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Abstract

Key Message BnaPAP17s associated with root-secreted APases activity were identified by genome-
wide association study, and those were induced by Pi-deficiency. BnaPAP17s were involved in
improving exogenous organophosphorus utilization as secreted APases.

Abstract Deficiency of available phosphorus (P) in soil has become an important limiting factor for yield
and quality in oilseed rape (Brassica napus). In many soils, organic P (Po) is the main component of the
soil P pool. Po must be hydrolyzed to inorganic P (Pi) through acid Phosphatase (APases), and then taken
up by plants. However, root-secreted APases (SAP) activity, as a quantitative trait, plays an important
role in soil Po utilization; those genetic loci are not clear in B. napus. In this study, we performed a
genome-wide association study for SAP activity under Pi-deficieny using a panel of 350 accessions of B.
napus and more than 4.5 million polymorphic single nucleotide polymorphisms (SNPs). Thirty-five
significant SNPs associated with SAP activity were identified. BnaA01.PAP17 (BnaA01g27810D) was a
candidate gene underlying lead SNP (ChrA01 19576615). We experimentally verified that both
BnaA01.PAP17 and its three homologous genes had similar expression pattern in response to Pi-
deficiency. The dynamic changes in BnaPAPI7s expression level were opposite to those of Pi
concentration in both roots and leaves, suggesting their potential utility as Pi marker genes in B. napus.
Transient expression of BnaPAP17s in tobacco leaves proved that BnaPAP17s were located in the
apoplast as secreted APases. The overexpression of BnaPAP17s enhanced SAP activity in response to Pi-
deficiency and resulting in increased P content in plants when ATP was supplied as the sole P resource.
Taken together, these results suggest that BnaPAP17s contributed to SAP activity, thus having a function

in extracellular Po utilization in B. napus.

Keywords: Brassica napus, genome-wide association study (GWAS), organic phosphorus (Po),

BnaPAP17, root-secreted acid phosphatase

Abbreviations: APases, acid Phosphatases; SAP, root-secreted APases; GWAS, genome-wide
association study; GLM, general linear model; MLM, mixed linear model; SNP, single nucleotide

polymorphism



59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102

Introduction

Oilseed rape (Brassica napus L., 2n =38, genome AACC) is an important oil crop used globally for
edible oil, feedstock, and biodiesel production (Angelovi“c et al., 2013). Phosphorus (P) is the second
most important macronutrient for plant growth and development, which makes up around 0.2% of a
plant's dry weight (Schachtman et al., 1998; Wang et al., 2021). P also is one of the major limiting
nutrients for B. napus productivity (Zangani et al., 2021). B. napus is sensitive to low soil inorganic P
(Pi) availability, and its growth is inhibited with the purpling of cotyledons and dark green old leaves at
the seedling stage, and with fewer branch numbers and reduced seed yield at the maturity stage (Ding et
al., 2012; Shi et al., 2013; Yuan et al., 2016; Duan et al., 2020). However, Pi can form strong ionic
interactions with metal cations (e.g., Fe**, AI** and Ca?") presented in the soil, resulting in the formation
of unavailable forms (Chen and Liu, 2016). Pi concentration in most soil solutions ranges between 0.5
and 10 uM, which is often inadequate to meet plant normal growth requirements (Poirier et al., 2022).
Organic P (Po) is relatively abundant and around 35-65% of total P in soil, sometimes even as high as
90% in organically managed agricultural soils (Shen et al., 2011; Zhang et al., 2024). However, Po must
be hydrolyzed to release Pi by phosphatase, and then taken up by plants; the root-secreted APases (SAP)
is involved in this process (Bhadouria and Giri, 2022; Wang and Liu, 2018).

In response to P-deficiency, plants have developed two main strategies to improve P acquisition
efficiency (Aslam et al., 2022; Dissanayaka et al., 2021). One strategy is to enhance Pi uptake by
exploiting a greater volume of soil through changing root system architecture (Han et al., 2022; Liu,
2021, Poirier et al., 2022 ). Another strategy is to increase the mobilization of both Po and Pi components
from the soil by increasing the release of root exudates into the rhizosphere, including hydrolytic
enzymes (e.g., APases, RNase and phytase), carboxylates and protons/hydroxides (Wang et al., 2019;
Poirier et al., 2022). Among these strategies, SAP is generally considered to play a key role in mobilizing
Po in soils, and thus contribute to the improvement of P acquisition efficiency in plants (Bhadouria and
Giri, 2021).

Low P tolerance root traits are quantitative traits controlled by multiple genes (Xu et al., 2023;
Zhang et al., 2014). Traditional strategies for studying low P tolerance traits include linkage analysis and
genome-wide association study (GWAS) (Qiu et al., 2014; Xu et al., 2023; Xu et al., 2024; Upadhyay et
al., 2022; Yang et al., 2010; Zhang et al., 2014). For instance, based on linkage analysis, a total of 62
significant quantitative trait loci (QTL) for RSA, total dry weight, and plant P uptake under high and low
P conditions were detected in B. napus (Yang et al., 2010); a total of six QTLs for root APases activity
and 12 QTLs for APases activity of rhizosphere soil were detected in maize (Zea mays) (Qiu et al., 2014).
A total of 285 single nucleotide polymorphisms (SNPs) associated with RSA traits were identified by
GWAS with 404 accessions of B. napus (Wang et al., 2017), and then the glycine-rich protein gene
BnGRP1 was identified as a candidate gene associated with RSA traits under low P conditions (Xu et al.,
2023). The accessions with haplotype BnGRP1Hap1 in the panel demonstrate the longest root length and
greatest root weight and overexpression BnGRP1Hapl significantly increased the root growth and P
uptake in B. napus (Xu et al., 2023). In addition, BnaA05.PAP17 associated with RSA traits was also
identified under low P conditions and overexpression of BnA05.PAP17Hap3 improved the shoot and root
growth in B. napus (Xu et al., 2024). In maize, total of 34 SNPs were identified for RSA traits by GWAS,
and a total of five potential candidate genes in the confidence interval of the above SNPs have been
identified (Wang et al., 2019). In soybean (Glycine max), combining linkage analysis, GWAS and
candidate-gene association analysis for root intracellular APases activity and P content, the GmACPI

was identified (Zhang et al., 2014). Overexpression of GmACPI increased SAP activity and P content
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(Zhang et al., 2014). Although previous studies have identified several significant markers associated
with root traits, the markers associated with SAP activity remain unclear.

