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Abstract Modifications of root system morphology and architecture are considered important
strategies of plant tolerance to phosphorus (P) deficiency. However, the effect of culture system
on the responses of root traits to P deficiency is not well documented. In this study, the responses
of root traits to P deficiency were recorded in a Brassica napus double haploid population
consisting of 182 lines derived from a cross between cultivar ‘Tapidor’ and ‘Ningyou 7’ using
an ‘agar’ system and a ‘pouch and wick’ system. Under P deficient conditions, more DH lines
had greater total root length, primary root length, total lateral root length, mean lateral root
length and less lateral root density in the ‘pouch and wick’ system than the ‘agar’ system. Ten
and two quantitative trait loci (QTLs) were detected for the relative root traits in the ‘agar’
system and the ‘pouch and wick’ system, respectively. The QTL for the same trait in the ‘agar’
system did not overlap with that in the ‘pouch and wick’ system. Two QTL clusters identified
in the ‘agar’ system were located on chromosome A09 (Clusterl and Cluster2) and one on C04
(Cluster3), respectively. RLRN _A04b, RSDW_A09a and Cluster1 were found to affect the seed
yield and/or yield-related traits in two field trials. Overall, this study demonstrated a significant
impact of different culture systems on the responses of root traits to P deficiency and on the
detection of QTLs for the relative root traits, and identified three major QTLs that could be

employed for marker assisted selection of P efficient cultivars.

Keywords Root traits; Quantitative trait loci (QTLs); Phosphorus deficiency; ‘agar’ system;
‘pouch and wick’ system; Brassica napus

Abbreviations DH, double haploid; LP, a low phosphorus supply; LRD, lateral root density;
LRL, total lateral root length; LRN, lateral root number; MLRL, mean lateral root length; OP,
an optimal phosphorus supply; P, phosphorus; Pi, inorganic phosphate; PRL, primary root
length; QTL, quantitative trait loci; RLRD, relative lateral root density; RLRL, relative total
lateral root length; RLRN, relative lateral root number; RMLRL, relative mean lateral root
length; RPRL, relative primary root length; RRFW, relative root fresh weight; RSDW, relative
shoot dry weight; RTDW, relative total dry weight; RTRL, relative total root length; TRL, total

root length
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Introduction

Phosphorus (P) is a component of cellular membranes as phospholipids, and is involved in
multiple biological functions, such as energy transfer, photosynthesis, metabolic processes,
intracellular signal transduction and gene replication and expression (Hawkesford et al. 2012).
However, 50% of agricultural soils in the world are deficient in plant-available P, which leads
to growth reduction, developmental delays, and severe crop failures (Lynch 2011; Elser 2012).
In response to persistent P deficiency, plants have evolved a wide array of adaptive mechanisms
to improve P acquisition efficiency and P utilization efficiency, including increased root/shoot
ratio, modifications in root architecture to forage soil horizons for high phytoavailable P,
increased number and length of lateral roots and root hairs, the induction of high-affinity
inorganic phosphate (Pi) transporters, more exudation of acid phosphatases, organic acids or
protons, symbiosis with arbuscular mycorrhizal (AM) fungi and change of metabolic processes
(Hermans et al. 2006; Fita et al. 2011; Tian et al. 2012; Veneklaas et al. 2012; Haling et al. 2013;
Lambers et al. 2013; White et al. 2013a, 2013b; Lapis-Gaza et al. 2014; Lopez-Arredondo et al.
2014; Walder et al. 2015).

The alteration of root system architecture is a well-documented phenomenon in response to
P starvation (Liao et al. 2004; Zhu et al. 2005a, 2005b; Wang et al. 2010; Bayuelo-Jiménez et
al. 2011; Lambers et al. 2011, 2013; Lynch 2011). In the model plant Arabidopsis, root system
architecture responses to P deficiency have been well characterized (White et al. 2005).
Typically, a reduction of the primary root length (Williamson et al. 2001; Linkohr et al. 2002;
Lopez-Bucio et al. 2002; Svistoonoft et al. 2007) concomitantly associated with an increase in
the number and length of lateral roots (Williamson et al. 2001; Linkohr et al. 2002; Al-Ghazi et
al. 2003; Lopez-Bucio et al. 2005; Nacry et al. 2005; Reymond et al. 2006) are observed in P-
starved Arabidopsis, but this root responses are largely genotype dependent. Compared with a
P-rich medium, 37 of 73 Arabidopsis ecotypes showed both reduced primary root length and
lateral root number at the P-poor medium, and 25% were affected in only one trait while the
remaining accessions displayed no response to P availability (Chevalier et al. 2003), suggesting

different physiological strategies are exploited to adapt to P deficiency within a species.
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Additionally, the growth medium has strong effect on the root responses to P deficiency. For
example, when grown in P-deficient nutrient solution, most of the tested rice genotypes formed
longer root hairs, but many of these rice varieties tended to produce shorter root hairs in an
upland field with a low P supply (Nestler and Wissuwa 2016).

Two genes have been cloned for the modifications of the root traits response to P starvation
by forward genetics (Svistoonoff et al. 2007; Gamuyao et al. 2012). In Arabidopsis, Low
Phosphate Rootl (LPRI) encoding a multicopper oxidase (MCO) functionally plays an
important role in primary root development in response to P deficiency (Svistoonoff et al. 2007).
In rice, phosphorus-starvation tolerance 1 (PSTOLI) was identified to regulate the early crown
root development and root proliferation at a low P supply (Gamuyao et al. 2012).

