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A natural uORF variant confers phosphorus
acquisition diversity in soybean

Zilong Guo 13 Hongrui Cao'3, Jing Zhao?, Shuang Bai', Wenting Peng1, Jian Li", Lili Sun?, Liyu Chen',
Zhihao Lin?, Chen Shi', Qing Yang', Yongging Yang', Xiurong Wang?, Jiang Tian® 2, Zhichang Chen® '™ &

Hong Liao® '®

Phosphorus (P) is an essential element for all organisms. Because P fertilizers are a non-
renewable resource and high fixation in soils, sustainable agriculture requires researchers to
improve crop P acquisition efficiency. Here, we report a strong association signal at a locus of
CPU1 (component of phosphorus uptake 1), from a genome-wide association study of P
acquisition efficiency in a soybean core collection grown in the field. A SEC12-like gene,
GmPHF1, is identified as the causal gene for CPUI. GmPHF1 facilitates the ER (endoplasmic
reticulum) exit of the phosphate transporter, GmPT4, to the plasma membrane of root
epidermal cells. A common SNP in an upstream open reading frame (UuORF) of GmPHFI,
which alters the abundance of GmPHF1 in a tissue-specific manner, contributes to P acqui-
sition diversity in soybean. A natural genetic variation conditions diversity in soybean P
acquisition, which can be used to develop P-efficient soybean genotypes.
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s a non-renewable resource, phosphorus (P) is one of the

most important essential macronutrients for plant growth

and development!. However, high P-retention in soils
results in P deficiency for most crops?, and high rates of P fer-
tilizers have to be applied into agroecosystems to maintain crop
yield. The high input of chemical P fertilizers not only increases
the financial burden to farmers but also causes environmental
risks®>. Therefore, genetic manipulation to improve crop
P-acquisition efficiency is a highly valued goal for more sus-
tainable agriculture.

Understanding the molecular mechanisms and genetic bases
underlying crop P acquisition can help facilitate the breeding of
P-efficient crops. Functional genes involved in root morphology
and architecture®, phosphate (Pi) transport?, as well as metabo-
lism and transport of root exudates®, have been identified and can
contribute to root P acquisition. On the other hand, many efforts
on exploring P acquisition by forward genetic approaches have
been made”:8; however, little success was achieved. Rice PSTOLI
(phosphorus-starvation tolerance 1) was a P-efficiency gene
identified via QTL mapping of tiller number, P uptake, and
biomass production under low P conditions®~11. Subsequently,
Hufnagel et al. conducted candidate gene-association analysis for
sorghum P efficiency via both field and lab phenotyping and
showed that several sorghum PSTOLI homologs condition P
efficiency by enhancing shallow lateral root growth!2. Never-
theless, other loci responsible for P acquisition beyond root traits
remain largely unknown.

Soybean (Glycine max) is a globally important legume crop
providing proteins and oils for human and animals!'3. The high
seed protein and oil content in soybean!3 are indicative of its high
demand for nutrients from the environment. Since soybean can
fix atmospheric nitrogen (N) through symbiosis with micro-
organisms to meet its N requirement!4, soil P becomes the
maximum constraint for soybean growth.

In this work, to investigate traits that could enhance soil P
acquisition in soybean, a field experiment is performed using our
previously-constructed soybean core collection containing can-
didate P-efficiency genotypes!®. Combining millions of SNPs
based on whole-genome re-sequencing, GWAS is conducted to
explore the genetic bases for P acquisition in soybean, and a
strong association signal on chromosome 20 is detected. A
naturally occurring variant in an upstream open reading frame
(uOREF) is found to be crucial for protein abundance and spatial
distribution of the downstream causal gene, which consequently
contributes to P acquisition diversity in soybean.

Results

Re-sequencing and characterization of an applied soybean core
collection. We constructed an applied core collection for P effi-
ciency from soybean germplasm in previous work!®. In the
population, a total of 274 accessions were collected using a GIS
(geographical information system)-assisted approach based on
soil types and soil P status of soybean production areas and
agronomic traits of soybean!>16, which were mainly distributed
in three geographical regions: South China, North China, and
Brazil (Fig. 1a). In the study, we re-sequenced the whole genomes
of 274 accessions and obtained approximately 2 terabases of DNA
sequences from 13.5 billion reads after quality control, with an
average depth ~7.4x for each accession (Supplementary Data 1).
After alignment to the soybean reference genome (Glycine max
Wm82.v2.0.40 from EnsemblPlants), followed by variant calling,
low-quality variant filtering, and genotype imputation, a total of
6,300,394 high-quality bi-allelic SNPs with 1 SNP per 151 bp on
average (Fig. 1b and Supplementary Table 1), and 2,117,569

insertions/deletions (INDELs) were identified (Supplementary
Table 2).

Based on the genotypes of genome-wide SNP sites, we inferred
the population structure and phylogenetic relationships for the
core collection and found three distinct groups, which corre-
sponded to three geographical distributions (Fig. 1c and
Supplementary Fig. 1). Based on the geographical origins of the
accessions within each group, the three distinct groups were
termed “South” subpopulation (from South China), “Brazil”
subpopulation (from Brazil), and “North” subpopulation (from
North China), respectively; the remaining 45 accessions showed
mixed subpopulation components, which were termed “inter-
mediate” accessions (Fig. 1c and Supplementary Data 1). While
there was a modest population differentiation for South-Brazil
(Fst = 0.222), relatively high levels of population differentiation
were observed for South-North (Fgp = 0.365) and Brazil-North
(Fst = 0.374). To identify divergent genomic regions underlying
the subpopulation differentiation, we performed genome-wide
population differentiation analyses (Fsr) between subpopulations.
In total, 51, 47, and 9 divergent regions (Fsy = 0.65 (top 5% Fsr))
were identified for Brazil-North, South-North, and South-Brazil,
respectively (Supplementary Fig. 2 and Supplementary Data 2).

To evaluate the mapping resolution of the genome-wide
association study (GWAS), we estimated the genome-wide
linkage disequilibrium (LD) levels. LD decayed along with the
extension of physical distance and the decay rates varied among
different (sub)populations. LD decayed much more rapidly in the
whole population and the South subpopulation than in the North
and Brazil subpopulations, which may be partially attributed to
larger sample size (Fig. 1d). In addition, the LD-decay rates of
different chromosomes varied in the same population (Supple-
mentary Fig. 3). These results suggest that GWAS could provide
relatively high mapping resolution to identify candidate genes in
the whole population and the South subpopulation.

To evaluate the performance of GWAS using this soybean
population, we performed a GWAS of flower color using linear
mixed models (LMM) in the whole population (Supplementary
Fig. 4). A strong and clear association signal on chromosome 13 was
detected and the lead SNP sf1317311391 (P pi = 6.51 x 10~81) was
approximately 1kb away from W1 (Glymal3G072100), an a priori
gene controlling flower color in soybean!’. The quantile-quantile
plot showed a good performance in controlling P value inflations.

A major locus CPUI associated with P-acquisition efficiency.
Considering the close relationship between plant P uptake and
root length”!1, we first determined plant P uptake (P content)
and measured total root length, and then calculated P uptake per
unit root length (P content/total root length) as a indicator of
P-acquisition efficiency in 207 soybean accessions at the seedling
stage (one month after sowing). There were large variations in
both P uptake (ranged from 8.90 to 49.69 mg, Fig. 2a) and total
root length (ranged from 1.97 to 7.20 m, Fig. 2b). Although the
total root length was significantly correlated to the P uptake
(Pearson correlation coefficient R = 0.42, P <0.001) (Fig. 2c), the
P uptake per unit root length for P-acquisition efficiency still
showed large variation (ranged from 2.67 to 13.55mg/m)
(Fig. 2d), suggesting the existence of genetic loci contributing to P
acquisition independently of root length.