The increase of the SAP activity is a common response to low soil P availability in most crops, such
as B. napus, wheat (Triticum aestivum), rice (Oryza sative), soybean, common bean (Phaseolus vulgaris)
and maize (Bhadouria et al., 2023; Ciereszko et al., 2011; Du et al., 2022; Duan et al., 2020; Li et al.,
2024; Liang et al., 2010; Wu et al., 2018; Yu et al., 2019). Acid phosphatases (APases, E.C. 3.1.3.2) have
optimal activity below pH 7.0 and can catalyze the hydrolysis of a broad array of Po to release Pi
(Bhadouria and Giri, 2022; Wang and Liu, 2018). The Pi released from Po by SAP in the rhizosphere
was closely related to the efficiency of P acquisition in crops (Bhadouria and Giri, 2022; Wang and Liu,
2018). SAP activity of P-efficient genotypes was significantly higher than that of P-inefficient genotypes
in B. napus (Zhang et al 2010), soybean (Zhang et al., 2020; Zhou et al., 2016) and maize (Yu et al.,
2019).

Purple acid phosphatase (PAP), with a binuclear metal centre binding either Fe (IIT)-Zn (II) or Fe
(IIT)-Mn (I0) ions and comprising five conserved motif blocks
(DXG/GDXXY/GNH(D/E)/VXXH/GHXH), are a kind of important acid phosphatase and have been
reported to promote the utilization of exogenous Po in plants (Bhadouria and Giri, 2022; Wang and Liu,
2018). Overexpression of OsPAP10a, OsPAP10c, OsPAP26 and OsPAP21b lines in rice and
overexpression of GmPAP7a and GmPAP7b in soybean significantly increased the SAP activity and
improved the utilization of exogenous ATP (Deng et al., 2020; Gao et al., 2017; Mehra et al., 2017; Tian
et al., 2012; Zhu et al., 2020). In addition, overexpression of GmPAPI-Like in soybean had a higher
ability to utilize exogenous dNTP than wild-type (Wu et al., 2018). In common bean, overexpression of
PvPAP3 and PvPAP] helped plants hydrolyze the externally supplied ATP and dNTP (Liang et al., 2010;
Liang et al., 2012). In stylo (Stylosanthes guianensis), the overexpression lines of SgPAP7, SgPAP10 and
SgPAP26 could use dNTPs as P source (Liu et al., 2016). Recently, 82 PAPs were identified in B. napus
and overexpression of BnaA09.PAP10 and BnaC09.PAPI10 in Arabidopsis significantly improved the
utilization efficiency of exogenous ATP (Zhang et al., 2024).

In this study, the SAP activity of an association panel of 350 accessions of B. napus was investigated
under Pi-deficient condition. The genetic control of SAP activity was performed using more than 4.5
million SNPs by GWAS. A total of 35 significant SNPs related to SAP activity of B. napus were identified,
and BnaA01.PAP17 was identified as a candidate gene associated with SAP activity under Pi-deficient
condition. The haplotype BnaA0l.PAP17Hapl (TACGATCT) with high SAP activity was revealed.
Further, four BnaPAP17s family genes were identified with high similarity of amino acid in B. napus.
Overexpression of BnaPAP17s increased SAP activity and Po utilization efficiency in B. napus. Overall,
these results increase our understanding of the function and the genetic variation of BnaPAP17s, which
will be helpful for the breeding of B. napus with higher Po utilization efficiency.

Materials and methods
Plant materials and growth conditions

In this study, firstly, the B. napus accessions ‘Y127’ seeds were washed three times with deionized
water and then placed at 4°C for overnight soaking. The imbibed seeds were germinated on a piece of
gauze moistened with deionized water for six days and then transferred to the Hoagland nutrient solution
(Hoagland and Arnon, 1950) with 500 uM (+P) or 0 uM (-P) KH,PO4 for 0, 1, 3, 5, 7 and 10 days (The
monitoring time points refer to Zhang et al. 2010). After that, the plants were used to detect the dynamic
change of shoot and root fresh weight, root-secreted APases (SAP) activity and root-intracellular APases
(IAP) activity. The results indicated that the SAP activity of ‘Y127’ was significantly increased by P
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deficiency and reached the highest on the 5% day (Fig. 1C). Secondly, an association panel of 350
accessions of B. napus with diverse genetic backgrounds, including 303 semi-winter, 41 spring, 4 winter
and 2 unknown types collected worldwide was used to investigate the SAP activity under both +P and -
P conditions (Table S1). Seeds were germinated with deionized water for six days and then transferred
to Hoagland nutrient solution (Hoagland and Arnon, 1950) with 500 uM (+P) or 0 uM (-P) KH,PO, for
five days. Then, the plant was used for measurement of the SAP activity for GWAS. All the plants were
cultivated in the greenhouse with a 16 h / 8 h (light/dark) at 22°C. Three biological replicates were used
for each sample. All the nutrient solutions were renewed every 5 days. The pH of the nutrient solution
was adjusted with 1 M HCI or NaOH to 5.6.
Measurement of root APases activity

For measurement of SAP activity, the plant roots were rinsed in distilled water, and subsequently
immersed into 5 mL culture medium (pH 5.5) containing 5 mM p-NPP as the substrate. After 30 min at
35°C, the reaction was stopped with 1 M NaOH and the absorbance was determined at 410 nm using a
microplate assay (Spark, Tecan, Switzerland). SAP activity was quantified as pmol pNP min™' g~! root
fresh weight (Li et al., 2024).