Traits related to P efficiency in plants are generally divided into single traits and relative traits
(Wang et al. 2018). Relative traits are calculated as the quotient of the value of a trait observed
when plants are grown at a reduced P supply divided by the value of the trait when plants are
grown with optimal P nutrition. These include the P efficiency coefficient (i.e. the ratio of
biomass at the seedling stage or grain yield at maturity in plants grown with a low versus an
optimal P supply) which has been used to evaluate tolerance to P deficiency in oilseed rape
(Duan et al. 2009) and rice (Ni et al. 1998; Ming et al. 2000). Although single traits are more
commonly used in quantitative trait loci (QTLs) mapping studies for P efficiency traits and in
breeding programs, relative traits indicate the tolerance of a genotype to reduced P availability.
Thus the co-located QTLs both for a single trait and for a relative trait should be more useful
than the QTLs only for a single trait in the breeding of P efficient cultivars (Wang et al. 2018).

Oilseed rape (Brassica napus L.) is commonly used to produce cooking oil for human
consumption, fodder for animal feeds and renewable feedstock for biodiesel production (Liu et
al. 2015). Despite the many QTLs for P-efficiency related traits that have been identified at the
seedling stage (Yang et al. 2010, 2011; Shi et al. 2013a; Zhang et al. 2016; Wang et al. 2017)
and mature stage (Ding et al. 2012; Shi et al. 2013b), no QTL for P efficiency has been cloned
and functionally characterized in Brassica napus (B. napus) so far. In this study, the genetic
variations of the root morphological traits in a double haploid (DH) population of B. napus

(BnaTNDH population) derived from a cross between Tapidor and Ningyou 7 were investigated
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at a low and an optimal P supply with an ‘agar’ system and a ‘pouch and wick’ system. Ningyou
7 was found to have a higher seed yield than that of Tapidor at a low P supply in both pot culture
and field trials (Shi et al. 2010, 2013b). The relative root traits were employed to identify QTLs
for the plasticity of root traits in response to P deficiency. These will contribute to the
understanding of the effect of growth environments on the seedling root traits responding to P

deficiency and their QTLs.

Materials and methods

Plant materials

The BnaTNDH mapping population consisted of 182 lines, which was generated through anther
culture of the F1 generation of a cross between B. napus cultivar Tapidor and Ningyou 7 (Qiu

et al. 2000).

High throughput phenotyping and data analysis

In the ‘agar’ system, the root traits and biomass traits of the BnaTNDH population and the
parents had been screened previously at a Pi concentration of 0 mM (a low phosphorus supply,
LP) and 0.625 mM (an optimal phosphorus supply, OP), respectively (Shi et al. 2013a). Briefly,
surface sterilized seeds were sown into vented polystyrene trays (QTray; 240 x 240 x 20 mm;
Molecular Devices, Hampshire, UK) containing 300 mL 0.8% (w/v) agar and a modified basal
salt mix (Murashige and Skoog 1962) with either OP added as KH2PO4 or LP, with 0.625 mM
KClI added to provide K. Seeds were sown 3 cm from the top edge of the tray, with four seeds
per line and two lines per tray. Trays were sealed with Nescofilm and placed 10° from vertical
in a growth room under a 16-h photoperiod at a constant temperature of 24 °C. Illumination
was provided by a bank of 84 100-W cool fluorescent tubes (Philips, Eindhoven, Netherlands),
giving a photon flux density between 400 and 700 nm of 80—100 pmol photons m-2 s-1 at plant

height. For each line, 16 seeds were sown across four independent replicates, at both LP and
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OP. Trays were placed randomly within the growth room. Images of the root systems were
captured using a flatbed scanner (Scanjet 3670; Hewlett-Packard, Palo Alto, CA, USA) 12 d
after sowing. At harvest, shoot and root fresh weight were determined, respectively. Tissue
samples were dried at 80 °C and dry weights (shoot dry weight; root dry weight) determined.
Images were loaded into ImageJ (Abramoff et al. 2004). Primary root length (PRL) and total
lateral root length (LRL) were measured. Lateral root numbers (LRN) were counted and used
to calculate lateral root density (LRD, LRN/PRL) and mean lateral root length (MLRL,
LRL/LRN). Total root length (TRL) was calculated as the sum of PRL and LRL. Raw data were
entered into GenStat (15t Edition, VSN International Ltd, Hemel Hempstead, UK). To acquire
adjusted line means, the REML (residual maximum likelihood) procedure was performed using
the ([PJext + Line + [P]ext x Line) term as a fixed factor and (Replicate + Replicate/Run +
Replicate/Run/Plate + Replicate/Run/Plate/Position) as a random factor.

In the ‘pouch and wick’ system, the root traits of the BnaTNDH population and the parents
had also been investigated previously at a Pi concentration of 0 mM (LP) and 0.25 mM (OP),
respectively (Zhang et al. 2016). Briefly, this system comprised growth pouches assembled
from blue germination paper (SD7640; Anchor Paper Company, St Paul, MN, USA), re-cut to
24 x 30 cm and overlain with black polythene (Cransford Polythene Ltd, Woodbridge, UK).
Along their shorter edges, the paper and polythene were clipped together using ‘bulldog’-type
fold-back clips to each side of an acrylic bar (Acrylic Online, Hull, UK) giving 2 germination
papers per pouch. The growth pouches were suspended above plastic drip trays containing a V4
strength Hoagland’s solution (No. 2 Basal Salt Mixture, Sigma Aldrich, Dorset, UK) with either
OP added as KH2PO4 or LP, with 0.125 mM K2SO4 added for balanced K, supported within
lightweight aluminium/polycarbonate frames. A single seed was sown in the middle of the
upper edge of each germination paper by pressing the seed into the paper. Each genotype was
grown in one experimental run under a 12 h photoperiod with 18/15 °C day/night temperatures
and relative humidity of 60-80%, and pouches were randomly allocated to a position within
each column of each tank, giving ~24 replicates per run. Photosynthetically Active Radiation
(PAR; measured at plant height with a 190 SB quantum sensor; LI-COR Inc., Lincoln, NE,

