permutations to statistically examine differences between

populations (Excoffier et al. 2010). PopLDdecay software was used to calculated LD
5
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decay value (Zhang et al. 2019). Genes located within 173 kb upstream and downstream
of the peak SNPs were viewed as candidate genes according to the LD decay of the

panel (173 kb).

Candidate gene association analysis and haplotype analysis
The coding region and the upstream 2 kb promoter region of candidate genes were

extracted using vcftools software (https://vcftools.github.io/index.html, Danecek et al.

2011). Candidate gene association analysis of Bna406g29270D, BnaC03g07130D and
BnaC07g43230D were performed with Tassel 5.0 and LDBlockShow software
(Bradbury et al. 2007; Dong et al. 2021). Haploview.4.2 software was used for
haplotype analysis (Barrett et al. 2005). Further comparative analysis was conducted
based on haplotypes containing at least 10 B. napus accessions. To compared the

differences in the haplotypes of RSA, student’s t-test was applied.

Expression profile of putative candidate genes in P efficient B. napus cultivar
RNA was extracted using the EastepR super total RNA extraction kit (Promega,
Madison, WI). RNA concentration was quantified using the NanoDropND-1000
spectrophotometer (Thermo Scientific). One pg RNA was convert into cDNA with the
ReverTra Ace qPCR RT master mix with gDNA remover (TOYOBO, Osaka, Japan).
cDNA samples were diluted at 1:10 in ddH20. RT-qPCR was performed in 10 uL
reaction volumes with gene specific primers (Table S2), and conducted with a
QuantStudio™ 6 Flex System (Applied Biosystems, Foster City, CA) using the SYBR
Green Real-Time PCR Master Mix Kit (TOYOBO). The RT-qPCR was performed as
following: 95°C for 5 min followed by 40 cycles of 95°C for 10 s, 55°C for 20 s, and
72°C for 20 s, and a subsequent standard dissociation protocol to validate the presence
of a unique PCR product. Each sample was analyzed in three technical replicates, and
the 24T method was applied to calculate the relative expression from the normalizing
of two housekeeping genes (Tubulin and Actin2). Primer sequences are listed in Table

S2.
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Transcriptome sequencing

The transcriptome data of P deficient B. napus cultivars 'Eyou changjia' at LP and SP
conditions have been published (Du et al. 2017). Fifteen-day old seedlings were grown
at 250 uM Pi (SP) and P-free nutrient solution (LP, 0 uM P) for 10 days. The roots and
leaves were harvested with three biological replicates. Twelve RNA samples were
subjected to the Illumina HiSeq 2000 platform (Illumina, USA). Data analysis was
performed as described in Du et al. (2017).

Statistical analysis

Data were presented as means = SEM. Student’s ¢ test using Excel software
(Microsoft, Redmond, WA) and SigmaPlot (SPSS Science Inc., IL) were applied for
comparisons between samples. The asterisks indicate significant differences between
samples at the *P < 0.05, **P < 0.01, ***P < 0.0001, ****P <(.0001 level using the ¢
test. The phenotypic data of root traits were analyzed by restricted maximum likelihood
(REML) programs to evaluate the line means and sources of variation (Shi et al. 2013).
Means were approximated using the [Genotype] term as a fixed factor, retaining
[(Replicate/Side of paper/Tray/Frame/Room)] as random factors. The sources of
variation were estimated using the Random terms and no defined fixed factor. Statistical

analysis was performed by GenStat15"™ (VSN International, Oxford, UK).

Results
Phenotypic variation for root system architecture (RSA) of an association panel of
B. napus at LP supply

The phenotype data for RSA of 405 genotypes in the association panel of B. napus
at low P published by Wang et al. (2017) and the re-sequencing of 370 cultivars (Tang
et al. 2021) from the 405 were used in this study. Extensive phenotypic variations for
TRL, LRD, LRN, MLRL and RDW were detected in the association panel at LP in
‘pouch and wick’ system (Fig. 1; Table S3). At LP, the LRL varied from 15.49 to 53.41
cm with a coefficient of variation of 24.26% and a mean value of 33.72 cm (Table 1).