In the study, we only performed GWAS in the whole
population and South subpopulation due to the small sample
size and small LD-decay rate of the North and Brazil
subpopulations (Fig. 1d). The SNPs with a minor allele frequency
(MAF) less than 0.05 were removed from the association analysis.
A total of 4,618,874 and 3,757,697 SNPs remained for GWAS in
the whole population and the South subpopulation, respectively
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Fig. 1 Characterizing a P-efficiency applied core collection of soybean based on whole-genome re-sequencing. a Geographical distribution of re-
sequenced soybean accessions. Each red dot indicates an accession. b SNP density along 20 chromosomes. The color indicates the number of SNPs in a
1-Mb region. ¢ Percentage of inferred subpopulation components harbored by each accession using ADMIXTURE software under an assumption of ancient
cluster K=3. Red, cyan, and blue regions indicate South, Brazil, and North subpopulation components, respectively. The line height indicates the
percentage of inferred subpopulation components. d LD levels indicated by r2 along physical distance in the whole population, South, Brazil, and North
subpopulations, respectively. Source data underlying panel ¢ are provided as a Source Data file.

(Supplementary Table 3). Using Bonferroni correction for
multiple tests based on the number of effective independent
SNPs to control the genetic type 1 error rate (Supplementary
Table 3), we determined the genome-wide thresholds at
1.21x 1077 and 1.84 x 10~7 for the whole population and the
South subpopulation, respectively. Adjacent SNPs having LD
relationship with each other (22> 0.30) were defined as a single
locus to reduce the redundancy of association signals!8. A SNP
with the lowest P value for an association signal was defined as
lead SNP.

GWAS of P uptake in the whole population and South
subpopulation identified only one locus on chromosome 9
(PLav = 1.18 x 1077 in the whole population; Py yp = 6.56 x 10~
in the South subpopulation) (Supplementary Fig. 5a and
Supplementary Data 3). Even though the association signal failed
to pass the genome-wide threshold, the locus was associated with
plant biomass with the strongest signal (P yp = 1.73 X 1076 in the
whole population; Ppyp=6.70 x 1077 in the South subpopula-
tion) (Supplementary Fig. 5b and Supplementary Data 3), suggest-
ing that the locus at chromosome 9 may directly control plant
growth but not P acquisition, and its statistical association with P
acquisition may be partially attributed to the high correlation
between plant biomass and plant P content in the mapping
population (Pearson correlation coefficient R =0.92). No signifi-
cant loci were detected in the GWAS of total root length
(Supplementary Fig. 5¢). Strikingly, one strong association signal

(named CPUI (component of phosphorus uptake 1)) on chromo-
some 20 was observed in the GWAS of P-acquisition efficiency
using P uptake per unit root length as the indicator in the South
subpopulation (Ppyp = 9.22 x 10~11) (Fig. 2e and Supplementary
Data 3), and this locus was also detected for GWAS of P uptake
when adjusting for root length (Ppyp = 1.17 x 10~8) (Supplemen-
tary Fig. 6b). For the lead SNP sf2042902267 of CPUI, the allele G
of the lead SNP not only remarkably enhanced the value of P
uptake per unit root length by 36.61% (P = 8.73 x 10~ 11, two-sided
t-test), but also partly but significantly contributed to plant P
uptake (P=4.14x107%, two-sided t-test) and yield
(P=6.22x 10793, two-sided t-test) (Fig. 2f), indicating the
important role of this locus in both P acquisition and yield.

Identification of the causal gene for CPUI. To facilitate precise
breeding, further work on exploring candidate gene for this locus
was carried out. There were ten annotated genes in this P-
acquisition-efficiency-associated locus CPUI (Supplementary
Data 3), and the lead SNP sf2042902267 was closest to Gly-
ma.20G190300, at a distance of 0.7 kb (Fig. 3a). Glyma.20G190300
is primarily expressed in roots based on Phytozome database
(https://phytozome.jgi.doe.gov/) and a soybean database of 1298
RNA-seq samples!® (https://venanciogroup.uenf.br/cgi-bin/gmax_
atlas/index.cgi) (Fig. 3a and Supplementary Data 4). Furthermore,
the gene’s expression was highly induced by P deficiency in basal
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roots (Supplementary Fig. 7). The gene contains 11 exons and 10
introns, encoding a peptide of 394 amino acids (https://phytozome.
jgi.doe.gov/pz/portalhtml). Based on phylogenetic analyses, the
gene belongs to the plant SEC12-like protein family, and shows
66.67 and 57.59% protein sequence identity to AtPHF1 (Arabi-
dopsis thaliana Phosphate Transporter Traffic Facilitator 120,) and

4

OsPHF1 (Oryza sativa Phosphate Transporter Traffic Facilitator
121) (Supplementary Fig. 8), respectively. PHF1 was shown to
interact with Pi transporters (PTs) and facilitate their trafficking to
the plasma membrane (PM), and these interactions were repressed
by PT phosphorylation?2. We, therefore, designated this soybean
gene GmPHFI, as the candidate of CPUL.
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Fig. 2 GWAS of P-acquisition efficiency in the natural population of soybean in the field. a Histogram and density plot showing phenotypic distributions
of plant P uptake. b Histogram and density plot showing phenotypic distributions of total root length. ¢ Scatter plot showing phenotypic correlation of P
uptake and total root length. Pearson correlation coefficient is shown and P value was calculated based on two-sided t-test. d Histogram and density plot
showing phenotypic distributions of P-acquisition efficiency (P uptake per unit root length). Following a randomized complete block design in the field,
averaged values of plant P content and root length of four biological replications for each accession at the seedling stage (one month after sowing) were
calculated. P uptake per unit root length was calculated by dividing P content by total root length. e Manhattan plot (left) and quantile-quantile plot (right)
of P-acquisition efficiency (P uptake per unit root length). n = 4 biologically independent experiments following a randomized complete block design in the
field. For Manhattan plot, —log;o P values are plotted against the position of SNPs on 20 chromosomes. Gray horizontal dashed line indicates genome-wide
P value threshold determined by Bonferroni correction. The lead SNPs are shown above the corresponding association signals. For quantile-quantile plot,
—logio-transformed observed P values are plotted against -log;o-transformed expected P values. f Violin plots showing P-acquisition efficiency, P uptake,
and yield of the two groups based on genotypes of the lead SNP sf2042902267. Points and error bars represent the averaged values and the standard
deviation (SD) of each group, respectively. The P values were calculated using two-sided t-test. n =49, 41; 52, 42; 40, 33 biologically independent samples,
respectively. Source data underlying panels a-d, f are provided as a Source Data file.

To investigate the function of GmPHFI in P acquisition, three
independent transgenic RNAi lines showing significantly lower
GmPHF] expression levels were generated (Supplementary Fig. 9),
and their phenotypes were compared with wild-type (WT) plants.
At the seedling stage, three RNAi lines showed significant
reductions in plant biomass, P uptake and P-acquisition efficiency
(P uptake per unit root length), but showed little difference in
total root length compared with WT (Fig. 3b-f), further
confirming the GWAS result that CPUI contributes to
P-acquisition independently of total root length. Analysis of the
distribution of P in soybean roots was conducted using LA-ICP-
MS. P31 maps of root cross-section showed that although P was
preferentially accumulated at endodermis, WT exhibited much
higher P signals than RNAi line (Fig. 3g). Given that vanadate (V)
is a tracer for Pi uptake but not for translocation as V can be
reduced to vanadyl once transported into cells, we further utilized
V to monitor P uptake process in soybean roots. V>! maps of root
samples after 6-h V feeding showed strong signals at root
epidermal cells in WT, but not in RNAi line (Fig. 3g), suggesting
the direct role of GmPHF1 in regulating P uptake. At the
maturity stage, three RNAi lines presented much lower pod
numbers than WT (Supplementary Fig. 10), suggesting the
profound effects of GmPHF1 on later P acquisition and yield.

GmPHF1-mediated P acquisition is GmPT4-dependent.
AtPHFI1 and OsPHF1 are localized in the endoplasmic reticulum
(ER) and facilitate the ER exit of a phosphate transporter
(PT)2021, To determine the subcellular localization of the
GmPHF1 protein, the GmPHFI ORF fused in frame with GFP
was transiently expressed in tobacco leaves (Nicotiana ben-
thamiana L.). The fluorescence signal of GFP (green color) was
most pronounced in the endoplasmic reticulum (ER), which was
co-located with the ER marker (CD3-960%3,) (Supplementary
Fig. 11). The subsequent immunostaining of transgenic hairy
roots carrying GmPHFI1-GFP further verified the ER localization
pattern of GmPHF1 in soybean (Fig. 3h).