USA) was 207 umol m-2 s-1, generated by 400 W white fluorescent lamps (HIT 400w/u/Euro/4K,
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Venture Lighting, Rickmansworth, UK). Drip trays were replenished with 500 mL of deionized
water every 3 d. Fourteen days after sowing, the polythene sheets were removed from all
pouches and images were taken using a Digital Single Lens Reflex (DSLR) camera (Canon
EOS 1100D, Canon Inc., Tokyo, Japan) with a focal length of 35 mm at a fixed height of 75
cm. The root images were cropped by reducing extraneous pixels on bulked images, using
XnConvert (Version 1.66, www.xnconvert.com). Cropped images were analysed using
RootReader2D (RR2D). PRL, LRL and LRN were automatically calculated by RR2D. LRD
was calculated as the ratio of LRN to PRL, and MLRL was calculated as the ratio of LRL to
LRN. TRL was calculated as the sum of PRL and LRL. A random term
[(Run/Frame/Column/Position/Paper side) + ([P]ext X Line)] except for a fixed factor (Line) was
used to estimate line means with the REML procedure.

The relative root traits and relative biomass traits of each line were estimated as quotient of
the mean value of a trait at LP divided by the mean value of the trait at OP. The plasticity of
root traits in response to P deficiency were calculated using the following formula: plasticity =
(mean value of a trait at LP — mean value of a trait at OP) / mean value of a trait at OP. The
correlation coefficients among these traits were computed using the Pearson’s correlation

method of SPSS/WIN 18.0 program.

QTL mapping

A SNP-based high-density BnaTNDH genetic map comprising 2041 markers (Zhang et al. 2016)
was used for the QTL mapping. The composite interval mapping (CIM) program of
WinQTLCart v2.5 (Wang et al. 2011) was used to detect significant QTLs for relative traits of
the BnaTNDH population. The number of control markers, window size and walking speed
were set to 5, 10 cM and 1 cM, respectively. The backward regression algorithm was used to
obtain cofactors. Empirical threshold for each trait was computed using the permutation test
(1,000 permutations, overall error level 5%) for CIM (Churchill and Doerge 1994). The
estimated additive effect and the percentage of phenotypic variation explained by each putative

QTL were obtained using the CIM model. The confidence intervals were set as the map interval
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that corresponded to a 2-LOD decline on either side of the LOD peak.

The epistatic QTLs were identified for the relative root traits by the QTL IciMapping v4.1
(Meng et al. 2015), which is public and freely available (http://www.isbreeding.net/software/).
The epistatic QTLs were detected by the ICIM-EPI method using single environment
phenotypic values. The P values for entering variables (PIN) and removing variables (POUT)
were set at 0.0001 and 0.0002, respectively, and the scanning step was 5 cM. The LOD
threshold for the epistatic QTL was set as the default manual input value of the software. The
proportion of observed phenotypic variance explained by each epistatic QTL and the

corresponding additive effects were also estimated.

Identification and integration of the QTL clusters

A QTL cluster was defined as two or more significant QTLs with overlapping confidence
interval. Individual QTLs for relative root traits and relative biomass traits in a QTL cluster
were integrated in a meta-analysis using BioMercator v4.2 (Arcade et al. 2004). Meta-analysis
computing is based on the position of each input QTL, and on the variance of this position,
assessed through confidence interval values. The algorithm developed by Goffinet and Gerber
(2000) was employed to conduct the QTL meta-analysis, and the model with lowest Akaike
value was selected for QTL integration. The principle of integration is that the confidence
interval of integrated QTL should contain the peak position of component QTLs. The integrated
QTL for each QTL cluster was mapped to the reference genome (Darmor-bz/4) according to the
physical position of the two flanking markers. The available reference genome of B. napus
(Chalhoub et al. 2014) and the functional annotation of the Arabidopsis genome

(https://www.arabidopsis.org/) were employed for the prediction of putative candidate genes.
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Results

Difference in root traits of BnaTNDH population in respond to Pi starvation between

‘agar’ system and ‘pouch and wick’ system

When compared with OP, more DH lines had greater TRL, PRL, LRL and MLRL in the ‘pouch
and wick’ system than the ‘agar’ system at LP (Fig. 1a—d). Accordingly, the mean plasticity of
TRL, PRL, LRL, and MLRL of the BnaTNDH population in the ‘pouch and wick’ system was
larger than that in the ‘agar’ system (Supplementary Fig. 1a—d). Nearly 65.0% of the DH lines
had an increase in LRN at LP compared with OP in both the ‘agar’ and ‘pouch and wick’
systems, while the mean plasticity of LRN of the BnuaTNDH population in the ‘pouch and wick’
system was 12.6% greater than that in the ‘agar’ system (Fig. le; Supplementary Fig. le).
Nearly 60% of lines that showed increased LRN at LP were the same in both culture systems.
In ‘agar’ system, the LRD of 90.0% of the DH lines was increased at LP as compared with OP
and the mean plasticity of LRD of the BnaTNDH population was 59%. While in the ‘pouch and
wick’ system, the LRD of 75.4% of the DH lines was increased at LP and the mean plasticity
of LRD of the BnaTNDH population was only 14.1% (Fig. 1f; Supplementary Fig. 1f).
Similarly, when compared with OP, the TRL, PRL, LRL and MLRL of cultivars Tapidor and
Ningyou 7 was increased at LP in the ‘pouch and wick’ system but decreased in the ‘agar’
system, while the LRN and LRD of cultivars Tapidor and Ningyou 7 was increased at LP in

both the ‘agar’ system and the ‘pouch and wick’ system (Fig. 1).