Total protein was extracted from plant roots as described by Lu et al. (2016). Briefly, approximately
0.1 g plant roots were homogenized in frozen extraction buffer and then centrifuged at 12000 rpm at 4°C
for 20 min to obtain total protein. The protein content was quantified using the Bradford Protein
Quantification Kit (Vazyme, Nanjing, China). For measurement of IAP activity, add 1 pg total proteins
to 0.6 mL 50 mM sodium acetate buffer at pH5.5 containing 10 mM pNPP. The reactions were incubated
at 35°C for 30 min and were stopped with 1.2 mL 1 M NaOH and the absorbance was determined at 410
nm using a microplate assay (Spark, Tecan, Switzerland). The IAP activity was expressed as pmol pNP
min~' mg~! protein (Lu et al., 2016).
GWAS for root-secreted APases traits

In a previous study, more than 10 million SNPs across this association panel of B. napus were
identified (Tang et al., 2021). In this study, the population genetic structure was estimated based on the
polymorphic SNPs of 350 accessions of B. napus through Admixture 1.3.0 software. The Tassel 5.0
software was used for the analysis of the relative kinship matrix (Bradbury et al., 2007). The
PopLDdecay3.4.0 software was used to calculate the linkage disequilibrium decay (LD decay) (Zhang
et al., 2019). The general linear model (GLM) and mixed linear model (MLM) of TASSEL 5.0 software
were used to determine the association between SNP markers and SAP activity (Bradbury et al., 2007).
The Quantile-Quantile (QQ) plot and the Manhattan plot were drawn by the R package ‘CMplot’ in R
(version 4.2.1). The threshold for the significance of associations between SNPs and SAP activity was
used as P <1.71e-6 and P < le-5.
Identification of candidate genes and haplotype analysis

To identify candidate genes for SAP activity, all genes located in the 200 kb up-/downstream of the
candidate lead SNP were selected, and the P-starvation induction (PSI) gene was predicted to be a
candidate gene combined with the transcriptome data of B. napus roots under +P (500 uM KH,PO,) and
-P (0 uM KH,POy4) conditions. Based on the SNPs detected by resequencing and comparative sequencing,
the haplotypes of candidate genes were analysed. HaploView.4.2 software was used to conduct haplotype
analysis (Barrett et al., 2005). Haplotypes containing at least 10 accessions of B. napus of the panel were
used for further comparative analysis, and a Student’s #-test was used to compare the differences in SAP
activity among the haplotypes.
Quantitative real-time PCR (qQRT-PCR)
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Total RNA was isolated using an Eastep® Super Total RNA Extraction Kit (Promega, Beijing, China)
following the manufacturer's instructions, then cDNA was synthesized using HiFiScript gDNA Removal
cDNA Synthesis Kit (CWBIO, Shanghai, China) following the manufacturer's instructions. qRT-PCR
assays were performed with the Hieff® qPCR SYBR Green Master Mix (Yeasen, Shanghai, China),
using an RT-PCR detection system in Bio-Rad's ICYCleriQS fluorescent quantitative PCR instrument.
BnaEF1a gene was used as an internal control to normalize samples, and relative gene expression levels

were measured using the 2724¢T

method. Four biological replicates were used for each sample, the value
of each biological replicate was the mean of those two technical replicates.
Vector construction and plant transformation

For the BnaPAP17s overexpression construct, the full-length coding sequence of each BnaPAP17s
gene was amplified from B. napus accession ‘Y127’ by PCR and then cloned into the PBI121 vector by
using the 2X MultiF Seamless Assembly Mix (ABclonal, Wuhan, China). To generate the
Proguaaor papi7:: GUS construct, the 2036 bp promoter sequence of the BnaA01.PAP17 was amplified by
PCR from genomic DNA. The amplified fragment was cloned into the DX2181b vector by using the 2X
MultiF Seamless Assembly Mix (ABclonal, Wuhan, China). Transformation of B. napus was performed
using the hypocotyl of B. napus for Agrobacterium infiltration as reported by Dai et al. (2020).
GUS histochemical analysis

GUS histochemical staining was performed using a GUS staining kit (Coolaber, Beijing, China).
The Proguasor.papi7:: GUS transgenic plants in nutrient solution with 500 uM KH>PO4 for four days, and
then transferred to +P (500 uM KH,POs) or -P (500 uM KH,PO4) nutrient solution for 15 days. Plant
tissues were submerged in GUS staining solution and vacuum infiltrated for 30 min, and then the tissues
were incubated at 37°C for 3 h. After staining, the tissues were washed with 75% ethanol to remove
chlorophyll and imaged.
Protein subcellular localization analysis

The coding sequences of each BnaPAP17s without a stop codon were separately amplified from
‘Y127’ by PCR with the primers shown in Table S6 and then cloned into the p35s-GFP vector to generate
35S::BnaPAP17s::GFP fusion constructs by using the 2X MultiF Seamless Assembly Mix (ABclonal,
Wauhan, China). The construct's fusion with GFP and the plasma membrane marker AtPIP2A-mCherry
were co-transformed into tobacco epidermal cells as described previously (Liu et al., 2016). The
fluorescence signals of GFP and mCherry were detected by laser confocal fluorescence microscopy
(STELLARIS, Leica, Germany) at 488 nm and 568 nm, respectively.
Tissue Pi concentration and total P content

The Pi concentration was measured using the methods referred to Irving and McLaughlin (2008)
and Lu et al. (2016). Briefly, 25 mg fresh tissues were homogenized with 25 pl 5 M H,SOy4, and then add
1.5 ml distilled water. The supernatant was collected by centrifugation at 12,000 rpm at 4°C.
Subsequently, the diluted supernatant was mixed with malachite green reagent (19.4 mM H3;BOs, 27.64
mM (NH4)sMO70,4'4H>0, 2.38 M H2SO4, 627.5 uM malachite green and 0.1% polyvinyl alcohol), after
30 min, the absorbance of the reactant was measured at 650 nm wavelength by a microplate assay (Spark,
Tecan, Switzerland). The determination of total P content referred to Chen et al. (2007) and Li et al.
(2024).
Results
Dynamic changes of B. napus biomass and root APases activity under Pi starvation

To investigate the effects of Pi-deficiency on B. napus growth and root APases activity, the fresh
weight (FW) of shoot and root, root-secreted APases (SAP) and root-intracellular APases (IAP) activity
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were determined on 0, 1, 3, 5, 7 and 10 d in B. napus under +P and -P conditions. Although the shoot
fresh weight (SFW) increased with time during the experimental period under both +P and -P conditions,
SFW were significantly higher under +P condition than that under -P condition from 1 d to 10 d (Fig.
1A). SFW of B. napus plants decreased by 28.7% on 5 d and 54.9% on 10 d under -P condition compared
to +P condition (P < 0.001; Fig. 1A). The change of root fresh weight (RFW) with time was very similar
to SFW under two contrasting Pi supplies (Fig. 1A, B). However, there were no significant differences
in RFW between +P and -P from 1 d to 5 d. The RFW were 29.1% (P < 0.01) and 51.1% (P < 0.001)
higher under -P compared to +P on 7 d and 10 d, respectively (Fig. 1B).