The LRN varied from 7.5 to 24.8 per plant with a coefficient of variation of 23.27%
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and a mean value of 16.2 per plant (Table 1). In addition, the skewness values of traits
were close to 0, which indicates that these traits conform to a normal distribution and
were suitable for GWAS analysis (Table 1). The correlation coefficient (r) between LRL
and TRL, TRL and LRN, TRL and RDW, LRN and RDW were 0.97, 0.85, 0.73 and

0.77, respectively (Fig. S1).

Population structure, relative kinship and LD decay

To identify genes involved in RSA in response to low P availability, we used
published genotype data consisting of more than 1.6 million high-quality SNPs for the
370 accessions (Tang et al. 2021) to conduct a GWAS based on the six RSA traits at
low P in the ‘pouch and wick’ system. When 1> was 0.1, the LD decay in this 370 B.
napus association panel was 173 kb (Fig. S2). Quality control for the imputed data was
conducted using Plink software, where SNPs were removed if they had a minor allele
frequency lower than 0.2. The number of markers retained for subsequent analyses was
417,787. Population was divided into four subgroups (Fig. S3). There were significant
differences between the K = 4 assigned populations (P < 0.01, Table S4). The kinship
heatmap shows that most cultivars are distantly related, which showed that this
association panel was suitable for GWAS analysis (Fig. S4). A total of 433,432 LD
blocks were identified in the whole genome (Table S5), and the majority of LD blocks
were less than 10 kb, and only 15 LD blocks were larger than 100 kb (Fig. S5). These
data indicated that the genetic distance of the accessions in the association panel was

appropriate for GWAS analysis.

Genome-wide association study of RSA related traits of B. napus at LP supply
GWAS for all six RSA traits was performed using the Fast-LMM. The quantile-
quantile plots indicated that the model of the six RSA could be used to detect association
signals (Fig. 2). Fifty-two SNPs were confirmed to be significantly associated with
these RSA traits at LP with a P< 6.25 x 107 in B. napus (Fig. 2; Table S6). Of the 52
SNPs, 18 were located in the LD block interval (Table S7). Among them, 6, 4, 12, 6, 3
and 21 SNPs were significantly associated with LRL, TRL, LRD, LRN, MLRL and

8
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RDW, respectively, and were distributed on 12 chromosomes, explaining between 7.35
and 12.37% of the phenotypic variance explained (PVE) (Fig. 2; Table S6).
Chromosome CO07 had the largest number of significant SNPs (11) and chromosome
AO01 had the least number of significant SNPs (1) (Fig. 2; Table S6). Four SNPs on
chromosomes C03 and C07 (chrC03 3535476, chrC03 3535483, chrC07 42348561
and chrC07_42348533) were significantly associated with RSA and were consistently
associated with two RSA traits (Table S6). SNP chrC03 3535476 was associated with
LRL and TRL, and explained 9.82% and 9.09% of the PVE, respectively (Table S6).
SNP chrC07 42348561 was associated with LRN and RDW, and explained 8.99% and
9.54% of the PVE, respectively (Table S6). In addition, 42 of the 52 significant SNPs
were located in the 18 LD blocks in this study. These results indicated that RSA traits
such as LRL were highly correlated with TRL, and LRN was highly correlated with
RDW (Fig. S1).

Prediction of candidate genes for RSA at LP supply in B. napus

The lead SNP chrC03 3535483 (P=2.37E-07, PVE=10.19%) on CO03 was
significantly associated with LRL and TRL, and may be a major genetic locus
responsible for RSA in B. napus at LP (Fig. 2; Table S6). LD decay was 173 kb for this
370 B. napus association panel (Fig. S2). Based on the LD decay, 93 candidate genes
were explored in the 173 kb up/down-stream of the significant SNP (chrC03 3535483)
(Table S8). The transcriptome data of P-efficient B. napus cultivars ‘Eyou changjia’
under LP and SP conditions (Li et al. 2019) were used to determine differential
expression of candidate genes identified by GWAS analysis. Transcript abundance of
BnaC03g07130D was significantly increased at LP in both shoots and roots, and was
also evidenced by qRT-PCR (Table 2; Fig. 3A). Lead SNP (chrC07 42348561, P =
1.82E-07, PVE = 9.54 %) on C07 was associated with both LRN and RDW at LP (Fig.
2; Table S6). Based on the LD decay, 76 candidate genes were detected (Table S8).
Transcriptome data and qRT-PCR analysis showed that the transcript of
BnaC07g43230D was induced by P deficiency in shoots and roots (Table 2; Fig. 3B).