Phenotypic variation and correlation among relative root traits in the ‘agar’ and ‘pouch

and wick’ systems

A wide range of variation was observed in all the relative traits among the BnaTNDH lines in
both culture systems (Table 1; Fig. 2). Values of the six relative root traits of Tapidor were all
higher than that of Ningyou 7 in both culture systems, except relative primary root length

(RPRL) in both culture systems and relative mean lateral root length (RMLRL) in the ‘agar’
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system (Table 1; Fig. 2). The mean of all the relative traits, except for the relative lateral root
density (RLRD), of BnaTNDH population and both parental lines was higher in the ‘pouch and
wick’ system than that in the ‘agar’ system (Table 1). Moreover, larger coefficients of variation
(CVs) of these traits, except for RLRD, of BnaTNDH population were observed in the ‘pouch
and wick’ system compared with that in the ‘agar’ system (Table 1). In both culture systems,
the frequency distribution of all the traits showed continuous phenotypic variation, and
significant transgressive segregations were observed in the population (Table 1; Fig. 2).
Pearson’s correlation coefficients between relative root traits were calculated
(Supplementary Table 1). Significant positive correlations between relative total root length
(RTRL) and the other five relative root traits of BnaTNDH population were observed in both
culture systems. Of these, the correlation of RTRL and relative total lateral root length (RLRL)
in the ‘pouch and wick’ system (» = 0.93; P<0.001) was much larger than that in the ‘agar’
system (7 = 0.53; P<0.001). RPRL and RLRL were significantly correlated in both the ‘agar’ (»
= 0.27; P<0.001) and ‘pouch and wick’ systems (» = 0.49; P<0.001). There was a significant
positive correlation between RPRL and relative lateral root number (RLRN) in the ‘pouch and
wick’ system (» = 0.80; P<0.001), while there was no correlation between them in the ‘agar’
system (= 0.06). In the ‘agar’ system, a significant negative correlation was observed between
RPRL and RLRD (»=-0.39; P<0.001), but no correlation was observed in the ‘pouch and wick’
system (= 0.06; P=$3$$$). RLRL was significantly correlated with RMLRL and RLRN in both
the ‘agar’ and ‘pouch and wick’ systems. There was a significant positive correlation between
RLRL and RLRD in the ‘pouch and wick’ system (» = 0.35; P<0.001), while the correlation
was not significant in the ‘agar’ system (» = 0.05). There was no correlation between RMLRL
and RLRN in the ‘pouch and wick’ system (» = 0.01), but a weak negative correlation was
observed in the ‘agar’ system (= -0.17; P<0.05). A strong positive correlation and a moderate
positive correlation were observed between RLRN and RLRD in the ‘agar’ system (» = 0.83;
P<0.001) and the ‘pouch and wick’ system (r = 0.47; P<0.001), respectively. Moreover, in the
‘agar’ system, the relative biomass traits were significantly correlated with relative root traits
(Supplementary Table 2), such as between relative total dry weight (RTDW) and RTRL (» =

0.65; P<0.001), and between relative shoot dry weight (RSDW) and RPRL (= 0.52; P<0.001).
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However, no correlation was observed for the same trait between the two culture systems

(Supplementary Table 1).

QTLs for relative root and biomass traits of BnaTNDH mapping population in the ‘agar’

and ‘pouch and wick’ systems

A QTL analysis was performed to identify the genetic factors responsible for the relative root
traits in both the ‘agar’ and the ‘pouch and wick’ systems. In the ‘agar’ system, a total of 10
significant QTLs were identified for six relative root traits across six of the 19 chromosomes
(Supplementary Table 3). Among them, one QTL for RTRL, one for RPRL, one for RLRL, one
for RMLRL and one for RLRD were mapped on chromosomes A09, A0S, A09, A07 and C04,
respectively, accounting for 7.4%—12.8% of the phenotypic variation. Five QTLs for RLRN
were mapped on A04, C04 and CO08, which jointly explained 46.7% of the phenotypic variation.
With the exception of one QTL on A07 for RMLRL (RMLRL_ AQ07), all the QTLs for relative
root traits had a negative additive effect (Supplementary Table 3). The alleles from Tapidor
increased the values of all the relative root traits except for RMLRL. Moreover, two QTLs for
RTDW, two for RSDW, one for relative shoot fresh weight on chromosome A09, and two for
relative root fresh weight (RRFW) on both chromosome A09 and C09 were detected,
respectively, which explained 7.9%—-15.3% of the phenotypic variation (Supplementary Table
3). Among these nine QTLs, the alleles of seven QTLs from Tapidor contributed to the increase
of relative traits except for two QTLs on chromosome C09 for RRFW (RRFW_C09a,
RRFW_C09b) (Supplementary Table 3). In the ‘pouch and wick’ system, one QTL for RPRL
and one for RLRL were detected on chromosomes A03 and C04, respectively, and no QTLs
were identified for RTRL, RMLRL, RLRN and RLRD with the BnaTNDH mapping population
(Supplementary Table 3). The QTL for the same trait in the ‘agar’ system did not overlap with
that in the ‘pouch and wick’ system, which was consistent with the poor correlation of these
traits between the two culture systems among genotypes.

Epistatic interaction analysis was conducted with the ICIM approach using phenotypic

values from the ‘agar’ and ‘pouch and wick’ systems independently (Supplementary Table 4).

11
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In the ‘agar’ system, one epistatic QTL was identified for RTRL, accounting for 3.6% of the
phenotypic variation. In the ‘pouch and wick’ system, there was one epistatic QTL controlling
RPRL and another one controlling RLRD, which explained 4.9% and 13.2% of the phenotypic
variation, respectively. These three epistatic QTLs had a negative effect of additive by additive
interaction, indicating that two loci from different parental lines take the positive effects

(Supplementary Table 4).