The SAP activity under +P condition did not exhibit a significant change with time, however under
-P continually increased from 0 d to 5 d, and then slightly decreased from 7 d to 10 d (Fig. 1C). The SAP
activity under -P was significantly higher than under +P during the period from 1 d to 10 d (P < 0.05 to
0.001), it reached the highest under -P on 5" d, which was 97% higher than +P (Fig. 1C). Unlike the
changes of SAP activity with time, the IAP under +P and -P both decreased from 0 d to 3 d, and then the
IAP under -P increased from 3 d to 10 d, and that under +P increased from 3 d to 5 d, and no significant
change from 5 d to 10 d (Fig. 1D). There was no significant difference in IAP between +P and -P from 0
d to 7 d, however the IAP under -P was 89% higher than that under -P at 10™ d (P < 0.01; Fig. 1D). These
results indicated that SAP activity had a quick response to Pi starvation than root biomass and IAP activity,
which might play an important role in regulating the Pi starvation of B. napus.

Phenotypic variation for root-secreted APases activity of an association panel B. napus

To identify genotypic differences in the SAP activity of B. napus, an association panel of 350
accessions of B. napus was used in this study (Table S1). Significant phenotypic variations in SAP
activity were observed under both +P (ranged from 0.55 to 2.24, 4.1-fold variation) and -P (ranged from
1.03 to 3.79, 3.7-fold variation), and the coefficient of variation (CV) were 30.8% and 26.2%,
respectively (Fig. S1A, B; Table S1). Moreover, the average SAP activity of the B. napus panel under -P
was higher than that under +P (Fig. SIC). The SAP activity showed an approximately normal distribution
among the association panel of B. napus under both +P and -P conditions (Fig. S1A, B).

GWAS of root-secreted APases activity in B. napus

A total of 4.5 million SNP markers were identified for this association panel of B. napus. There was
a minimum CV error at K = 4, showing that these accessions in the population can be divided into four
subgenomes (Fig. 2A, B). The pairwise relative relationship of most genotypes was less than 0.1,
indicating that the 350 accessions of B. napus had a weak relationship (Fig. 2C). Based on the cutoff for
squared correlations of allele frequencies (°) at 0.1, LD decay distance of this natural population was
179 kb (Fig. 2D). These results showed that the genetic distance of the majority of the accessions in the
association panel was large enough for the GWAS analysis.

GLM and MLM were used to control the false positives of the genotype-phenotype. Based on a P-
value < 1.71e-6, a total of 12 and 35 significant SNPs associated with SAP activity of B. napus were
identified on the 7 and 10 chromosomes by GLM, explaining the range of 7.1 t0 9.9% and 6.7 to 10.1 %
of phenotypic variation under +P and -P conditions, respectively (Fig. 3A; Fig. S2A; Table S2). Moreover,
MLM analysis identified two and three significant SNPs associated with SAP activity of B. napus at P-
value < 1.71e-6 under +P and -P conditions, respectively; 14 and 23 significant SNPs associated with
SAP activity of B. napus at P-value < 1e-5, under +P and -P conditions, respectively (Fig. 3B; Fig. S2B;
Table S3). The two highly significant lead SNPs (ChrAO1 19576615, ChrC03 3531206) on the AO1 and
CO03 chromosomes explained 10.1% and 9.5% of the phenotypic variation in SAP activity under -P by
GLM analysis, respectively (Fig. 3A; Table S2). These SNPs were also significantly associated with SAP
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activity at P-value < le-5 by MLM (Fig. 3B; Table S3).
The identification of BnaA01.PAP17

In this study, the LD decay was 179 kb for this association panel (Fig. 2D). Based on the LD decay,
200 kb up/downstream of the significant SNPs were selected to identify candidate genes. There were 57
genes in the LD decay confidence intervals of both ChrA01 19576615 and ChrC03 3531206,
respectively (Table S4). BnaA01g27810 (BnaA01.PAP17) and BnaC03g07130D (BnaC03.RGP2) within
the LD decay of ChrAO01 19576615 and ChrC03 3531206, respectively were significantly induced by
Pi-deficiency (Fig. 4A-C; Table S4). The expression levels of them under -P were 259 and 2.4-fold higher
than that of them under +P, respectively. Among them, BnaA401.PAP17 encoded purple acid phosphatase
and BnaC03.RGP2 encoded a reversibly glycosylated polypeptide (Table S4). Therefore, we speculated
that BnaA01.PAP17 may be one of the candidate gene associated with SAP activity in B. napus.

BnaA0l.PAP17 was the homologous gene of Arabidopsis AtPAPI17 (Table S4). To further
understand the intragenic variation affecting the phenotypic values and identify the favourable
haplotypes, 15 SNPs are located in the promoter and genome sequence of BnaA01.PAP17 were detected
and nine of them significantly associated with SAP activity were detected by candidate gene association
analysis at P-value < 0.01 (Fig. 4D; Table S5). Among the nine significant SNPs, five were located in
the promoter, three in the exon, and one in the intron region (Fig. 4D). Additionally, eight of the nine
SNPs formed an LD block in BnaA01.PAP17 sequence, which was classified into two major haplotypes,
BraA01.PAP17Hapl (TACGATCT) and BnaA01.PAP17Hap2 (AGTAGATC) (Fig. 4D, E). The two
haplotypes include 80 and 95 accessions, respectively (Fig. 4E). The BnaA01.PAP17Hapl accessions
possessed a significantly higher mean SAP activity than the BnaA01.PAP17Hap?2 accessions (Fig. 4F).
BnaPAP17s were secreted purple acid phosphatase protein family genes

Four members of the BnaPAP17s family were identified on chromosomes A01, A05, CO1 and CO05
in B. napus, with higher sequence similarity (at least 91%) (Fig. S3A, B). Among them, BnaAO1.PAP17
and BnaCO1.PAP17 both contained 333 amino acids, and the amino acid similarity between them was
99% (Fig. S3A, B); BnaA05.PAP17 and BnaC05.PAP17 both contained 337 amino acids, and the amino
acid similarity between them was 98% (Fig. S3A, B). BnaPAP17s had a metallophos domain with five
conserved motifs predicted by the SMART (http://smart.embl-heidelberg.de) tool, which was a
characteristic property of the PAP protein (Fig. S3A). A phylogenetic tree was constructed with the
protein sequence of PAPs in some species and BnaPAP17s in B. napus using MEGA-X software. These
PAPs were clustered into three major groups, and BnaPAP17s were clustered along with AtPAP17 and
other low-molecular-weight PAPs in group III (Fig. S3C).