In addition, one region significantly associated with LRD on chromosome A06

9
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ranged from 19.93 to 20.03 Mb (Fig. 2; Table S6). Seventy genes were detected
underlying the region around lead SNP chrA06 20030601, and two of the candidate
genes were significantly expressed by LP (Table 2; Table S8). The expression levels of
BnaA06g29270D in shoots and roots were significantly decreased at LP supply by qRT-
PCR analysis (Table 2; Fig. 3C). Twenty-four SNPs were located within the 2 kb
promoter region and the entire coding region of BnaA06g29270D. However, no SNPs
were identified within the corresponding region of BnaA06g29530D (Table 2).
Therefore, BnaA06g29270D was predicted to be the candidate gene for further study.

Candidate gene association study and haplotype analysis of BnaA06g29270D,
BnaC03g07130D and BnaC07g43230D

To further understand the intragenic variation affecting the phenotypic values and
identify the favorable alleles and haplotypes, we extracted the SNPs within the entire
coding regions and promoters (upstream, 2 kb) of three candidate genes
BnaC03g07130D, BnaA06g29270D and BnaC07g43230D, respectively. Thirty-seven
SNPs were identified in BrnaC03g07130D, and 26 in BrnaC07g43230D and 24
BnaA06g29270D (Fig. 4-6).

Ten and four SNPs in BnaC03g07130D were significantly associated with LRL and
TRL, respectively (Fig. 4A; 3G). Among the ten significant SNPs, four were located in
the promoter, five in the exon and one in the intron region (Table 3). The five SNPs
identified in the exons resulted in synonymous mutations, which were unlikely to
influence the function of BnaC03g07130D protein (Table 3). Further, the ‘C’ allele of
chrC03 3396486, ‘A’ allele of chrC03_ 3396712, ‘A’ allele of chrC03 3396812 and ‘T’
allele of chrC03 3396932 located in the promoter of BnaC03g07130D were all
identified as strong alleles associated with LRL and TRL (Fig. 4B-E, H-K). Two major
haplotypes were detected, among which BnaC03g07130Hap1 (CAAT) had higher LRL
and TRL, while BnaC03g07130Hap?2 (“TGCC”) had lower LRL and TRL (P =0.0002)
(Fig. 4F, L).

For candidate gene BnaC07g43230D three SNPs were associated with the LRN and
RDW (Fig. 5A, F), and the ‘A’ allele of chrC07 42368601, ‘T’ allele of
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chrC07 42368638 and ‘C’ allele of chrC07_ 42368650 were the positive alleles for root
development at LP (Fig. 5B-D, G-I). Two major haplotypes were identified, with
BnaC07¢43230Hapl (“ATC”) having significantly greater LRN and RDW than
BnaC07g43230Hap?2 (“TCT”) (Fig. SE, J).

For candidate gene BnaA06g29270D, 11 SNPs were significantly associated with the
LRD, and had strong LDs with each other (Fig. 6A; Table 3). Among the 11 significant
SNPs, 3, 6 and 2 were located in the promoter, exon and intron region, respectively
(Table 3). Five SNPs (chrA06 19976766, chrA06 19976785, chrA06 19976887,
chrA06 19977025 and chrA06 19977610) were in the exon region, but were
synonymous mutations which resulted in no amino acid changes (Table 3). The SNP of
chrA06 19977004 (C/A) was located in the exon region of the gene Bna406g29270D
and resulted in amino acid change from cysteine to a stop codon, and might contribute
to the phenotypic difference in LRD (Table 3). The ‘C’ allele of chrA06 19975674, ‘C’
allele of chrA06 19975707, ‘G’ allele of chrA06 19975749 and °C’ allele of
chrA06 19977004 were associated with higher LRD (Fig. 6B-E). Two major
haplotypes were identified, with Bna406g29270Hap1 (“CCGC”) having significantly
higher LRD than Bna406¢29270Hap2 (“TACA”) (P <0.0001) (Fig. 6F).