QTL clusters identified in the ‘agar’ system

Two QTL clusters identified in the ‘agar’ system were located on chromosome A09 (Clusterl
and Cluster2) and one was located on C04 (Cluster3) (Fig. 3; Supplementary Table 5). Clusterl
contained one QTL for RTRL, one for RTDW, and one for RRFW. Four QTLs controlling
RTDW, RSDW, relative shoot fresh weight and RRFW were co-located in Cluster2. In Cluster3,
a QTL associated with RLRN was co-located with a QTL for RLRD (Fig. 3; Supplementary
Table 5). The average LOD score of the component QTLs in these three QTL clusters ranged
from 5.03-5.35, and each cluster accounted for 11.2%-12.2% of the average phenotypic
variation (Supplementary Table 5). The confidence intervals of Cluster1, Cluster2 and Cluster3
were defined as 129.5-131.3, 135.9-138.1 and 30.9-32.9 cM, respectively, using BioMercator

v4.2 by QTL meta-analysis (Supplementary Table 5).

Co-located QTLs for the relative root traits and for the single root traits or the seed yield-

related traits

We have mapped the significant QTLs for the single root traits of the BnaTNDH population at
LP and OP in the ‘agar’ system (Shi et al. 2013a), in the ‘pouch and wick’ system (Zhang et al.
2016), and the seed yield and yield-related traits in the field trials (Shi et al. 2013b). These
QTLs had been summarized in Supplementary Table 6 and Supplementary Table 7. In the ‘agar’
system, the average number of QTLs detected for each single root trait was 2.7 at LP and 2.3 at

OP, while the average number of QTLs detected for each relative root trait was 1.7. In the
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‘pouch and wick’ system, the average number of QTLs detected for each single root trait was
3.7 at LP and 1.7 at OP, while the average number of QTLs detected for each relative root trait
was only 0.3. Therefore, the QTLs for the relative root traits were less than that for the single
root traits. In the ‘agar’ system, two of the ten QTLs for the relative root traits co-located with
the QTL for respective single root trait at OP, including RMLRL_A07 and RLRN _C08
(Supplementary Fig. 2). In the ‘pouch and wick’ system, RPRL_A03 (one of the two QTLs for
relative root traits) was found to overlap with the QTL for its single root trait at OP
(Supplementary Fig. 2).

Seven QTLs associated with the relative root trait and/or relative biomass trait were co-
located with the QTLs for seed yield and yield-related traits (Table 2). Among these QTLs,
RLRN_A04b, RSDW_A09a and Cluster] were found to affect the seed yield and yield-related
traits in two of three field trials (Table 2). RLRN_A04b was co-located with the QTL for seed
weight of 1,000 seeds at OP  (P20s, 90 Kg ha-1) in Tri.1 (field trial conducted from Sept 2008
to May 2009), and at LP (P20s, 9 Kg ha-1) and OP (P20s, 90 Kg ha-1) in Tri.2 (field trial
conducted from Sept 2009 to May 2010). RSDW_A09a was co-located with the QTL for seed
yield per hectare at LP (P20s, 9 Kg ha-1) and plant height at OP in Tri.1, and for height to the
first primary branch at OP in Tri.2. Cluster] was co-located with the QTL for seed yield per
hectare at LP in Tri.1, and for height to the first primary branch, plant height, seed yield per
hectare at OP in Tri.2. Additionally, RSDW_A09a, and Cluster1 and Cluster2 were co-located
with QTLs SY LP A09a (R2=4.5%)and SY LP_A09b (R2=5.8%) associated with seed yield
based on best linear unbiased estimation (BLUE) across three field trials at LP, respectively
(Supplementary Table 8). In the genomic regions of RLRN_A04b (17364075-17578367 bp),
RSDW_A09a (32624626-32900779 bp) and Cluster1 (32900851-33338388 bp), there were 53,
60 and 97 annotated genes, respectively (Supplementary Table 9). In RLRN A04b and
RSDW_A09a, there seemed to be no annotated genes known to be involved in tolerance to P
deficiency. In Clusterl, BraA09¢50010D is orthologous to ATIG06160 (ERF59) in
Arabidopsis, which encodes a member of the ERF (ethylene response factor) subfamily B-3 of

ERF/AP2 transcription factor family.
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Discussion

Difference in the root plasticity of B. napus in response to P deficiency between ‘agar’

system and ‘pouch and wick’ system

Phosphorus plays a critical role in all major developmental processes and reproduction in plants,
including seed germination, seedling growth, flower initiation and seed formation (Hawkesford
et al. 2012). P deficiency in soil is one of the major limiting factors for crop production
throughout the world (Lynch 2007; Veneklaas et al. 2012). Root system architecture traits are
vital for soil exploration and nutrient acquisition (Lynch 2007). The remodeling of root
morphology and architecture is the most evident change in response to P deficiency, which
provides a shallower growth angle of axial roots for obtaining P in the top part of soils (Lynch
2007; Liang et al. 2014), the proteoid roots (cluster roots: dense clusters of short side roots)
releasing carboxylates for mobilising P to improve soil P availability (Shane and Lambers 2005;
Lambers et al. 2011, 2013), and/or an increase in number and length of lateral roots and root
hairs for enlarging the root surface area scavenging for P in soils (Jain et al. 2007; Lynch 2011;
Haling et al. 2013; Niu et al. 2013). In this study, there were significant differences in the
response of root traits of B. napus to P starvation between an ‘agar’ system and a ‘pouch and
wick’ system (Fig. 1; Supplementary Fig. 1). At LP compared with OP, there was a decrease in
TRL of most DH lines and both parental lines in the ‘agar’ system, which was caused by a
reduction in both PRL and LRL, while an increased TRL was observed in the ‘pouch and wick’
system. A reduced PRL is a widely reported physiological response in P-deficient Arabidopsis
grown on vertical agar plates (Williamson et al. 2001; Linkohr et al. 2002; Al-Ghazi et al. 2003;
Lopez-Bucio et al. 2005; Nacry et al. 2005; Reymond et al. 2006; Ward et al. 2008; Miiller et
al. 2015; Mora-Macias et al. 2017) and is possibly the result of iron (Fe) toxicity (Ward et al.
2008). The reduced PRL of B. napus at LP compared to OP in the ‘agar’ system is consistent
with these studies on Arabidopsis. However, the reduction in LRL of B. napus at LP compared
to OP in the ‘agar’ system contrasts with an increase in LRL observed in Arabidopsis grown on