To determine the subcellular localization of BnaPAP17s, the green fluorescent protein (GFP) was
fused with each member of the BnaPAP17s family, respectively. All BnaPAP17s and GFP fusion proteins
showed co-localized with plasma membrane (PM) markers under control conditions (no plasmolysis
treatment) in tobacco leaves (Fig. 5). However, after plasmolysis of tobacco leaves, all BnaPAP17s and
GFP fusion proteins showed a blocky green fluorescent filled in apoplast between the two PM (Fig. 5).
These results suggested that BnaPAP17s were secreted PAP proteins located in apoplast.

BnaPAP17s are involved in exogenous ATP utilization in response to Pi-deficiency

qRT-PCR was used to determine the expression of BraPAP17s in B. napus under Pi-starvation
conditions. The results showed that the change in Pi concentration was opposite to the expression level
of BnaPAP17s (Fig. 6). The concentrations of Pi began to decrease significantly in both leaves and roots
of Pi-deficient plants on the 4" day and reached the lowest level on the 10" day (Fig. 6A, B). Resupply

of Pi in the nutrient solution rapidly increased the concentrations of Pi in both the roots and leaves (Fig.
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6A, B). The decrease in Pi concentration in both leaves and roots was accompanied by a significant
increase in the expression of each member of BnaPAP17s of Pi-deficient plants on the 4™ day, reached
the highest level on the 10" day, and rapidly decreased with resupply of Pi in the nutrient solution (Fig.
6C-J). In addition, Prognasorpspi7::GUS transgenic plant was used to determine the tissue-specific
expression of BnaA0l.PAP17. The results showed that Bna401.PAP17 was induced by Pi-deficiency in
both leaves and roots, which were similar to qRT-PCR (Fig. 7).

Two genotypes with high SAP activity (383, 385) and two genotypes with low SAP activity (124,
286) were selected from the association panel of 350 accessions of B. napus to measure gene expression
of BnaPAP17s by qRT-PCR under +P and -P conditions. The SAP activity was increased in response to
Pi-deficient stress among four genotypes (Fig. 8A). Moreover, compared with +P condition, the
expression of BnaPAP17s among four genotypes was all strongly increased under -P condition (Fig. 8B-
E). The expression level of BnaPAP17s was lower in the roots of high SAP activity genotypes than that
of low SAP activity genotypes under +P condition (Fig. 8B-E). However, the expression level of
BnaPAP17s in the roots of high SAP activity genotypes was higher than that of low SAP activity
genotypes (especially 383) under -P condition (Fig. 8B-E). These results provided further evidence that
the four BnaPAP17s were closely associated with SAP activity in response to low Pi stress.

To further demonstrate the effect of BnaPAP17s on SAP activity in response to Pi-deficiency in B.
napus, we constructed the overexpression transgenic (OE) plants of each member of the BnaPAP17s
family in B. napus. The expression of all the BnPAP17s was significantly higher in four different OE
lines than in wild-type (WT) (Fig. 9A). Furthermore, we assessed the SAP activity in OE lines under +P
and -P conditions. The OE lines had higher SAP activity than WT under -P, condition but there was no
or a slight difference in SAP activity between OE and WT lines under +P condition (Fig. 9B, C). In
addition, there was not significant difference in biomass between OE and WT lines among the three P
treatments (Fig. S4). Although there was no difference in P content between OE and WT lines under +P
and -P conditions, the OE lines had significantly increased P content compared with WT lines when ATP
was supplied as the sole P resource (Fig. 9D). These results further demonstrated that BnaPAP17s were
closely related to SAP activity in response to Pi-deficiency and were involved in the process of exogenous
Po utilization.

Discussion
Root-secreted APases activity in response to Pi deficiency

In plants, it is common to change RSA traits and increase SAP activity in response to Pi deficiency
(Liu, 2021; Poirier et al., 2022; Wang et al., 2019). SAP is generally thought to increase P availability by
hydrolyzing Po, and RSA traits are changed to improve P uptake through larger exploration of the soil
volume (Liu, 2021; Poirier et al., 2022; Wang et al., 2019). Our previous study also reported that the root
biomass and SAP activity increased in response to Pi-deficiency in B. napus (Duan et al., 2020; Li et al.,
2024). In this study, although root biomass, SAP activity and IAP activity were all increased under Pi-
deficient conditions, the SAP activity responded more quickly than RFW and IAP activity to Pi-
deficiency. It is indicated that SAP also plays an important role in the adaptability of B. napus to Pi
deficiency. Among them, the SAP activity, RFW and IAP activity of B. napus began to increase on 1 d,
7 d and 10 days when the plants suffered Pi-deficiency, respectively (Fig. 1B-D). Unlike B. napus, in
soybean, the SAP and IAP activity began to increase on 1 d in response to Pi-deficiency, and the SAP
activity was lower than IAP activity (Zhu et al., 2020). The IAP activity of the suspension cells of the
tomato (Lycopersicon esculentum) under Pi-deficiency began to increase on 6 d, reached to the highest

on 11 d, but decreased to the same activity as Pi-sufficient conditions on 14 d (Bozzo et al., 2006).
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However, the SAP activity under Pi-deficiency began to increase on 8 d and increased linearly with the
time of culture (Bozzo et al., 2006). These indicated that the response time of SAP and its activity under
Pi-deficiency differs in different species.

Identification of SNP markers and candidate gene controlling SAP activity in B. napus

In plants, low P tolerance-related traits are complex and controlled by multiple genes (Xu et al.,
2023; Zhang et al., 2014). Several genes that respond to low-P stress have been identified in crops by
GWAS and linkage analysis. For instance, GmSPX-RINGI, GmPHFI1 and GmEIL4 involved in
enhancing low-P tolerance were identified in soybean (Du et al., 2020; Guo et al., 2022; Yang et al.,
2023). OsACP2 and OsAAD enhanced phosphorus use efficiency in rice (Liu et al., 2024; Yan et al.,
2023), BnGRPI and BnaA05.PAP17 were associated with RSA, and enhanced low-P tolerance in B.
napus (Xu et al., 2023, Xu et al., 2024). The discovery and application of the genetic loci and candidate
genes controlling low-P tolerance-related traits have become increasingly important in plant breeding.
However, the identification of SNP markers and candidate genes associated with APases activity is often
overlooked. A major QTL gPES associated with IAP activity and plant P content was identified through
GWAS and linkage analysis (Zhang et al., 2014).