A total of 73 B. napus cultivars in this association panel contained these three
favorable haplotypes. As expected, RSA (such as, LRL, TRL, LRN and RDW) were
significantly higher in the 73 cultivars than in the other 297 cultivars at low P (Fig. 7).
To better understand the relative influence of the three favorable haplotypes on the root
and shoot growth of B. napus, a cultivar harboring the three favorable haplotypes (L133)
and a cultivar with none of these haplotypes (L154) with extremely different in root
system architecture traits at low P (Figure 7) were chose to dissect root system
architecture, biomass, whole leaf area and net photosynthesis at both sufficient P and
low P (Fig. 8). TRL and WLA (whole leaf area) were higher in L133 cultivar than in
L154 cultivar at SP (Fig. 8A, B, H). P deficiency decreased the RSA (TRL, RV, RA,
LRN and RDW), shoot dry weight (SDW) and WLA significantly and resulted in
decreased net photosynthesis rate. Moreover, L154 cultivar had lower RSA, SDW,
WLA and NP than L.133 cultivar at LP (Fig. 8). L154 was more sensitive to P deficiency
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than L133.

Discussion
Advantages of WGR for genotyping in GWAS

GWAS is a powerful method for connecting identified phenotypic differences and
the underlying causative loci (Korte et al. 2013). Currently, SNP chips and WGR are
widely employed genotyping methods to identify genetic variants within genotypes
combined with GWAS. By far, more than half of GWAS in B. napus were performed
based on 60K SNP chip (Liu et al. 2022). As the continuous development of sequencing
technology and the continuous reduction in costs, WGR has become a routine method
to identify genetic variants. Compared with SNP chip, WGR data have more genetic
loci and cover the whole genome (Liu et al. 2022). In B. napus, a total of 24,403 SNPs
are selected to perform association mapping of flowering time (Jun et al. 2019), and
11,804 SNPs were used (Raman et al. 2019), which all the two panel were genotyped
with a 60 K SNP array. However, 5.56 million SNPs were confirmed used for
association analyses by WGR, and with identified 22 SNPs linked with 37 genes were
associated with flowering time in B. napus (Wu et al. 2019). A total of 26,841 SNPs
were selected by SNP array to perform association mapping of seed weight in B. napus,
and detected a major QTL on chromosome A09 (Li et al. 2014). While, 690,953 SNPs
high quality were used by WGR and 20 SNPs were detected to associate with seed
weight in B. napus (Dong et al. 2018).

Previously, a total of 19,397 SNPs with minor allele frequency (MAF) > 0.05 were
selected to conduct association analyses of RSA in B. napus at LP with the panel of B.
napus lines genotyped with a 60 K Brassica Infintum SNP array(Wang et al. 2017).
However, in this study, a total of 1.6 million higher quality SNPs (MAF > 0.2) identified
by WGR were used for association analyses. As the 60 K SNP chip contains fewer SNPs
than WGR, some SNPs that are significantly associated with the target traits could not
be detected in the previous association analysis. A total of 52 significant SNPs
associated with RSA at LP were identified on 12 of the 19 B. napus chromosomes,

explaining a higher average of PVE (9.14%; Table S6) in this study than observed by
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60 K SNP chip (an average of 6.09% PVE) (Wang et al. 2017). In this study, 12
significant SNPs detected by WGR for RSA were adjacent to previously reported
significant SNPs detected by 60 K SNP chip, proving the accuracy of the results of
GWAS in this study (Table S9). For example, significant SNP chrA03 26604503
located at 26604503 bp on chromosome A03 was associated with RDW in this study,
and SNP Bn-A03-p28127216 located at 26598176 bp on chromosome A03 was also
associated with RDW by Wang et al. (2017) (Table S9).
Favorable haplotype of candidate genes for RSA of B. napus at LP