We next examined whether GmPHF1 affects Pi transporters in
soybean. We first analyzed the FPKM (Fragments Per Kilobase of
transcript per Million mapped reads) values of PT (phosphate
transporter) family genes in soybean roots by using RNA-seq data.
Notably, the expression level of GmPT4 (Gm10G006700%*%) was
found to be the highest among 14 Pi transporter genes in roots
(Fig. 4a). Functional investigation revealed that GinPT4 was a root-
specific expressed gene in soybean (Fig. 4b), and its expression was
highly induced by P deficiency in all root tissues, including in root
tips, lateral roots, and tap roots (Supplementary Fig. 12). Mean-
while, GmPT4 was localized at the PM of tobacco cells
(Supplementary Fig. 11), and was shown to facilitate phosphate
transport in yeast (Supplementary Fig. 13). Overexpressing GmPT4
in hairy roots led to better growth performance and enhanced P

uptake in soybean, while knockdown of GmPT4 resulted in the
opposite effect (Supplementary Fig. 14). Furthermore, GmPT4-
overexpression plants showed significantly higher P-acquisition
efficiency and biomass than WT (Fig. 4d-f). Taken together, these
results demonstrated that GmPT4 is a PM-targeted Pi transporter
responsible for Pi uptake in soybean roots.

To understand the relationship between GmPHF1 and GmPT4
in soybean, we investigated V (Pi tracer) uptake in transgenic
hairy roots of soybean. In WT, either overexpressing GmPHF]I or
GmPT4 significantly increased V uptake, while GmPT4 knockout
by Crispr-Cas9 technology or silencing GmPHF1 decreased V
uptake (Fig. 4c, upper panel). In contrast, neither overexpressing
nor GmPT4 knockout affected V uptake in GmPHF1-RNAi lines
(Fig. 4c, upper panel), suggesting that the GmPT4-dependent P
uptake in soybean roots was eliminated by silencing GmPHFI.
Rubidium (Rb, K tracer), which was simultaneously added as an
internal control, exhibited consistent uptake levels among various
transgenic roots (Fig. 4c, lower panel). In parallel, we generated
heritable transgenic plants overexpressing either or both of
GmPHF1 and GmPT4, which showed significantly larger
P-acquisition efficiency and biomass than WT; no significant
differences in P-acquisition efficiency and biomass were observed
among these overexpression plants (Fig. 4d-f). These results
demonstrate that GmPHF1 modulates P-acquisition efficiency
mainly through GmPT4. Further, a membrane yeast two-hybrid
assay was carried out and revealed the interaction of GmPHF1
and GmPT4 in vitro (Supplementary Fig. 15), suggesting that
GmPHF1 may interact and facilitate GmPT4 exit from ER.

To further verify the effects of GmPHF1 on GmPT4 trafficking,
we performed in situ immunostaining of transgenic hairy roots in
WT and RNAI lines carrying ProPT4:gPT4-GFP. Interestingly, the
GmPT4-GFP chimeric protein was specifically targeted to the
outer face of the root epidermal cells PM in WT plants, showing a
polar localization at the side of the PM facing toward the external
rhizosphere (Fig. 4g), further confirming its function in P uptake.
In the RNAI line, most of the signal of the GmPT4-GFP protein
was observed in ER (Fig. 4g and Supplementary Fig. 16).
Nonetheless, a fraction of GmPT4-GFP protein in the RNAi line
still displayed polar localization as in the WT. These results
indicate that GmPHF1 may facilitate GmPT4’s exit from ER to
the PM of root epidermal cells and that the polar localization of
GmPT4 is likely independent of GmPHFI.

Identification of causal variant in GmPHFI. GmPHFI-based
association analysis revealed that significant variants were only
enriched in the promoter region and 5UTR, but not in exon,
intron, or 3’UTR regions of GmPHF1 (Fig. 5a). Based on the
significant variants, two major haplotypes (H1 and H2) were
identified (Fig. 5b). There were five sequence variants between the
two haplotypes, which were significantly associated with
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P-acquisition efficiency: two SNPs and one INDEL in the pro-
moter region, and two SNPs in the 5UTR (Fig. 5b). To investigate
the causal polymorphism, we first randomly selected five acces-
sions harboring haplotype H1 and another five accessions har-
boring haplotype H2. We re-sequenced the main ORF (mORF)
region of GmPHFI in these ten accessions, and found no differ-
ences in its amino acid sequence (Supplementary Fig. 17a). Then
we compared their expression levels of GmPHFI in roots. The
real-time RT-PCR results showed that no significant differences in
gene expression were observed between the two haplotype groups
(Supplementary Fig. 17b). These results indicate that the causal

=RNAi

g —RNAi

P31 / 013

Cell wall
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polymorphism is attributed neither to protein sequence nor to
gene expression.

Notably, two SNPs within the 5’UTR located at an upstream
open reading frame (uORF) (Fig. 5a, b), were in complete LD
with each other and had a common frequency (MAF = 0.49). For
H1 (low-efficiency haplotype), the SNP 52042903118 (located at
—413 bp of GmPHF]I, termed “SNP413” hereinafter) introduced a
stop codon (TCA — TAA) and thus shortened the encoding
region of the uORF from 39 to 27 amino acids; the SNP
sf2042903055 (located at —476 bp of GmPHF]I, termed “SNP476”
hereinafter) replaced a triplet codon for His (CAT) by a triplet
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Fig. 3 Functional characterization of GmPHF1 in P acquisition. a Local Manhattan plot and heatmap showing expression levels of candidate genes in

multiple tissues. Before drawing the heatmap, the range of expression levels in multiple tissues for each candidate gene was transformed to 0-1 by linear
normalization. b Growth of wild-type plant (WT) and three independent RNAI lines of GmPHFT at seedling stage (18-d-old plants). Bar =10 cm.

c-f Phenotypic parameters including plant biomass (c), P uptake (d), total root length (e), and P-acquisition efficiency (f) of the WT and three RNA; lines.
Data are presented as mean values + SD and asterisks indicate significance levels (***P < 0.001, **0.001 <P < 0.01, *0.01 =P < 0.05; two-sided t-test). For
WT, RNAI1, RNAi2, and RNAI3, biologically independent sample size n=6, 6, 4, 6 in ¢; n=5, 6, 4, 6 in (d-f). P values are 1.40 x 10-04, 2.46 x 1003,
7.29x10793in (¢); 6.98 x 10797, 210 x 10-93,1.50 x 10-94 in (d); 2.02 x 10-01, 5.61x 10701, 7.94 x 10~0T in (e); 1.54 x 10~93,1.34 x 10-92, 2.57 x 10~03
in (). g LA-ICP-MS elemental mapping of root cross-section. P31 and V>! maps of root cross sections in WT (first row) and RNAi line (second row). The
normalized element signals indicated by dotted lines in elemental maps were plotted (third row). Three independent biological replicates were investigated
and a representative result was shown. Bars =100 pm. h Immunostaining of p35S:GmPHF1-GFP transgenic hairy roots in soybean. Root cross sections

were immunostained with a specific antibody against green fluorescent protein (GFP). Cyan shows signals from cell walls stained with Calcofluor-White
(A, B), and red shows the anti-GFP signals (C, D). The merged image shows the combined two channels (E, F). White dotted areas in A, C, E are magnified
in (B, D, F), respectively. Five independent transgenic lines were investigated and a representative result was shown. Scale bars are 50 pm. Source data

underlying panels a and c-f are provided as a Source Data file.

codon for Arg (CGT) (Fig. 5b and Supplementary Fig. 18). Given
that uORF may affect the translation of GmPHFI transcripts by
ribosome stalling?>, we first quantified the GmPHF1-GFP protein
levels in hairy roots driven by different recombinant upstream
regions (Fig. 5¢). Without the promoter region, the 5UTR alone
failed to initiate GmPHFI expression to produce proteins
(Fig. 5d). Interestingly, regardless of the promoter region of
different haplotypes, the relative protein intensity of GmPHFI
was significantly higher in the hairy roots carrying the H2- than
the HI-5UTR (Fig. 5d). Further immunostaining of these
transgenic hairy roots revealed the alteration in tissue distribution
of GmPHF1. H2-5UTR positioned GmPHF1 at stele and outer
cortex while H1-5"UTR restricted GmPHF1 only at stele (Fig. 5e),
which suggests the uORF’s regulatory activity in a tissue-specific
manner and the importance of two SNPs at uORF for the spatial
abundance of GmPHFI in soybean roots.