In this study, genetic variations related to SAP activity under Pi-deficient stress were detected by
GWAS using 4.5 million SNP markers in a natural population with 350 accessions of B. napus (Table
S1). A total of 35 SNPs associated with SAP activity were identified, and among them, the lead SNP
ChrA01 19576615 and ChrC03_ 3531206 were detected by GLM and MLM (Fig. 3; Tables S2 and S3).
BnaA01.PAP17 and BnaC03.RGP2 were identified in the confidence interval of ChrA01 19576615 and
ChrC03_3531206, respectively, they were significantly induced by Pi-deficient in B. napus roots. The
up-regulated expression level of BnaA01.PAP17 was much higher than that of BnaC03.RGP2 under P
deficiency (Table S4). Therefore, the BnaA01.PAP17 was identified to be the candidate gene associated
with SAP activity in response to P-deficient stress.

The discovery of the superior haplotype of candidate genes can contribute to breed elite crop
varieties (Gao et al., 2019; Wang et al., 2021; Zhang et al., 2023). In this study, 15 SNPs were detected
in the 2 kb promoter and coding sequence of BnaA0l.PAP17, and eight SNPs among them associated
with SAP activity formed an LD block (Fig. 4D). Based on these SNPs, two typical haplotypes containing
80 and 95 accessions were identified, respectively (Fig. 4E). The SAP activity of Bnad01.PAP17Hapl
was significantly higher than BraA0l.PAPI17Hap? under Pi-deficient conditions (Fig. 4F).
BnaA01.PAP17Hap] is a superior haplotype and may be used to breed P-efficient B. napus varieties in
the future, though might need further study. Recently, five sequence variations of SbAT! were identified
with higher relative survival rates under alkali treatment in sorghum (Sorghum bicolor) with Hapl
showing much higher survival rates than Hap2 (Zhang et al., 2023). Further, the Sh4T/ homologs in rice,
maize and millet (Sefaria italica) had similar roles, and genetically engineered crops with knockouts of
ATI homologs or use of natural nonfunctional alleles could greatly improve crop yield in sodic lands
(Zhang et al., 2023). Additionally, the sequence of TuPHT1,;9-4B displays haplotype variation, and Hap3
of TaPHTI;9-4B showed higher growth performance and P content than other haplotypes in wheat
genotypes (Wang et al., 2021).

BnaPAP17s associated with SAP activity were involved in exogenous ATP utilization

It has been reported that Pi starvation induces SAP activity, which degrades Po into Pi for plant
uptake (Bhadouria and Giri, 2021, Wang and Liu, 2018). PAPs are a distinct group of APases, that are
widely studied for their roles in plant acclimation to Pi deficiency, and most PAPs are reported to be

induced transcriptionally in response to Pi deficiency (Bhadouria and Giri, 2021). For instance, 10, 12,
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24,20 and 11 PAPs were induced by Pi-deficient in rice, chickpea (Cicer arietinum), soybean, tomato
(Solanum lycopersicum) and maize, respectively (Bhadouria et al., 2017; Gonzalez-Munoz et al., 2015;
Li et al., 2012; Srivastava et al., 2020; Zhang et al., 2011). In this study, four members of BnaPAP17s
with high sequence similarity were identified in B. napus (Fig. S3A, B). Similar expression profiles were
observed among the BnaPAP17 gene family in response to Pi deficiency. The expression of BnaPAP17s
in both roots and leaves was induced by Pi-deficiency. The expression of BnaPAP17s increased
continuously with the decrease of Pi concentration in Pi-deficient plants and decreased rapidly with the
increase of P in both roots and leaves by resupply of Pi (Fig. 6). These suggested that BnaPAP17s could
be used as Pi marker genes in B. napus.

In this study, we found that the genotypes with high SAP activity had higher expression of
BnaPAP17s than genotypes with low SAP activity under Pi-deficient conditions (Fig. 8). This suggested
that the expression of BnaPAP17s could be related to SAP activity in response to Pi-deficiency. AtPAP10,
AtPAPI2 and AtPAP26 are the main secreted APases genes, and overexpression of these significantly
increased the SAP activity and promoted the utilization of exogenous Po (i.e., ADP and Fru-6-P) in
Arabidopsis (Wang et al., 2014). Additionally, overexpression of OsPAP10a, OsPAP10c and OsPAP26
also increased the SAP activity and promoted the utilization of exogenous ATP in rice (Deng et al., 2020;
Gao et al., 2017; Tian et al., 2012). In this study, overexpression of BnaPAP17s significantly increased
SAP activity under Pi-deficiency. Although the overexpression of BnaPAP17s had no effect on total P
content under Pi-sufficient and Pi-deficient conditions, it significantly increased the total P content when
ATP was used as a P source (Fig. 9). These results suggested that BnaPAP17 genes were associated with
SAP activity and involved in exogenous ATP utilization in B. napus. In addition, there was not significant
difference in biomass between OE and WT lines when ATP was supplied as the sole P resource (Fig. S4).
This is likely due to the fact that both OE and WT roots secrete APases to hydrolyze ATP and obtain
enough Pi for plant growth.