GWAS of'six RSA traits (LRL, TRL, LRD, LRN, MLRL and RDW) identified a total
of 52 significant SNPs in B. napus at LP (Fig. 2; Table S6), and a total of 184 candidate
genes were assessed based on the lead SNPs (Table S8). We did not compare the SNPs
for RSA identified at LP and SP as the RSA of the association panel of B. napus at high
P was not investigated in Wang et al. (2017). Some significant SNPs, candidate genes
and haplotypes identified at low P might also have a function under sufficient P. Using
GWAS data in combination with transcriptome data to mine candidate genes has
become a conventional method in B. napus, such as harvest index (Lu et al. 2017), seed
oil content (Tang et al. 2021), flowering time (Huang et al. 2021) and glucosinolate
content (Kittipol et al. 2019). Based on our previously published transcriptome
sequencing of the root and shoot of P-efficient cultivar (‘Eyouchangjia’) at SP and LP,
four significantly differentially expressed genes were detected at LP in close proximity
to the significant SNPs associated with RSA traits (Table 2). Gene transcripts of
BnaC03g07130D and BnaC07g43230D were significantly increased, and the transcript
of BnaA06g29270D was significantly decreased by Pi deficiency (Table 2; Fig. 3).
These candidate genes might play an important part in root development of B. napus at
a deficiency P supply. In this study, Bra406g29270D was located within the interval of
the SNP chrA06_ 20030601 for LRD (Fig. 2). BnaA06¢29270D is homologous to
Arabidopsis At5g28770, basic leucine zipper 63 (bZIP63), which was phosphorylated
by Snfl-related-kinasel (SnRK1) and then activates the promoter of AUXIN
RESPONSE FACTOR 19 (ARF19), promoting LR emergence and subsequently LRD
(Muralidhara et al. 2021). In Arabidopsis, bzip63 mutants have increased PRL and
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emerged LRD (defined as the number of LRs per primary root length) than wild type
plants under control conditions (Muralidhara et al. 2021). These data support the role
BnaA06g29270D in controlling LR density in B. napus.

BnaC03g07130D, a gene that encodes a reversibly glycosylated polypeptide 2
(RGP2), was located within the interval of the SNP chrC03 3535483 and linked with
the trait for LRL and TRL (Fig. 2; Table S6). In castor oilseeds (Ricinus communis),
sucrose synthase (SUS) interacts with RGP1 in roots, which suggests that these proteins
interact to directly channel UDPG derived toward RGP glycosyl chain initiation and
extension (Fedosejevs et al. 2017). Further study of the protein interaction between SUS
and RGP in root development will be conducive to a better understanding of RSA and
root carbon balance.

BnaC07g43230D was identified by significant SNP chrC07 42348561, which was
likely to influence the LRN and RDW at LP (Fig. 2; Table S6). BnaC07g43230D is an
AIG2-like (avirulence induced gene) family protein and its function is unknown. In
Arabidopsis, FIT (FER-LIKE IRON DEFICIENCY-INDUCED TRANSCRIPTION
FACTOR) is a key regulator of iron uptake in root. At41G2-like was detected by iron
deficiency in the roots of proteomic and transcriptomic study of WT, fit knock-out
mutant and FIT overexpression lines (Mai et al. 2015). Primary root extension is
inhibited and lateral root formation is stimulated at Pi deprivation in members of the
Brassicaceae family in agar system. Studies have confirmed external Pi sensing at the
root tips depends on Fe availability by hormone and peptide signaling pathways (Ward
et al., 2008; Ticconi et al., 2009; Miiller et al., 2015; Singh et al., 2018). The function
of this BnaAIG2-like protein may is likely to be involved in RSA at LP and should be
examined in further studies.

Candidate gene association analysis is widely used to detect favorable haplotypes of
candidate genes. Favorable haplotypes of candidate gene BrnaC02.GTR2 associated
with seed glucosinolate content in B. napus (Tan et al. 2022) and the favorable
haplotype of candidate gene BnaA09.MRP5, which influenced rapeseed phytate content
(Liu et al. 2021b) have been reported previously. Additionally, overexpressing

favorable haplotype of BnaA03.NIP5 increased low boron tolerance in boron inefficient
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cultivar of B. napus (He et al. 2021).