agar plates at LP compared to OP (Williamson et al. 2001; Linkohr et al. 2002; Al-Ghazi et al.
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2003; Lopez-Bucio et al. 2005; Nacry et al. 2005; Reymond et al. 2006). The P-deficient B.
napus plants grown in the ‘pouch and wick’ system seemed to have greater PRL, which is
consistent with studies of plants grown in nutrient solutions (Zhang 2009; Wang et al. 2017).
The LRL of B. napus grown in the ‘pouch and wick’ system was greater at LP than at OP, which
is consistent with studies of Brassica oleracea grown on vertical glass plates supported on blue
blotter paper (Hammond et al. 2009).

Under P-limited conditions, an increased LRN was observed in both culture systems (Fig.
le; Supplementary Fig. le). Enhanced lateral root formation at LP has been reported for
Arabidopsis grown on vertically oriented agar plates (Lopez-Bucio et al. 2002; Sanchez-
Calderon et al. 2006; Péreztorres et al. 2008), Brassica oleracea grown on vertical glass plates
supported on blue blotter paper (Hammond et al. 2009) and oilseed rape grown hydroponically
(Zhangetal. 2011). The reduction in MLRL at LP compared to OP in the ‘agar’ system contrasts
with an increase in MLRL at LP compared to OP in the ‘pouch and wick’ system (Fig. 1d;
Supplementary Fig. 1d). A significant increase in LRD at LP was found in both culture systems
(Fig. 1f; Supplementary Fig. 1f). However, the LRD in the ‘agar’ system had a significantly
greater plasticity than that in the ‘pouch and wick’ system, mainly because of a large reduction
of PRL in the ‘agar’ system (Fig. 1b; Supplementary Fig. 1b).

The response of roots to unilateral light is a species-dependent and can include positive
phototropism, negative phototropism and no phototropism (Hubert and Funke 1937; Kutschera
and Briggs 2012). The roots of Arabidopsis display a negative phototropic response
(Boccalandro et al. 2008; Kutschera and Briggs 2012). Negative root phototropism prevents
light stress in the upper layers of the soil where light penetration is greatest, reduced desiccation
phenomena, and enhanced seedling survival under dry and windy conditions by mediating
plastic increases in the efficiency of root growth near the soil surface (Galen et al. 2004, 2006;
Kutschera and Briggs 2012). In this study, the root system was exposed to light in the ‘agar’
system (Shi et al. 2013a), while polythene sheets were employed to cover the root in the ‘pouch
and wick’ system (Zhang et al. 2016). Increased PRL and LRL were generally observed in P-
deficient B. napus plants in the ‘pouch and wick’ system, while the situation in the ‘agar’ system

was opposite. Moreover, when oilseed rape seedlings were grown in P-deficient nutrient
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solution with roots in dark, the TRL and PRL were both enhanced compared with plants in P-
replete nutrient solution (Zhang 2009; Zhang et al. 2011; Wang et al. 2017). These observations
suggest that shielding roots from light reduced the sensitivity of root system elongation to P
deficiency in B. napus. In Arabidopsis, plants with roots in darkness had longer PRL and more
LRN than plants with roots exposed to light conditions under P sufficient conditions (Silva-
Navas et al. 2016). P deficiency significantly inhibited the elongation of the primary root of
Arabidopsis and B. napus cultivars when roots were exposed to light, but had no effect when
roots grew in darkness (Supplementary Figs. 3—5). Similarly, in Arabidopsis, roots grown in
darkness showed less sensitivity to nitrogen deficiency and salt stress compared with those
exposed to light (Silva-Navas et al. 2015). The increased number of lateral roots under P
deficient conditions happened in both the ‘agar’ and ‘pouch and wick’ systems, indicating that
the increase in LRN is not light-sensitive.

Plants grown in ‘agar’ and ‘pouch and wick’ systems can be used to remove the influence of
complex soil environment on root growth. However, in agricultural system, natural soils exhibit
considerable spatial and temporal variability in structure and resource availability (Jin et al.
2017). Since significant G x E interaction occur for root system architecture in the field (White
et al. 2013b), only a few QTLs for the seed yield and yield-related traits of the BnaTNDH
population investigated in the field (Shi et al. 2013b) co-located with the QTLs for the root or
relative root traits investigated by ‘agar’ and ‘pouch and wick’ systems. Some promising
technologies, such as X-ray computed tomography or magnetic resonance imaging have been
developed for visualizing plant root systems within their natural soil environment
noninvasively (Metzner et al. 2015) and may prove useful in the future for identifying QTL

associated with root traits in response to abiotic factors.

QTLs for relative root traits of B. napus

Relative root traits were used to evaluate the root plasticity of B. napus in response to P
deficiency in this study. Considerable transgression of six relative root traits of B. napus were

observed in both the ‘agar’ and ‘pouch and wick’ culture systems (Table 1; Fig. 2), indicating
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that both parental lines carry genes with alleles contributing to an increase or a decrease of the
relative root traits. The culture system had a significant influence on the relative root traits of
two parental lines, and greater differences in all relative root traits except RLRN were observed
between the two parental lines in the ‘pouch and wick’ system than in the ‘agar’ system (Table
1). Pairs of relative root traits, such as RTRL and RPRL, RTRL and RLRL, RLRL and RMLRL,
were significantly correlated across the two culture systems (Supplementary Table 1), which is
consistent with the correlation between TRL and PRL, TRL and LRL, LRL and MLRL (Zhang
et al. 2016). However, correlations between some pairs of relative traits, e.g. RPRL and RLRN,
RPRL and RLRD were not stable across the two culture systems (Supplementary Table 1),
suggesting that there are different P deficiency-induced modulations of root system architecture
in the two culture systems.