Conclusion

In B. napus, the SAP activity responded more quickly to Pi deficiency than IAP activity and root
growth. A total of 35 SNPs associated with SAP activity were identified by GWAS in an association
panel of 350 accessions of B. napus and BnaA01.PAP17 was identified within the LD decay confidence
interval of lead SNP (ChrA01 _19576615). The genotypes of BnaA0l.PAP17Hapl had higher SAP
activity than those of BnaA01.PAP17Hap?2. All the four members of the BnaPAP17s were located in the
apoplast and were secreted APases. Overexpression of BnaPAP17s significantly enhanced exogenous
ATP utilization by increasing SAP activity. BnaPAP17s and the favorable haplotype of BnaA0l.PAP17
could be important candidate gene for the breeding B. napus with high Po-efficient utilization.
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Figure legends

Fig. 1 Dynamic changes in shoot and root fresh weight, root-secreted and -intracellular APases activity
in B. napus. (A) shoot and (B) root fresh weight. (C) Root-secreted APases activity and (D) root-
intracellular APases activity. Seeds of ‘Y127 were germinated for six days and then transferred to Pi-
sufficient (+P, 500 uM KH,PO.) or -deficient (-P, 0 uM KH2PO4) nutrient solution for ten days. The data
represent the means of six replicates for root and shoot fresh weight, and three replicates for root-secreted
and -intracellular APases activity, along with their corresponding standard errors. Asterisks indicate
significant differences between the -P and +P treatments by according to Student’s t-test: *P < 0.05; **P
<0.01; ***P < 0.001

Fig. 2 The population structure, relative kinship and LD decay of the B. napus association panel. (A) The
population structure plot. (B) The cross-validation error value. (C) The pairwise relationship of the B.
napus association panel. (D) The LD decay plot, squared correlations of allele frequencies (r?) at 0.1, LD
decay distance of this natural population was 179 Kb

Fig. 3 Genome-wide association study for root-secreted APases activity of B. napus association panel
under Pi-deficient condition. The Manhattan and QQ plot by (A) GLM and (B) MLM. The horizontal
dashed line represents the significance threshold with -logio(P) = 5.77 (red) and -logio(P) = 5 (blue)
Fig. 4 The significant SNPs associated with root-secreted APases activity on chromosome AQ0L and
haplotype types of BnaAO1.PAP17 in the B. napus association panel. (A) The significant SNP locus on
chromosome AO0L. (B) The expression level of the genes in the confidence interval of ChrA01_ 19576615
under Pi -sufficient (+P, 500 uM KH,PO,4) and -deficient (-P, 0 uM KH,PO.) conditions. (C) The
expression level of BnaA01.PAP17. (D) Candidate gene association analysis of BnaA01.PAP17 with
root-secreted APases activity, and the significant SNPs were located in exon (green), intron (grey) and
yellow (promoter). (E) The haplotype types of BnaAO1.PAP17. (F) The difference of root-secreted
APases activity between Hapl and Hap2, Student's t-test was used for comparisons between two
haplotypes of B. napus (*P < 0.05)

Fig. 5 Subcellular localization of BnaPAP17s family. GFP protein of (A) BnaAOl.PAP17, (B)
BnaC01.PAP17, (C) BnaAO05.PAP17 and (D) BnaC05.PAP17 before or after plasmolyzing

Fig. 6 Dynamic changes of Pi concentration and expression of BnaPAP17s in root and leaf under Pi-
deficient condition. The Pi concentration of (A) leaf and (B) root. The expression of (C-D)
BnaA01.PAP17, (E-F) BnaA05.PAP17, (G-H) BnaC01.PAP17 and (I-J) BnaC05.PAP17 in leaf and root.
Seeds were germinated for six days and then grown in a Pi-sufficient (500 uM KH>PO.) nutrient solution
for four days, and the seedlings were transferred to a solution without Pi for ten days, followed by two
days recovery (R) in Pi-sufficient nutrient solution. The data are the means of four replicates with
standard errors

Fig. 7 GUS staining of Prog,,.01 pap17::GUS transgenic plants. GUS staining of (A) shoot and (B) root
under +P and -P conditions, bar = 2 cm. GUS staining of primary root tip under (C) +P and (D) -P
conditions, bar = 2 mm. Seeds were germinated for six days, and the seedlings were transferred to a Pi-
sufficient (+P, 500 uM KH>PO4) nutrient solutions for four days, and then transferred to Pi-sufficient or
Pi-deficient (-P, 0 pM KH>PO4) nutrient solutions for 15 days

Fig. 8 The difference in root-secreted APases activity and expression of BnaPAP17s among different B.
napus accessions. (A) Root-secreted APases activity. (B-E) The expression of BnaAO1.PAP17 (B),
BnaA05.PAP17 (C), BnaC01.PAP17 (D) and BnaC05.PAP17 (E) in different B. napus accession roots.
Seeds were germinated for six days and then transferred to Pi-sufficient (+P, 500 uM KH2POy) or Pi-
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deficient (-P, 0 uM KH,PQ.) nutrient solution for five days. The data are the means of four replicates
with standard errors. Significant difference based on Duncan's post-hoc analysis at P < 0.05

Fig. 9 Effects of overexpression of BnaPAP17s in B. napus on root-secreted APases activity and total P
content. (A) The expression of BnaPAP17s. (B) The root-secreted APases activity, in situ staining for
the root-associated APases activity, the yellow colour indicates the enzyme activity in roots. (C) The
quantification root-secreted APases activity. (D) The total P content in shoots. The data are the means of
four replicates with standard errors. Student’s t-test was used for comparisons between two lines (*P
<0.05, **P <0.01, ***P <0.001). +P, 500 uM KH>POyg; -P, 0 uM KH2PO4; ATP, 100 ATP

Supplementary data

Fig. S1 Frequency distribution of root-secreted APases activity in 350 accessions of B. napus under (A)
Pi-sufficient (+P) and (B) -deficient (-P) conditions. (C) The difference in the root-secreted APases
activity of the B. napus panel between +P and -P conditions. +P, 500 uM KH2POyg; -P, 0 uM KH2PO4
Fig. S2 Genome-wide association study for root-secreted APases activity of B. napus association panel
under Pi-sufficient condition. The Manhattan and QQ plot by (A) GLM and (B) MLM. The horizontal
dashed line represents the significance threshold with -logig(P) = 5.77 (red) and —log10(P) = 5 (blue)
Fig. S3 Homology and phylogenetic analysis of BnaPAPs family. (A-B) Deduced amino acid sequence
alignment of BnaPAP17s with AtPAP17. (C) The phylogenetic tree of PAPs in some species. It was
constructed with MEGA 7.0 by neighbour-joining method. Bn, Brassica napus; At, Arabidopsis thaliana;
Gm, Glycine max; Pv, Phaseolus vulgaris; Sg, Stylosanthes guianensis; Nt, Nicotiana tabacum; Os,
Oryza sativa; La, Lupinus albus; SI, Solanum lycopersicum; Mt, Medicago truncatula

Fig. S4 Biomass of wild-type (WT) and of transgenic plants with overexpression BnaPAP17 in B. napus
under three P treatments. (A) Shoot and (B) root dry weight. Student’s t-test was used for comparisons
between two lines (*P < 0.05). +P, 500 uM KH2POy; -P, 0 uM KH2PO4; ATP, 100 uM ATP.