The favorable haplotypes of Bnad06g29270D, BnaC03g07130D and
BnaC07g43230D were determined as “CCGC”, “CAAT” and “ATC” by candidate gene
association analysis, respectively (Fig. 4-6). Furthermore, 73 B. napus cultivars
containing three favorable haplotypes have higher LRL, LRN, RDW, and TRL than
other B. mapus cultivars (Fig. 7). L133, the cultivar containing three favorable
haplotypes showed more tolerance to Pi starvation than L154, the cultivar which did

not have these haplotypes confirm the root breeding value of these favorable haplotypes.

Conclusions

A total of 52 significant SNPs were significantly associated with RSA at LP by
GWAS based on WGR of an association panel of B. napus. “CCGC”, “CAAT” and
“ATC” were identified to be favorable haplotypes in candidate genes, which could be
used for molecular marker-assisted breeding of optimal RSA in response to low P
availability in B. napus. In addition, gene editing and modification can be applied to

reveal the function and the underlying mechanism of these candidate genes.
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Figure legend

Fig. 1 Distribution of RSA (root system architecture) phenotypes in 370 B. napus
accessions. Histograms of the distribution of LRL (A), TRL (B), LRD (C), RN (D),
MLRL (E) and RDW (F) measured at low phosphorus supplies. LRL, lateral root length;
TRL, total root length; LRD, lateral root density; RN, lateral root number; MLRL; mean
lateral root length; RDW, root dry weight.

Fig. 2 Quantile-quantile (QQ) and Manhattan plots for the RSA (root system
architecture) by genome-wide association study (GWAS). GWAS of LRL (A), MLRL
(B), TRL (C), RN (D), LRD (E) and RDW (F) in 370 B. napus at low phosphorus
supplies by Fast-LMM model. LRL, lateral root length; MLRL, mean lateral root length;
TRL, total root length; RN, lateral root number; LRD, lateral root density; RDW, root
dry weight.

Fig. 3 Relative expression level of three candidate genes (A, Bnad06g29270D; B,
BnaC03g07130D and C, BnaC07g43230D) under low phosphorus and sufficient
phosphorus conditions. LP, low phosphorus; SP, sufficient phosphorus. Data are means
& SEM (n=4). Asterisks indicate the significance of Student's t-test (¥*P < 0.05, ***P

<0.0001, ****p <0.0001).



481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510

Fig. 4 Candidate gene association and haplotypes analysis of BnaC03g07130D with
LRL (lateral root length) and TRL (total root length). (A) Candidate gene association
analysis of BnaC03g07130D with LRL. (B-E) Association of the two alleles in
chrC03 3396486 (B), chrC03 3396712 (C), chrC03 3396812 (D) and
chrC03 3396932 (E) with LRL, respectively. (F) Two haplotypes of BnaC03g07130D.
(G) Candidate gene association analysis of BraC03g07130D with TRL. (H-K)
Association of the two alleles in chrC03 3396486 (H), chrC03 3396712 (I),
chrC03 3396812 (J) and chrC03 3396932 (K) with TRL, respectively. (L) Two
haplotypes of BnaC03g07130D. The number of inbred lines harbouring the
corresponding allele is shown in brackets at the bottom.

Fig. 5 Candidate gene association and haplotypes analysis of BnaC07g43230D with
LRN (lateral root number) and RDW (root dry weight). (A) Candidate gene association
analysis of BnaC07g43230D with LRN. (B-D) Association of the three alleles in
chrC07_42368601 (B), chrC07 42368638 (C) and chrC07_ 42368650 (D) with LRN,
respectively. (E) Two haplotypes of BnaC07g43230D. (F) Candidate gene association
analysis of BraC07g43230D with LRN. (G-I) Association of the three alleles in
chrC07 42368601 (G), chrC07 42368638 (H) and chrC07 42368650 (I) with RDW,
respectively. (J) Two haplotypes of BnaC07g43230D. The number of inbred lines
harbouring the corresponding allele is shown in brackets at the bottom.

Fig. 6 Candidate gene association and haplotypes analysis of BnaA06g29270D with
LRD (lateral root density). (A) Candidate gene association analysis of Bna406g29270D
with LRD. (B-E) Association of the four alleles in chrA06 19975674 (B),
chrA06 19975707 (C), chrA06 19975749 (D) and chrA06 19977004 (E) with LRD,
respectively. (F) Two haplotypes of Bnad06g29270D. The number of inbred lines
harbouring the corresponding allele is shown in brackets at the bottom.