To determine the causal SNP, we quantified the GmPHF1-GFP
protein levels in hairy roots driven by different recombinant
5’'UTRs (Fig. 5f, g). Strikingly, regardless of different haplotypes
of 5UTR, the GmPHF1 failed to be translated when the start
codon of uORF was artificially mutated (ATG — AAA) (Fig. 5f, g
and Supplementary Fig. 19), indicating the uORF is required for
the downstream GmPHF1 translation. Besides, replacing SNP476
(A — G) in H2-5UTR did not affect GmPHF1 protein levels or
distributions. However, replacing SNP413 (C — A) in H2-5'UTR,
which truncated one-third of the original full-length uOREF, led to
remarkable reductions in downstream protein abundance and
stele-restricted localization of GmPHF1 (Fig. 5g and Supplemen-
tary Fig. 19). These results indicate that the SNP413 is the causal
variant, which alters GmPHF1’s abundance in a tissue-specific
manner.

Beyond the effect on translation, uORF may trigger nonsense-
mediated mRNA decay?®. To understand whether the uORF’s
variant affects steady-state mRNA patterns, a developed techni-
que was used to simultaneously observe the mRNA and protein
distribution in situ?”. We fused tdTomato with an mRNA
reporter 3WJ-4 x Bro, which can be used to visualize the
promoter-driven tdTomato RNA distribution through DFHBI-1T
dye. Notably, the reporter genes driven by the same 35S-promoter
but different uORFs, differed in both protein and mRNA patterns
(Supplementary Fig. 20). We reason that the uORF’s variant may
also affect mRNA stability at post-transcriptional level through
nonsense-mediated decay.

To further demonstrate the contribution on P-acquisition
efficiency of the uORF, we generated heritable transgenic soybean
plants (No. FC010 of HI haplotype), and found that plants
harboring the exogenous H1 promoter +H2 5UTR:
GmPHF1 showed significantly larger P-acquisition efficiency
than those harboring exogenous H1 promoter +H1 5UTR:

GmPHF1 (Fig. 5h), although the biomass was not prominently
affected (Fig. 5i). We next demonstrated that the improved P
acquisition is not due to the small peptides encoded by the uORF,
as only introducing promoter with 5UTR without a coding
region did not improve P acquisition (Supplementary Fig. 21).

Discussion
The low availability of P in soils has led to agricultural practices
where farmers use excess amounts of P fertilizers in agricultural
systems, which results in a high financial burden for farmers and
negative environmental consequences due to P runoff and pol-
lution of surface and groundwater. Genetic approaches to
improve crop P acquisition have been worked on for decades but
the progress has been limited$. In this study, we re-sequenced the
whole genomes of 274 accessions in a P-efficiency applied soy-
bean core collection and analyzed its population structure. The
close relationship between population structure and geographical
distribution seems common as similar results were also found in
other soybean populations'328. Considering that the P status in
soils is very difficult to simulate in artificial growth media, a field
experiment was conducted in order to discover useful loci better
suited for crop breeding. The observed large variation in P
acquisition (Fig. 2a-d) in the field study of our soybean asso-
ciation panel inspired us to conduct GWAS to reveal natural
genetic variation in P-acquisition efficiency. Though it has a
relatively smaller sample size, GWAS using the South soybean
subpopulation may have higher mapping power than in the
whole population (Supplementary Figs. 5 and 6), which could be
due to: (1) the genetic heterogeneity across subpopulations may
result in relatively lower mapping power in the whole population,
(2) the field experiment was performed in South China, where the
accessions in the South subpopulation were originally located.
Hence the phenotypic data of locally-adapted accessions from the
South subpopulation could not be biased by environmental fil-
tering and thus could better reflect the genetic effect of QTLs.
Therefore, if trade-offs between diversity and adaptation of a
natural population are not fully considered, large sample size does
not necessarily provide higher mapping power in GWAS.
Consistent with the previous reports”!l, the correlation
between P uptake and root length was observed in this study
(Fig. 2¢). Indeed, increasing root length is an important strategy
to absorption of relatively immobile P in soils as it enlarges the
soil contact area for P acquisition. However, large variation in P
uptake which failed to be explained by root length (Fig. 2¢c), as
well as variations in P-acquisition efficiency (P uptake per unit
root length) were observed in the study (Fig. 2d), suggesting that
there exist genetic loci which contribute to P acquisition inde-
pendently of root growth traits. Interestingly, after adjusting for
root length, some association signals were attenuated, and the
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Fig. 4 GmPHF1 interacts with GmPT4 for P uptake in soybean roots. a FPKM values of PT family genes in soybean roots (3-week-old) revealed by RNA-
seq. b Expression levels of GmPT4 in different tissues of soybean revealed by real-time RT-PCR. Data are presented as mean valueszSD of three
biologically independent samples for each tissue. € V and Rb uptake assay in transgenic hairy roots. p35S:GmPHF1, p355:GmPT4, and Cas9-GmPT4
constructs were individually introduced into the hairy root of WT (YC04-5) or GmPHF1-RNAI line. The receptor parents of transgenic hairy root are
indicated in parentheses. Root samples were treated with V (1puM, Pi tracer) and Rb (1pM, internal control) for 12 h. P values were calculated using
Kruskal-Wallis test. Different letters indicate a significant difference in element uptake (P < 0.05). Data are presented as mean values + SD. n =32, 30, 23,
9, 24, 14,10 biologically independent samples, respectively. d Growth of wild-type plant (WT), overexpression line of GmPHFT or GmPT4, co-
overexpression line of GmPHFT and GmPT4 at seedling stage (20-d-old plants). Bar =50 cm. e, f Phenotypic parameters including plant biomass (dry
weight, (e)) and P-acquisition efficiency (P uptake per unit root length, (f)) of the WT and three overexpression lines in d. Data are presented as mean
values + SD. n =5, 6 biologically independent samples in e, f, respectively. P values are 1.59 x 10~02 in e and 1.03 x 10-92 in f based on Kruskal-Wallis test
and different letters indicate significant differences (P <0.05). g Immunostaining of GmPT4 localization in WT and GmPHFI-RNAI line. Immunostaining
was performed with ProPT4: gPT4-GFP transgenic hairy roots. Red fluorescence is the signal from the GFP antibody and Cyan fluorescence is the signal
from the cell wall. Bars = 20 pm. Data are presented as mean values + SD of ten biological replications. P value was calculated based on two-sided t-test.
Source data underlying panels a-c, e-g are provided as a Source Data file.
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P value inflation was better controlled (Supplementary Fig. 6).
The loci with attenuated association signals may be spurious
associations due to environmental noise or true QTLs which
control the studied trait by regulating the root length (Supple-
mentary Fig. 6). Notably, this adjustment increased mapping
power to detect CPUI in the study (Supplementary Fig. 6). As a