There was a difference in the genetic control of the relative root traits between plants grown
in the ‘agar’ and ‘pouch and wick’ systems. One QTL for RTRL, one for RPRL, one for RLRL,
one for RMLRL, one for RLRD, and five QTLs for RLRN were identified in the ‘agar’ system,
while only one QTL for RPRL and one for RLRL were detected in the ‘pouch and wick’ system
(Fig. 3; Supplementary Table 3). The QTLs identified for the same trait in the two culture
systems were not co-located, which could account for the poor correlations among genotypes
for the same traits studied in the two culture systems (Supplementary Table 1). The different
genetic control of the relative root traits between plants grown in the ‘agar’ and ‘pouch and
wick’ systems indicates that the plasticity of root system architecture responding to P deficiency
is largely influenced by environmental factors like the light in this study. Larger coefficients of
variation (CVs) of RTRL, RMLRL and RLRN were observed in the ‘pouch and wick’ system
compared to the ‘agar’ system (Table 1), but no QTL was discovered for these traits in the
‘pouch and wick’ system. Thus, the trait variation may be not a good indicator for the number
of QTLs that could be identified (Ghandilyan et al. 2009).

The QTLs for the relative root traits, RPRL_A03, RMLRL_AQ7 and RLRN_C08, co-located
with the QTLs for the respective single root traits at OP (Supplementary Fig. 2), implying that
these three QTLs only affected their respective single root trait at OP. The co-located QTLs

both for a relative root trait and for a single root trait at LP should be more useful than the QTLs
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only for a relative root trait in the breeding of P efficient cultivars. In this study, RLRL_C04
was discovered to overlap with a significant SNP (Bn-scaff 15712 8-p121295) for LRL at LP
identified by genome-wide association studies (GWAS) in the ‘pouch and wick’ system (Wang
et al. 2017), which may play an important role in lateral root growth and development in
response to P deficiency at seedling stage.

Three QTLs for the relative root traits were identified to affect the seed yield and yield-
related traits in two of three field trials (Table 2). In the intervals of QTLs RLRN_A04b and
RSDW_A09a, no annotated genes were involved in the response of plant to P deficiency, which
indicated that there were novel genes in these QTL regions or several annotated genes had novel
function associated with P deficiency response. In Clusterl, Bna409¢50010D (homologous to
AT1G06160) was predicted as a promising candidate gene. AT1G06160 (ERF59) is a member
of the ERF (ethylene response factor) subfamily B-3 of ERF/AP2 transcription factor family
(Nakano et al. 2006). ERFI and ERF?2 have been demonstrated to regulate the root growth of
Arabidopsis and rice, respectively (Mao et al. 2016; Xiao et al. 2016). The candidate gene
underlying the three target QTLs can be identified by investigating the phenotype of the
Arabidopsis mutant at LP and OP, or by developing near-isogenic lines to allow further fine

mapping of these QTLs and the cloning of potential candidate genes.
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Table 1 Means, ranges and coefficients of variation (CVs) of the relative root traits in the parental lines and the BnaTNDH mapping population in the ‘agar’
system and the ‘pouch and wick’ system

Parental lines BnaTNDH lines

Trait Culture system Tapidor Ningyou 7 Mean Range CV%
RTRL ‘agar’ system 0.89 0.88 0.80 0.41-1.83 22.8
‘pouch and wick’ system 2.20 1.76 1.41 0.31-5.45 55.8

RPRL ‘agar’ system 0.82 0.85 0.76 0.46-1.43 19.9
‘pouch and wick’ system 121 1.49 1.07 0.53-2.69 33.1

RLRL ‘agar’ system 1.00 0.89 0.91 0.23-5.00 54.0
‘pouch and wick’ system 2.94 1.86 1.60 0.24-7.68 70.8

RMLRL ‘agar’ system 0.80 0.90 0.80 0.32-1.75 34.0
‘pouch and wick’ system 1.68 1.03 1.17 0.45-3.42 41.3

RLRN ‘agar’ system 1.25 1.00 1.17 0.21-4.47 37.2
‘pouch and wick’ system 1.87 1.72 1.30 0.40-5.90 49.3

RLRD ‘agar’ system 1.45 1.18 1.59 0.20-4.96 39.0
‘pouch and wick’ system 1.63 1.09 1.14 0.68-1.77 19.3

762  RTRL, relative total root length; RPRL, relative primary root length; RLRL, relative total lateral root length; RMLRL, relative mean lateral root length; RLRN,
763  relative lateral root number; RLRD, relative lateral root density
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Table 2 Co-located QTLs for the relative traits in the ‘agar’ system and the ‘pouch and wick’ system with the seed yield and yield-related traits in the field

trials
QTLs for the relative traits QTLs for the seed yield and yield-related traits in the field trials
z Culture system QTL name  Confidence interval (cM) QTL name Confidence interval (cM)

A04 ‘agar’ svstem RLRN AO04b 10.0-12.3 SW OP1 A04a 9.9-14.8
SW LP2 A04b 9.0-14.8

SW OP2 A04b 7.4-15.4

A09 RLRL A09 52.5-59.4 BN OP3 A09% 45.8-52.6
RSDW A09a 124.4-129.4 SY LP1 A09a 124.3-129.4
PH OP1 A09a 124.5-129.4
FBH OP2 A09a 128.8-134.3
Clusterl 129.5-131.3 SY LP1 A09 130.9-135.4
FBH OP2 A09a 128.8-134.3
PH OP2 A09a 129.4-132.3
SY OP2 A09 130.4-135.4
Cluster2 135.9-138.1 FBH OP3 A09 137.3-139.z