Table S1 SAP activity of 350 accessions of B. napus used in this study under under Pi-sufficient and Pi-
deficient conditions. SAP, root-secreted APases; Pi-sufficient (+P), 500 uM KH,POs; Pi-deficient (-P),
0 uM KH,PO,

Table S2 Significant SNP loci for SAP activity of B. napus by GLM

Table S3 Significant SNP loci for SAP activity of B. napus by MLM

Table S4 The expression level of the genes in the confidence intervals of ChrA01_ 19576615 and
ChrC03_3531206 in B. napus roots under Pi-sufficient and Pi-deficient conditions. The seeds were
germinated for six days and then transferred to Pi-sufficient (+P, 500 uM KH,PO4) or Pi-deficient (-P, 0
uM KHPO4) nutrient solution for five days

Table S5 Association analysis of BnaAO1.PAP17 with root-secreted APases activity in B. napus

Table S6 Primers used in this study
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Fig. 1 Dynamic changes in shoot and root fresh weight, root-secreted and -intracellular APase activity
in B. napus. (A) shoot and (B) root fresh weight. (C) Root-secreted APase activity and (D) root-intracellular
APase activity. Seeds of ‘Y127’ were germinated for six days and then transferred to Pi-sufficient (+P, 500
uM KH2PO4) or -deficient (-P, 0 uM KH,PO4) nutrient solution for ten days. The data represent the means
of six replicates for root and shoot fresh weight, and three replicates for root-secreted and -intracellular
APase activity, along with their corresponding standard errors. Asterisks indicate significant differences
between the -P and +P treatments by according to Student’s t-test: *P < 0.05; **P < 0.01; ***P < 0.001.
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Fig. 3 Genome-wide association study for root-secreted APase activity of B. napus association panel

under Pi-deficient condition. The Manhattan and QQ plot by (A) GLM and (B) MLM. The horizontal dashed
line represents the significance threshold with -logio(P) = 5.77 (red) and -logio(P) = 5 (blue).
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Fig. 4 The significant SNPs associated with root-secreted APase activity on chromosome A01
and haplotype types of BnaA01.PAP17 in the B. napus association panel. (A) The significant
SNP locus on chromosome AO0L. (B) The expression level of the genes in the confidence interval
of ChrA01_19576615 under Pi -sufficient (+P, 500 uM KH>PQO4) and -deficient (-P, 0 uM KH2PO.)
conditions. (C) The expression level of BnaA01.PAP17. (D) Candidate gene association analysis
of BnaA01.PAP17 with root-secreted APase activity, and the significant SNPs were located in exon
(green), intron (grey) and yellow (promoter). (E) The haplotype types of BnaA01.PAP17. (F) The
difference of root-secreted APase activity between Hapl and Hap2, Student's t-test was used for
comparisons between two haplotypes of B. napus ( *P < 0.05).
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Fig. 6 Dynamic changes of Pi concentration and expression of BnaPAP17s in root and leaf under
Pi-deficient condition. The Pi concentration of (A) leaf and (B) root. The expression of (C-D)
BnaAOl1.PAP17, (E-F) BnaA05.PAP17, (G-H) BnaC01.PAP17 and (I-J) BnaC05.PAP17 in leaf and root.
Seeds were germinated for six days and then grown in a Pi-sufficient (500 uM KH2PQO4) nutrient solution
for four days, and the seedlings were transferred to a solution without Pi for ten days, followed by two
days recovery (R) in Pi-sufficient nutrient solution. The data are the means of four replicates with standard
errors.
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Fig. 7 GUS staining of Prog,,a01 pap17::GUS transgenic plants. GUS staining of (A) shoot
and (B) root under +P and -P conditions, bar = 2 cm. GUS staining of primary root tip under
(C) +P and (D) -P conditions, bar = 2 mm. Seeds were germinated for six days, and the
seedlings were transferred to a Pi-sufficient (+P, 500 uM KH2PO4) nutrient solutions for four
days, and then transferred to Pi-sufficient or Pi-deficient (-P, 0 uM KH>POy4) nutrient solutions
for 15 days.

25



770

771
772
773

* (A) 1000 R0t PAPT7 (B)
a na. .
£ s w383 | 800 Ta
8= 5| = 385 b
25 |53 124 2 g 600
S | =3 286 2 400 b
< E 2 c e B Loy
o T oL & 200 l = 5
B3 | g H T
S 5 g e o i
§ 21+ g 5 18
B = ¢ 12 b 2
§ 6 c ¢ B
ols &
+P P +P -P
2000 2500
BnaC01.PAP17 (D) BnaC05.PAP17 (E)
a a 2000 a
= 1500 C T
2 | 51500 |
% ab % b
2 1000 8
g b L | 51000 e
2 I | ¥
2 500 + £ 500 + a = H
& T a a i - a
g i s o] I
6 b 6
31 b 31p b
0- 0-

+P P +P

Fig. 8 The difference in root-secreted APase activity and expression of BnaPAP17s among
different B. napus accessions. (A) Root-secreted APase activity. (B-E) The expression of
BnaA01.PAP17 (B), BnaA05.PAP17 (C), BnaC01.PAP17 (D) and BnaC05.PAP17 (E) in different B.
napus accession roots. Seeds were germinated for six days and then transferred to Pi-sufficient (+P,
500 uM KH2POQy) or Pi-deficient (-P, 0 uM KH2PO.) nutrient solution for five days. The data are the
means of four replicates with standard errors. Significant difference based on Duncan's post-hoc

analysis at P < 0.05.
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774

775 Fig. 9 Effects of overexpression of BnaPAP17s in B. napus on root-secreted APase activity and
total P content. (A) The expression of BnaPAP17s. (B) The root-secreted APase activity, in situ
staining for the root-associated APase activity, the yellow colour indicates the enzyme activity in
roots. (C) The quantification root-secreted APase activity. (D) The total P content in shoots. The
data are the means of four replicates with standard errors. Student’s t-test was used for comparisons
between two lines (*P <0.05, **P <0.01, ***P <0.001). +P, 500 uM KH>POg4; -P, 0 uM KH2POy;
ATP, 100 ATP.
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