Fig. 7 Differences in root system architecture at LP between B. napus cultivars with
three favorable haplotypes (CCGC, CAAT and ATC) and B. napus cultivars without the
three favorable haplotypes in the association panel. Favorable haplotypes of LRL (A),
TRL (B), LRD (C), RN (D), MLRL (E) and RDW (F) were analysised. (73) represents

73 cultivars with the three favorable haplotypes; (297) represents the rest of the
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511  association panel after removing the above 73 cultivars. LRL, lateral root length; TRL,
512  total root length; LRD, lateral root density; RN, lateral root number; MLRL, mean
513 lateral root length; RDW, root dry weight.

514  Fig. 8 Differences in root system architecture, biomass, whole leaf area and net
515  photosynthesis between B. napus cultivar (L133) with three favorable haplotypes
516 (CCGC, CAAT and ATC) and B. napus cultivar (L154) without the three favorable
517  haplotypes (TGCC, TACA and TCT). (A) Root growth of L133 and L154 at LP for 14
518 din the ‘pouch and wick’ system. (B) TRL. (C) RV. (D) RA. (E) LRN. (F) RDW. (G)
519 SDW. (H) WLA. (I) NP. LP, low phosphorus; TRL, total root length; RV, root volume;
520 RA,rootarea; LRN, lateral root number; RDW, root dry weight; SDW, shoot dry weight;
521  WLA, whole leaf area; NP, net photosynthesis. Data are means = SEM (n=6).
522  Asterisks indicate the significance of Student's t-test (*P < 0.05, **P < 0.01, ***P <
523  0.0001, ****P < 0.0001). Scale bar is 2 cm in (A).

524

525  Supplementary material

526  The following supplemental materials are available.

527  Fig. S1. Correlation of eight root related traits at low phosphorus supplies.

528  Fig. S2. The LD decay of an association panel of B. napus.

529  Fig. S3. Population structure of an association panel of B. napus with K from 2 to 8.
530  Fig. S4. The kinship of an association panel of 370 B. napus accessions.

531  Fig. SS. Distribution of linkage disequilibrium block sizes across all chromosomes.
532  Table S1. List of 370 accessions of B. napus used in the study.

533  Table S2. Primers used for qRT-PCR.

534  Table S3. Root related traits at low phosphorus supplies in an association panel of B.
535  napus.

536  Table S4. AMOVA analysis between the K =4 assigned populations in Brassica napus.
537  Table SS. Linkage disequilibrium block in this study.

538 Table S6. Significant SNP loci for root related traits of B. napus by genome wide
539 association study at low phosphorus supplies.

540 Table S7. LD blocks harboring significant SNPs associated with RSA.
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Table S8. Candidate genes within LD decay value up and down the lead SNPs
(chrA06 19934701, chrC03 3535476 and chrC07_42348526) for root related traits.
Table S9. Comparison of SNPs detected by WGR for RSA in this study with previously
identified SNPs by 60 K SNP chip for RSA at a low phosphorus supply.
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Fig. 1 Distribution of RSA (root system architecture) phenotypes in 370 B. napus
accessions. Histograms of the distribution of LRL (A), TRL (B), LRD (C), RN (D),
MLRL (E) and RDW (F) measured at low phosphorus supplies. LRL, lateral root length;
TRL, total root length; LRD, lateral root density; RN, lateral root number; MLRL; mean

lateral root length; RDW, root dry weight.
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Fig. 2 Quantile-quantile (QQ) and Manhattan plots for the RSA (root system
architecture) by genome-wide association study (GWAS). GWAS of LRL (A), MLRL
(B), TRL (C), RN (D), LRD (E) and RDW (F) in 370 B. napus at low phosphorus
supplies by Fast-LMM model. LRL, lateral root length; MLRL, mean lateral root length;
TRL, total root length; RN, lateral root number; LRD, lateral root density; RDW, root

dry weight.
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Fig. 3 Relative expression level of three candidate genes (A, Bnad06g29270D; B,
BnaC03g07130D and C, BnaC07g43230D) under low phosphorus and sufficient
phosphorus conditions. LP, low phosphorus; SP, sufficient phosphorus. Data are means
+ SEM (n=4). Asterisks indicate the significance of Student's t-test (¥*P < 0.05, ***P