C09 RRFW CO09b 61.4-64.2 RBH OP3 C09a 61.4-64.3
A03 ‘pouch and wick’ system  RPRL AO03 3.1-23.6 SW LP1 A03a 20.4-27.8
BN OP1 A03 0-8.9

The QTLs for the seed yield and yield-related traits in the three field trials were denominated as "trait+P treatment+trial number+chromosome-+the serial
letter”. Height to the first primary branch (cm; FBH), plant height (cm; PH), relative first primary branch height (the ratio of FBH to PH; RBH), number of
primary branches per plant (N; BN), seed weight of 1,000 seeds (g per 1000 seeds; SW), seed yield per hectare (kg-ha-1; SY). LP, a low phosphorus supply.
OP, an optimal phosphorus supply
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768  Fig. 1 Variation in total root length (a), primary root length (b), total lateral root length (c),
769  mean lateral root length (d), lateral root number (e), lateral root density (f) of the BnaTNDH
770  mapping population in the ‘agar’ and ‘pouch and wick’ systems. The open red circle and open
771  blue circle represent the DH lines in the ‘agar’ system and the ‘pouch and wick’ system,
772 respectively. The solid red downtriangle and solid red uptriangle represent Tapidor and Ningyou
773 7 in the ‘agar’ system, respectively. The solid blue downtriangle and solid blue uptriangle
774  represent Tapidor and Ningyou 7 in the ‘pouch and wick’ system, respectively. The continuous
775  line represents the 1 : 1 line
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Fig. 2 Frequency distribution of relative root traits of the BnaTNDH mapping population in the
‘agar’ (red bar) and ‘pouch and wick’ (blue bar) systems. RTRL (a), relative total root length;
RPRL (b), relative primary root length; RLRL (¢), relative total lateral root length; RMLRL (d),
relative mean lateral root length; RLRN (e), relative lateral root number; RLRD (f), relative
lateral root density. The solid red circle and solid red uptriangle represent Tapidor and Ningyou
7 in the ‘agar’ system, respectively. The solid blue circle and solid blue uptriangle represent

Tapidor and Ningyou 7 in the ‘pouch and wick’ system, respectively
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Fig. 3 Locations of QTLs for relative root traits and relative biomass traits in the BnaTNDH
mapping population in the ‘agar’ and ‘pouch and wick’ systems. QTLs are indicated on the right
side of each chromosome. The red and blue bars denote the QTLs identified in the ‘agar’ system
and the ‘pouch and wick’ system, respectively. The QTL confidence intervals are set as the map
interval corresponding to a 2-LOD decline on either side of the LOD peak. RTRL, relative total
root length; RPRL, relative primary root length; RLRL, relative total lateral root length;
RMLRL, relative mean lateral root length; RLRN, relative lateral root number; RLRD, relative
lateral root density; RTDW, relative total dry weight; RSDW, relative shoot dry weight; RSFW,
relative shoot fresh weight; RRFW, relative root fresh weight
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Supplementary Figure Legends

Supplementary Fig. 1 The plasticity of root traits of the BnaTNDH mapping population in
response to phosphorus deficiency in the ‘agar’ and ‘pouch and wick’ systems. a, total root
length (TRL); b, primary root length (PRL); ¢, total lateral root length (LRL); d, mean lateral
root length (MLRL); e, lateral root number (LRN); f, lateral root density (LRD). Boxes
represent the mid two quartiles with the median and mean drawn. Whiskers are the 95%

confidence limits plus extremes

Supplementary Fig. 2 Location of QTLs for TRL (total root length), PRL (primary root length),
LRL (total lateral root length), MLRL (mean lateral root length), LRN (lateral root length),
LRD (lateral root density) and its relative traits. The red bar above the chromosome denotes the
QTL identified at a low P supply. The green bar below the chromosome denotes the QTL
identified at an optimal P supply. The purple bar inside the chromosome denotes the QTL for
relative root trait. The red star indicates that the QTL for a root trait is co-located with the QTL

for its relative trait

Supplementary Fig. 3 The illumination of roots altered the response of root architecture to
phosphate deprivation in Arabidopsis thaliana. Col-0 seedlings were grown at a low (-P, 0 mM)
and an optimal P supply (+P, 0.625 mM) with the root exposed to light (LGR, light-grown roots)
or in darkness (DGR, dark grown roots) in an illuminated culture room with 16 h photoperiod
of approximately 300—320 umol m-2 s-1, temperature at 18—24 °C and a relative humidity of 65—
80 % for 21 days. Scale bar =2 cm

Supplementary Fig. 4 The illumination of roots altered the response of root architecture to
phosphate deprivation in Brassica napus. Tapidor and Ningyou 7 seedlings were grown at a
low (-P, 0 mM) and an optimal P supply (+P, 0.625 mM) with the root exposed to light (LGR,
light-grown roots) or in darkness (DGR, dark grown roots) in an illuminated culture room with
16 h photoperiod of approximately 300-320 pmol m-2 s-1, temperature at 1824 °C and a relative
humidity of 65-80 % for 9 days. Scale bar =3 cm

Supplementary Fig. 5 Total root length (a), primary root length (b), total lateral root length
(¢), mean lateral root length (d), lateral root number (e), lateral root density (f) of Tapidor and
Ningyou 7 seedlings grown at a low (-P, 0 mM) and an optimal P supply (+P, 0.625 mM) with
the root exposed to light (LGR, light-grown roots) or in darkness (DGR, dark grown roots).
Data are shown as mean = SD (n = 3—6). Asterisks indicate statistically significant differences

between -P and +P (*, P < 0.05; **, P< 0.01) according to Student’s z-test.
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