) | I I [
WT H1-1 H1-2 H2-1 H2-2

complex trait is governed by a number of minor loci, GWAS
usually does not have sufficient statistical power to detect these
loci and distinguish them from background signals. As an alter-
native solution to this dilemma, adjustment for a heritable cov-
ariate removes the variance explained by the added covariate out
of the total phenotypic variance, and hence increases the ratio of
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Fig. 5 Investigation of the causal variants of GmPHF1. a GmPHFI-based association mapping of P-acquisition efficiency. The dots and triangles represent
SNPs and INDELs, respectively. b Natural variants between the two haplotypes of GmPHF1. P-acquisition efficiency of two haplotypes were compared by
two-sided t-test and the P value was shown. P values of five significant variants in a are shown. ¢ Recombinant constructs harboring GmPHF1-GFP coding
region driven by promoter-5'UTR from different haplotypes. d Western blot of GmPHF1-GFP and relative intensity in transgenic hairy roots carrying the
constructs in €. n =5 biologically independent samples. e Immunostaining of GmPHF1-GFP in cross sections of transgenic hairy roots carrying the
constructs in ¢. Red fluorescence is the signal from the GFP antibody and Cyan fluorescence is the signal from cell wall. Five independent transgenic lines
were investigated and a representative result was shown. Bar = 50 pm. f Recombinant constructs (G-J) harboring GmPHF1-GFP coding region driven by
5'UTR of different genotypes of SNPs; construct (K) and (L) harboring H2- and H1-5'UTR with artificial mutation of start codon of uORF (ATG — AAA),
respectively. g Western blot of GmPHF1-GFP and relative intensity in transgenic hairy roots carrying the constructs in f. n =6 biologically independent
samples. d, g The center lines, bounds of box, whiskers, points of boxplot indicate median, lower/upper quartile (25th/75th percentile), minima/maxima,
raw data, respectively. P values were calculated using Kruskal-Wallis test and different letters indicate a significant difference (P < 0.05). Ht-ATPase is
used as an internal control. h, i Phenotypic parameters including P-acquisition efficiency (h) and plant biomass (i) of the WT and heritable transgenic lines,
which include two independent lines (H1-1, H1-2) harboring H1 promoter + H1-5'UTR: GmPHF1 and two independent lines (H2-1, H2-2) harboring H1
promoter + H2-5'"UTR: GmPHF1. Data are presented as mean values +SD. n=9, 9, 6, 9, 9 biologically independent samples, respectively. P values are
1.81x 10798 in h and 4.24 x 10-96 in i based on one-way ANOVA. Different letters indicate significant differences based on Tukey's multiple-comparison

test (P<0.05). Source data underlying panels a, d, g-i are provided as a Source Data file.

variance contributed by a true covariate-independent QTL,
resulting in improved statistical power2’.

As a common mechanism observed in both dicots and
monocots, PT family member-mediated Pi transport at the
PM30-34, plays a pivotal role in plant P homeostasis and has
exhibited potential for improving crop P acquisition?%21:3>, In
our study, we found a key component associated with
P-acquisition efficiency in soybean, which is not a Pi transporter
but rather a regulator that facilitates the ER exit of an important
root Pi uptake transporter to the PM of root epidermal cells
(Figs. 3, 4). Since direct genetic association between root P effi-
ciency and Pi transporters was not found in rice natural popu-
lation either39, it is suggested that the natural genetic variation of
P-acquisition efficiency is more likely related to Pi transport
regulators rather than Pi transporter activity in plants.

SECI2 is a guanine nucleotide exchange factor (GEF), which
activates a small GTPase Sarl to initiate COPII-coated vesicle
assembly for protein and lipid transport from the endoplasmic
reticulum (ER) to the Golgi. CPUI’s causal gene, GmPHFI, like its
homologs in Arabidopsis and rice, is structurally related to SEC12,
but shared only three out of ten conserved amino acids among
SEC12 homologs in plants, animals, and yeasts. In Arabidopsis,
AtSEC12 could rescue the growth defect of the secI2-mutant
yeast but AtPHF1 could not?0. These results suggest functional
divergence between PHF1 and SEC12. The interaction between
SECI12 and Sarl has been studied via crystal structure analysis
and structure-guided site-directed mutagenesis. The K loop of
SEC12 (residues 29-40, GGGG----G®-N, where @ represents a
hydrophobic amino acid) makes direct contact with Sarl, of
which the Asn (N) at residue 40 is critically important for GEF
activity; the Sarl-Secl2 interaction interface involves 25 residues
of Sar1, most of which are in the switch II region (residues 76-92).
GmPHF]I lacks the conserved residues for the K loop of SEC12
and PTs lack similarity in both protein sequence and secondary
structure with Sarl, which suggests SEC12-Sar1 interaction model
may not be applicable for the PHF1-PT interaction. Although it is
known that the PHFI-PT interaction is repressed by PT’s
phosphorylation??, fully understanding the interacting mechan-
ism still requires further studies of crystal structure or structure-
guided site-directed mutagenesis. Besides, the location of
GmPHF1 in roots (at stele and outer cortex) (Fig. 5e) is wider
than GmPT4 (only at epidermis) (Fig. 4g), suggesting the exis-
tence of other targeting proteins of GmPHFI at stele or cortex.

To date, almost all published natural variations contributing to
phenotypic diversity in plants are involved in either gene
expression controlled by promoter polymorphisms37, or protein
activity caused by coding region differences®®. However, as a key

step for protein functioning, natural variation of translational
regulation from mRNA to protein is often overlooked in plants?°.
As a regulatory cis-element controlling translational levels of
eukaryotic genes, uORF in the 5UTR usually represses the
translation of the downstream mORF via ribosome stalling and
nonsense-mediated decay3?, and few examples of enhancer uORF
have been previously reported*’. The uORF discovered in our
study, was demonstrated to be indispensable for the downstream
protein translation. Both knockout of this uORF by artificially
mutating its start codon and truncating this uORF’s length by the
naturally occurring SNP413, remarkably altered GmPHF1’s
abundance in a tissue-specific manner in roots (Fig. 5f, g and
Supplementary Fig. 19). The causal SNP413 could be developed
into a molecular marker for breeding of high-P-efficiency soybean
in the future. Since enhancer uORFs in plants are rarely reported
and the underlying mechanisms are not well-studied, our study
provides a good model for a better understanding the mechanism
of uORF in enhancing downstream gene translation.

The regulations at the transcriptional, post-transcriptional, and
translational levels sequentially determine the final protein
abundance of GmPHF1, and the difference in GmPHFI1 abun-
dance/patterns between the H1- and H2-allele could be possibly
caused by these three processes. Even though the variant in
5UTR might affect the binding of a transcription factor®!, the
contribution of transcriptional regulation could be minor in our
study because the causal SNP changes the length of a uORF,
which often functions at the post-transcriptional and transla-
tional levels*2. uORF is known to play instrumental roles in
translation control of the downstream main ORF in a broad
spectrum of eukaryotes®3. Furthermore, when a uORF is trans-
lated, a long 3’UTR downstream of the uORF may activate
nonsense-mediated decay to affect mRNA stability and thus
steady-state mRNA levels?6. In this study, we discovered the
impact of uORF on both steady-state mRNA level and protein
abundance (Supplementary Fig. 20), suggesting the possibility of
uORF-triggered mRNA decay of GmPHFI. In parallel, consistent
with previous reports?445, we found the tissue-specific regulatory
activity of uORF (Fig. 5e and Supplementary Fig. 19), which
suggests that selective expression of uORFs could be a key reg-
ulatory factor for the downstream genes.

In conclusion, our study revealed a locus CPUI associated with
P acquisition using GWAS in soybean. The causal gene,
GmPHFI1, encodes a Pi transporter protein translocation facil-
itator that enables the localization of a Pi transporter GmPT4 at
the PM of root epidermis for better P uptake. A naturally
occurring variant in uORF led to different GmPHF1 abundance,
and thereby contributed to P-acquisition diversity in soybean.
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Our study has helped broaden the scope for the natural genetic
variation underlying phenotypic diversity of plants, and provided
a potential genetic resource for improving P acquisition in
soybean.

Methods

Phenotyping a soybean natural population. The P-efficiency applied core col-
lection used in the study was constructed using a GIS-assisted approach based on
soil types and soil P status, agricultural divisions and distributions of soybean, and
their agronomic traits!>19, The field experiment was conducted during the summer
sowing season in Boluo, Guangdong, P.R. China (east longitude 113°50’, north
latitude 23°07’). The soil chemical properties were analyzed as follows: pH value:
2.5:1 (water/soil); organic matter using K,Cr,0,-H,SO, digestion; total N content
using Kjedahl method; total P content using H,SO,-HCIO, digestion; total K
content using NaOH fusion; available N content using alkaline diffusion; available
P content using Bray II method; available K content using 1 mol/L neutral
NH,4OACc extraction (Supplementary Table 4).

For the field experiment, a randomized complete block design was followed
with four replications. Each plot had 1.5-m? area and planting density was
30 cm x 10 cm. For the first harvest, one soybean plant of each accession for each
replication was harvested at the seedling stage (1 month after sowing) to measure
plant dry weight, P content and root length. According to their maturity time,
plants were harvested the second time to measure yield. Averaged values of the four
replications for the four traits were calculated.