<0.0001, ****p <(0.0001).
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Fig. 4 Candidate gene association and haplotypes analysis of BnaC03g07130D with
LRL (lateral root length) and TRL (total root length). (A) Candidate gene association
analysis of BnaC03g07130D with LRL. (B-E) Association of the two alleles in
chrC03 3396486 (B), chrC03 3396712 (C), chrC03 3396812 (D) and
chrC03 3396932 (E) with LRL, respectively. (F) Two haplotypes of BnaC03g07130D.
(G) Candidate gene association analysis of BnaC03g07130D with TRL. (H-K)
Association of the two alleles in chrC03 3396486 (H), chrC03 3396712 (I),
chrC03 3396812 (J) and chrC03 3396932 (K) with TRL, respectively. (L) Two
haplotypes of BnaC03g07130D. The number of inbred lines harbouring the

corresponding allele is shown in brackets at the bottom.
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Fig. 5 Candidate gene association and haplotypes analysis of BnaC07g43230D with
LRN (lateral root number) and RDW (root dry weight). (A) Candidate gene association
analysis of BnaC07g43230D with LRN. (B-D) Association of the three alleles in
chrC07_42368601 (B), chrC07 42368638 (C) and chrC07_ 42368650 (D) with LRN,
respectively. (E) Two haplotypes of BnaC07g43230D. (F) Candidate gene association
analysis of BraC07g43230D with LRN. (G-I) Association of the three alleles in
chrC07_42368601 (G), chrC07_ 42368638 (H) and chrC07 42368650 (I) with RDW,
respectively. (J) Two haplotypes of BnaC07g43230D. The number of inbred lines

harbouring the corresponding allele is shown in brackets at the bottom.
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Fig. 6 Candidate gene association and haplotypes analysis of BnaA06g29270D with
LRD (lateral root density). (A) Candidate gene association analysis of BnaA06g29270D
with LRD. (B-E) Association of the four alleles in chrA06 19975674 (B),
chrA06 19975707 (C), chrA06 19975749 (D) and chrA06 19977004 (E) with LRD,
respectively. (F) Two haplotypes of BnaA06¢29270D. The number of inbred lines

harbouring the corresponding allele is shown in brackets at the bottom.
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Fig. 7 Difterences in root system architecture at LP between B. napus cultivars with
three favorable haplotypes (CCGC, CAAT and ATC) and B. napus cultivars without the
three favorable haplotypes in the association panel. Favorable haplotypes of LRL (A),
TRL (B), LRD (C), RN (D), MLRL (E) and RDW (F) were analysised. (73) represents
73 cultivars with the three favorable haplotypes; (297) represents the rest of the
association panel after removing the above 73 cultivars. LRL, lateral root length; TRL,
total root length; LRD, lateral root density; RN, lateral root number; MLRL, mean

lateral root length; RDW, root dry weight.
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Fig. 8 Differences in root system architecture, biomass, whole leaf area and net
photosynthesis between B. napus cultivar (L133) with three favorable haplotypes
(CCGC, CAAT and ATC) and B. napus cultivar (L154) without the three favorable
haplotypes (TGCC, TACA and TCT). (A) Root growth of L133 and L154 at LP for 14
d in the ‘pouch and wick’ system. (B) TRL. (C) RV. (D) RA. (E) LRN. (F) RDW. (G)
SDW. (H) WLA. (I) NP. LP, low phosphorus; TRL, total root length; RV, root volume;
RA, root area; LRN, lateral root number; RDW, root dry weight; SDW, shoot dry weight;
WLA, whole leaf area; NP, net photosynthesis. Data are means = SEM (n=0).
Asterisks indicate the significance of Student's t-test (*P < 0.05, **P < 0.01, ***P <

0.0001, ****P < (0.0001). Scale bar is 2 cm in (A).