P content was analyzed using colorimetric methods*¢. Harvested shoots were
dried at 105 °C in an oven for 30 min and at 75 °C to constant weight to weigh the
dry weight. To harvest the complete root system of a plant, a soil square block of
40 cm x 40 cm with plant base as center was dug down to the end of taproot. The
harvested roots were brought to the lab and were cleaned with water. Root length
was quantified using computer image analysis software (WinRhizo Pro, Régent
Instruments, Québec, Canada) based on the root images acquired by a scanner with
a blue board as a background.

Analysis of phenotypic data. Kruskal-Wallis test, two-sided t-test, Tukey’s
multiple-comparison test, and Pearson correlation analyses were conducted using
IBM SPSS version 19 (IBM, Armonk, USA).

Re-sequencing and variant calling. Leaf tissues of each accession were collected
for genomic DNA extraction. Sequencing libraries with insert size of ~350 bp were
constructed for each accession following Illumina’s standard protocol. Paired-end
reads were generated and sequenced using the Illumina NovaSeq PE150 platform,
producing ~13.5 billion reads and ~2 Tb (terabases) for 274 accessions. All the
DNA extraction, library construction, and sequencing were performed by Novo-
gene Bioinformatics Technology Co., Ltd, China. The Illumina sequencing data
could be downloaded from National Center for Biotechnology Information
Sequence Read Archive under accession number PRJNA633739.

After removing low-quality reads by fastp v0.19.4%, the remaining reads were
aligned to the soybean reference genome (Wm82.v2.0.40 from EnsemblPlants, http://
plants.ensembl.org/info/website/ftp/index.html) using bwa v0.7.1748. Unmapped reads,
secondary alignments, and duplicate reads were removed using SAMtools v1.9%.
Alignment was re-performed in the region around INDEL sites using GATK v3.8%.
Quality control for BAM alignments was performed by using Qualimap v.2.2.1%1. Joint-
genotyping of 274 accessions was conducted using GATK for SNP and INDEL calling.
SNPs with “DP < 10” or “QD < 2.0” or “FS > 60.0” or “SOR > 4.0” or “MQ < 40.0” or
“MQRankSum < —3.0” or “ReadPosRankSum < —3.0” or “QUAL < 30” were removed
using GATK. The SNPs were further filtered using PyVCF (https://pyvct.readthedocs.io/
en/latest/) with the parameters “avg-dps --avg-depth-per-sample 3 eb --eblr —10”. For
the homozygous genotype matrix of bi-allelic SNPs, genotype imputation was
performed to infer the missing genotypes using Beagle v4.1°%°3, The SNPs with minor
allele frequency (MAF) less than 0.01 were removed and the effects of 6,300,394 high-
quality SNPs were annotated using snpEff v4.3%%. The low-quality INDELs with
“DP < 10” or “QD <2.0” or “FS>200.0” or “SOR >10.0” or “InbreedingCoeff < —0.8”
or “ReadPosRankSum < —20.0” or “QUAL < 30” were removed and the annotation of
INDELS’ effects was also conducted using snpEff*. Each SNP or INDEL was labeled
with a unique identifier, of which the first letter “s” and “v” represent SNP and INDEL,
respectively, and the second letter “f” represents the soybean reference genome
‘Wm82.v2.0.40 from EnsemblPlants, and the number is comprised of chromosome ID
and chromosome coordinate. For example, s2042902267 indicate a SNP at the
42902267 bp of chromosome 20.

Characterization of the core collection based on genotype data. To understand
genetic structure of 274 soybean accessions in the core collection, based on gen-
otypes of genome-wide SNPs, PCA (Principal Component Analysis) was per-
formed using GCTA (Genome-wide Complex Trait Analysis) v1.24.4>, and a
neighbor-joining tree was constructed using MEGA7-CC (command-line version
of MEGA (Molecular Evolutionary Genetics Analysis))* and visualized using R
package “ggtree”’. Estimation of ancestry for the core collection and calculation of
subpopulation component values were performed by using ADMIXTURE v1.3.0°8.

Accessions were assigned into subpopulations based on their maximum sub-
population component values. An accession with the difference between the
maximum subpopulation component value and the second-largest subpopulation
component value less than 0.4, was not assigned into any subpopulation and was
labeled as “Intermediate”®. Genome-wide population differentiation analysis was
conducted to identify greatly divergent genomic regions using VCFtools v0.1.16%°
with the parameters “--fst-window-size 100000 --fst-window-step 100000”. Adja-
cent 100-kb-windows with Fgr value 20.65 (top 5% Fsr) separated by no more than
2-Mb distance, were merged into a divergent genomic region; Fgr value of the
merged divergent genomic region was the maximum of Fgr values of 100-kb
windows within the merged region. Genome-wide and chromosome-wide LD-
decay distances were estimated and LD-decay plots were made by using a Perl tool,
PopLDdecay v3.406!, with default parameters. Circos plots were made using
shinyCircos®2.

Genome-wide association study. Genome-wide association studies were per-
formed in the whole population and the South subpopulation, respectively. Both
the SNPs with a minor allele frequency (MAF) less than 0.05 were removed from
association analysis. A total of 4,618,874 and 3,757,697 SNPs were used for GWAS
in the whole population and the South subpopulation, respectively. To control
false-positive associations due to multiple levels of relatedness, we performed the
Linear Mixed Model (LMM) fitting identity-by-state kinship matrix (K) as a
random effect using the FaST-LMM v2.07%3. The identity-by-state kinship matrix
(K) was calculated using the function “--ibs-matrix” of Plink v1.90%%. The genome-
wide significance was determined by the Bonferroni correction (0.05/Ne), in which
Ne was the effective number of independent SNPs calculated by the GEC v0.265.
The significance thresholds were 1.21 x 10797 and 1.84 x 10797 for the whole
population and the South subpopulation, respectively. Independent lead SNPs or
loci were obtained using the function “--clump” of Plink® to reduce redundant
significant SNPs with the LD statistic (r?) 2 0.30. To perform GWAS with
adjustment for root length, GWAS were performed with adding root length as a
covariate by using the function of “-covar” of FaST-LMM®3. Haplotypes were
determined based on the genotypes of significant SNPs.

Plant material and growth conditions. The soybean (Glycine max L.) wild-type
(YCO04-5, harboring GmPHF]I high-efficiency haplotype (H2)) and RNAi lines of
GmPHFI were germinated and grown in vermiculite. Seedlings were watered with
the nutrient solution every day®®, and grown in a growth chamber with a 13 h/
26 °C day and 11 h/24 °C night regime, a daytime light intensity of 400 pmol
photons m~2s~1, and relative humidity of 65%.

To generate the RNAI lines, a 147-bp fragment of the GmPHFI coding sequence
was amplified using the primers F1/R1 (Supplementary Data 5) and then cloned
into Ascl and Swal sites, or Smal and BamHI sites for the sense and antisense
orientation of the pFGC5941 (GenBank Accession No. AY310901), respectively. To
construct overexpression lines, the entire ORF of GmPHFI and GmPT4 was
amplified by PCR and respectively inserted into the Ascl and BamHI sites of
PFGC5941 vector driven by CaMV35S promoter according to the protocol of
ClonExpress® I One Step Cloning Kit (Vazyme). Primer pairs used for
amplification were F21/R21 for GmPHFI; F22/R22 for GmPT4. Transgenic
seedlings were then obtained through Agrobacterium tumefaciens (EHA105)-
mediated transformation®”.

At the seedling stage (18-d-old), roots were scanned (WinRHIZO LA2400,
Regent Instruments, Québec, Canada), and total root length was calculated in
WinRHIZO software (Regent Instruments, Québec, Canada). Shoots and roots
were separately harvested and dried at 65 °C for 2 days and then weighed. Samples
were digested with 3 mL concentrated HNO;. Elemental concentration was
determined by inductively coupled plasma-mass spectrometry (ICP-MS, Agilent
7900, Agilent Technologies, SantaClara, CA, USA). At the maturity stage (100-d-
old), pods were detached from stem and pod number was counted for each plant.

Yeast two-hybrid assay. The interactions between GmPHF1 and GmPT4 pro-
teins were tested through DUALmembrane kit 3 (Dualsystems Biotech AG,
Switzerland) as GmPHF1 and GmPT4 are membrane proteins. The ORF of
GmPT4 was amplified using the primers F2/R2, and ligated to a signal sequence
derived from the SUC2 (invertase) gene of Saccharomyces cerevisiae through
overlapping PCR using the primers F3 (signal sequence of SUC2) and F4/R2
(primers used to amplify the SUC2-GmPT4 products). The products were then
cloned into Ncol and HindIII sites of the bait vector pBT3-C to create GmPT4-Cub
(C-terminal fragment of ubiquitin). The ORF of GmPHFI was amplified using the
primers F5/R5 and cloned into BamHI and EcoRI sites of the prey vector pPR3-N
to create Nub-GmPHF1 (N-terminal fragment of ubiquitin). Primers were listed in
Supplementary Data 5. GmPT4-Cub and Nub-GmPHF1 were co-transformed into
the yeast strain NMY51 (his3, trpl, leu2, ade2, LYS2::HIS3, ura3:lacZ, ade2::ADE2,
GAL4) using the S.c.easy Comp Transformation Kit (Invitrogen, CA, USA)
according to the manufacturer’s protocols. The construct pAI-Alg5 expressing a
fusion of the yeast ER protein Alg5 to the wild-type Nub portion (Nubl) of yeast
ubiquitin was used as the positive control prey. pDL2-Alg5 expressing a fusion of
the same protein to the mutated Nub portion (NubG) was used as the negative
control prey.
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Yeast transformants were selected on synthetic defined medium without leucine
and tryptophan (SD-Leu-Trp). The positive transformants were then spotted onto
SD-Leu-Trp medium with or without X-gal for B-galactosidase assay. Plates were
incubated for 48 h at 30 °C before being photographed.

Transcriptomic and gene expression analysis. Soybean seedlings were cultured
for 3 weeks before sampling the roots for RNA-seq analysis. The samples were
quickly frozen by liquid N and provided to Novogene for RNA sequencing analysis
using an Illumina HiSeq 2500 (Novogene Biotechnology, Guangzhou, China).

To investigate the expression of GmPHFI in different haplotypes, soybean
genotypes with low-efficiency haplotype (H1) and high-efficiency haplotype (H2)
were germinated and grown in vermiculite. After being watered with the nutrient
solution for 12 d, the roots from soybean seedlings were harvested for RNA
extraction. To determine GmPHFI expression in RNAi lines, the seeds of wild-type
(WT, YC04-5) and three RNAI lines of GmPHFI were germinated and grown in
vermiculite for 18 days. The true leaves were sampled for RNA isolation. To
investigate GmPT4 expression, WT soybean seeds were germinated on moistened
paper towels for 2 d, and then transplanted to nutrient solution for 2 d. The
seedlings were then treated with low P (5 uM) or Normal P (250 uM) for 7 d. Root
tip, lateral root, and taproot were separately harvested for RNA isolation. To
investigate spatial expression of GmPT4, root, stem, leaf, and flower samples of
soybean seedlings were harvested at 30 d and pod at 40 d.

Total RNA was extracted from the frozen samples using TransZol Up Plus RNA
Kit (TransGen, Beijing, China) following the manufacturer’s protocols. In all,
500 ng of extracted RNA was used for first-strand cDNA synthesis using a
TransScript One-Step gDNA Removal and cDNA Synthesis SuperMix Kit
(TransGen, Beijing, China). Relative gene expression levels were determined by
qRT-PCR using TransStart Top Green qPCR Super Mix (TransGen, Beijing,
China). The housekeeping gene EF-1a was used as an internal control. Primers for
real-time RT-PCR were F6/R6 for GmPHFI, F20/R20 for GmPT4, and F7/R7 for
EF-1a (Supplementary Data 5). Normalized relative expression was calculated by
the AACt method.

Construction of recombinant constructs for GmPHF1. To explore the effects of
natural variation in 5UTR on the translation of GmPHFI, promoter region and
5'UTR from different haplotypes were reassembled. Since haplotype H1 and

H2 shared the same main ORF, the main ORF of GmPHFI was amplified using the
primers F10/R10 and cloned into EcoRI and AscI sites of the pFGC5941-p35S-GFP
vector to create the GmPHFI1-GFP. The promoter region and its 5UTR from hap-
lotype H1 and H2 were amplified using the primers F11/R11 individually and cloned
into the EcoRI site of GmPHFI-GFP to create Hlpomoter + Hlsyrr:GmPHF1-GFP
and H2p,omoter + H25y1r: GMPHF1-GFP. The promoter region of H1 and H2 were
amplified using the primers F11/R12, while the 5UTR of H1 and H2 were amplified
using the primers F12/R11 individually (Supplementary Data 5). Hl pyomoter + H25u1R
and H2pomorer + Hlsyrr Were separately ligated by overlapping PCR using the pri-
mers F11/R11. The PCR products were cloned into the EcoRI site of GmPHF1-GFP to
create Hlpromoter + H25y1r: GMPHF1-GFP and H2,,omoter + Hlsyrr: GmPHF1-GFP.
Finally, the 5’UTR of H1 and H2 were amplified separately using the primers F13/R11
and cloned into the EcoRI site of GmPHFI1-GFP to create H1syrr:GmPHFI-GFP and
H2sy1r:GmPHFI-GFP.

To determine the causal SNP at the uORF, we quantified the relative intensity of
GmPHF1-GFP protein in hairy roots transformed with different recombinant
vectors. The main ORF of GmPHF1 was amplified using the primers F14/R10 and
cloned into the AscI site of the pFGC5941-p35S-GFP vector to create the
p358:GmPHF1-GFP. The native 5UTR of H1 and H2 were amplified separately
using the primers F15/R15 individually. Two SNPs within the 5UTR were
reassembled. 5’UTR containing the first SNP from H1 and the second SNP from
H2 were amplified by overlapping PCR using the primers F16/F17/R15 (F17
contained the first SNP from H1). 5’UTR with the first SNP from H2 and the
second SNP from H1 were amplified by overlapping PCR using the primers F15/
F18/R18/R15 (F18 and R18 contained the second SNP from H1 and were reverse
complementary). 5UTR with the mutated form of uORF (ATG start codon
changed to AAA) from H1 and H2 were amplified using the primers F19/R15
individually (Supplementary Data 5). All the six PCR products were cloned into the
Ascl site of p35S:GmPHFI1-GEFP for further causal SNP determination. These
constructs were transformed into hairy root for western blot analysis and
immunostaining assay.

Western blot analysis. For western blot analysis, the transgenic hairy roots were
harvested and immediately ground into powder in liquid N. Sample was loaded
equally onto an SDS-PAGE gel, and then blotted to a polyvinylidene fluoride
membrane (Immobilon-P, Millipore, MA, USA). The membrane was then probed
with anti-GFP antibody (1:1000; TransGen, Beijing, China) or anti HT-ATPase
(1:2000; Agrisera, Vannis, Sweden) overnight and their corresponding horseradish
peroxidase (HRP)-conjugated second antibodies (anti-mouse IgG for GFP (1:5000;
TransGen, Beijing, China); anti-rabbit IgG for ATPase (1:5000; Biosharp, Hefei,
China)) for 1 h. HRP signals were detected using the SuperSignal West Dura Trial
Kit (Thermo Scientific, MA, USA) with an Amersham Imager 600 System (GE
Healthcare Bio-Sciences AB, Uppsala, Sweden).

Immunostaining assay. Immunostaining was performed according to the meth-
ods in ref. 9. Briefly, transgenic hairy-root segments (10 mm from root tips) were
kept in fixative solution [4% (w/v) paraformaldehyde, 60 mmol/L sucrose, and
50 mmol/L sodium cacodylate (pH 7.4)] for 2 h prior to slicing 100-pm-thick
sections with a microtome (LEICA RM2235, Leica Microsystems GmbH, Wetzlar,
Germany). Sections were incubated with 0.3% (v/v) Triton X-100 for 2 h, followed
by the anti-GFP (1:1000; Thermo Fisher Scientific, Somerset, NJ, USA) primary
antibody incubation overnight and the secondary antibodies (Alexa Fluor 555 goat
anti-rabbit IgG; 1:2000; Molecular Probes, Eugene, OR, USA) for 2 h. Fluorescence
was observed with a confocal scanning microscope (LSM880, Carl Zeiss, Ober-
kochen, Germany).

Subcellular localization of GmPHF1 and GmPT4. To investigate the subcellular
localization of GmPHF1 and GmPT4 in tobacco leaves, the ORF of GmPHFI was
amplified by PCR using the specific primers F14/R14 (Supplementary Data 5), and
inserted into the Sall and BamHI sites of pBEGFP to generate p355:GmPHFI-GFP.
The ORF of GmPT4 was amplified by PCR using the specific primers F15/R15
(Supplementary Data 5), and cloned into the pPDONR207 entry vector, then sub-
cloned into the pMDC43 gateway binary vector using Gateway LR Clonase II
Enzyme Mix (Invitrogen, Carlsbad, CA, USA) to generate p35S:GmPT4-GFP.
These recombinant vectors were co-expressed with CD3-1008 (PM marker) or
CD3-960 (ER marker) in tobacco leaves using Agrobacterium-mediated
transformation?3.

To investigate subcellular localization of GmPT4 in soybean roots, the 2384 bp of
the GmPT4 promoter was amplified using the primers F8/R8, and then cloned into
EcoRI and Ascl sites of the pFGC5941-p35S-GFP vector®® using the ClonExpress II
One Step Cloning Kit (Vazyme, Nanjing, China). Subsequently, the genomic DNA of
GmPT4 was amplified using the primers FO/R9 and cloned into the Ascl site of the
recombinant vector to create ProPT4:gPT4-GFP. The ProPT4:gPT4-GFP and
Pp35S:GmPHFI-GFP constructs were individually transformed into Agrobacterium
rhizogenes strain K599 for hairy-root transformation®® and subsequent
immunostaining.

LA-ICP-MS analysis. Soybean seedlings (5-d-old) were treated with 1 uM V for
6 h, and the root segments (10 mm from root tips) were quickly sliced into 100-
um-thick sections with a microtome on ice, and displayed in a sample freezer at
—20°C (CryoCell, Elemental Scientific) to stabilize sample shape and prevent ion
flow. Samples were analyzed using a LA unit (NWR213; New Wave Research)
equipped with an Nd:YAG solid-state laser source operating at 213 nm with the
following settings: energy: 35% of maximum energy; scan speed: 15 um s~
repetition rate: 5 Hz; spot size: 10 um. Element signals were obtained using an
Agilent Technologies 7900 ICP-MS instrument operated in helium mode (4.8 mL/
min). The isotopes were analyzed using an integration time of C13 (0.01's), P3!
(0.02's), and V31 (0.1 s). All element signals were normalized to C!3 and converted
to element image using iolite 4 software (http://iolite-software.com/).

V and Rb uptake assay. To construct p35S:GmPHFI and p35S:GmPT4, the entire
ORF of GmPHFI and GmPT4 was amplified by PCR and respectively inserted into
the Ascl and BamHI sites of pFGC5941 vector driven by CaMV35S promoter
according to the protocol of ClonExpress® IT One Step Cloning Kit (Vazyme).
Primer pairs used for amplification were F21/R21 for GmPHFI; F22/R22 for
GmPT4. To construct Crispr-Cas9-GmPT4 vector, the target site primers (F23/R23)
was designed and introduced into the pGEL201 vector® using Bsal and T4 DNA
ligase. p35S:GmPHF1, p35S:GmPT4, Cas9-GmPT4 constructs were introduced into
hairy root of WT (YC04-5), and p355:GmPT4, Cas9-GmPT4 constructs were
introduced into hairy root of GmPHF1-RNAI lines. The transgenic hairy roots
were treated with 1 uM V and 1 pM Rb for 12 h, and then dried and digested for
elemental determination by ICP-MS. For Cas9-GmPT4 transgenic hairy roots,
those identified as gene editing on GmPT4 were used for analysis.

Transport activity assay of GmPT4 in yeast. The ORF of GmPT4 was amplified
using the primers F16/R16 (Supplementary Data 5), and cloned into EcoRI and
Notl sites of the expression vector YP11270 to generate GmPT4-YP112. YP112
(negative control) and GmPT4-YP112 were individually transformed into the yeast
Pi uptake-defective mutant MB1927!. Yeast transformants were selected on syn-
thetic defined medium without tryptophan (SD-Trp), and spotted onto yeast
nitrogen base (YNB) plates containing 50 uM KH,POy, at 30 °C for 3 d72.

Phenotypic analysis of GmPT4 knockdown and overexpression lines. To
generate the RNAi construct, a 400-bp fragment GmPT4 ORF was amplified using
the primers F17/R17 (Supplementary Data 5), and inserted into the Ascl and Swal
sites of pFGC5941 vector for the sense orientation, and then inserted into the Smal
and Xbal sites for the antisense orientation. To generate overexpression construct,
the ORF of GmPT4 was amplified using the primers F18/R18 (Supplementary
Data 5), and cloned into Xbal and Sall sites of pTF101.1 s. Recombinant plasmids
were introduced into Agrobacterium tumefaciens strain K599, and transformed into
soybean by hairy-root transformation methods as described in ref. . P con-
centration was determined by ICP-MS.
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Genetic validation of causal variants. To validate the effects of natural variation
in 5UTR on the P-acquisition efficiency, H1 promoter region and 5UTR from
different haplotypes were reassembled. The H1I,omorer + Hlsurr fragment and
H1yromoter + H25urr fragment were amplified from the constructed vectors
Hlpromoter + Hlsyrr:GmPHFI-GFP (construct B in Fig. 5¢) and Hlpomoter +
H25yrp:GmPHFI-GFP (construct D in Fig. 5¢) respectively using primers F27/R27,
and then cloned into EcoRI and BamHI sites of the pFGC5941-p35S-GFP vector to
create the pFGC5941-H1promoter + Hlsyrr and pFGC5941-H1promoter + H25u1R-
The genomic DNA of GmPHFI was amplified using the primers F28/R28, and
cloned into the BamHI site to create pFGC5941-H1yromoter + H1syrr-GmPHFI and
PFGC5941-Hl pyomoter + H25urr-GmPHFI individually. These vectors were intro-
duced into soybean by either Agrobacterium-mediated heritable transformation or
hairy-root transformation.

In situ hybridization of mRNA and protein. A developed technique?” was utilized
to simultaneously visualize mRNA and protein distribution in soybean roots.
Briefly, the tdTomato was amplified using the primers F24/R24 and the 3WJ-4xBro
was amplified using the primers F25/R25, and then the recombinant tdTomato-
3WJ-4xBro fragment was cloned into the Ascl and BamHI sites of the pFGC5941-
P35S vector to create the p35S: tdTomato-3WJ]-4xBro. The 5"UTRs from construct
H and I (Fig. 5f) were amplified individually using the primers F26/R26, and then
cloned into the AscI site of p35S: tdTomato-3W]-4xBro to create the p35S: HI
5°’UTR-tdTomato-3W]-4xBro and p35S: H2 5’'UTR-tdTomato-3W]-4xBro. The
transgenic hairy roots carrying these constructs were infiltrated by 100 uM DFHBI-
1T solution (LuceRNATM) for 12 h. Subsequently, root segments (10 mm from root
tips) were quickly harvested and sliced into 100-um-thick sections with a micro-
tome (Leica RM2235; Leica Microsystems GmbH, Wetzlar, Germany) under
RNase-free and 0 °C conditions. The DFHBI-1T signals were visualized and
photographed by confocal microscopy (LSM880; Carl Zeiss) using a 488 nm argon
laser for excitation and 525 nm for emission.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

The Illumina sequencing data generated in this study have been deposited in NCBI
(National Center for Biotechnology Information) under SRA (Sequence Read Archive)
accession number SRR11929594 - SRR11929867 of PRJNA633739. Phytozome database
[https://phytozome.jgi.doe.gov/] was used to retrieve the genes’ expression levels and
annotations. Soybean Expression Atlas database [https://venanciogroup.uenf.br/cgi-bin/
gmax_atlas/index.cgi] was used to retrieve genes’ expression levels of multiple tissues. All
data are available in the manuscript or the Supplementary Materials. Source data are
provided with this paper.
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