
Spatial Divergence of PHR-PHT1 Modules Maintains
Phosphorus Homeostasis in Soybean Nodules1

Mingyang Lu,a,2 Zhiyuan Cheng,a,2 Xiao-Mei Zhang,a,2 Penghui Huang,a Chengming Fan,b Guolong Yu,c

Fulu Chen,a Kun Xu,a Qingshan Chen,c Yuchen Miao,d Yuzhen Han,e Xianzhong Feng,f Liangyu Liu,g and
Yong-Fu Fua,3,4

aMinistry of Agriculture and Rural Affairs of the People’s Republic of China Key Laboratory of Soybean
Biology (Beijing), National Key Facility of Crop Gene Resource and Genetic Improvement, Institute of Crop
Sciences, Chinese Academy of Agricultural Sciences, 100081 Beijing, China
bState Key Laboratory of Plant Cell and Chromosome Engineering, Institute of Genetics and Developmental
Biology, Chinese Academy of Sciences, Beijing 100101, China
cKey Laboratory of Soybean Biology, Ministry of Education/College of Agriculture, Northeast Agricultural
University, Harbin 150030, China
dCollaborative Innovation Center of Crop Stress Biology, Henan Province, Institute of Plant Stress Biology,
School of Life Science, Henan University, Kaifeng 475004, China
eCollege of Biological Sciences, State Key Laboratory of Plant Physiology and Biochemistry, China Agricultural
University, Beijing 100094, China
fCAS Key Laboratory of Soybean Molecular Design Breeding, Northeast Institute of Geography and
Agroecology, Chinese Academy of Sciences, Changchun 130102, China
gCollege of Life Sciences, Capital Normal University, Beijing 100048, China

ORCID IDs: 0000-0002-1326-2179 (Z.C.); 0000-0002-5816-3895 (X.-M.Z.); 0000-0003-0197-4846 (P.H.); 0000-0002-1352-8301 (C.F.);
0000-0002-9856-0027 (F.C.); 0000-0002-4339-1238 (Y.M.); 0000-0003-3330-1902 (Y.H.); 0000-0002-7129-3731 (X.F.); 0000-0002-8250-934X (L.L.);
0000-0002-1486-0146 (Y.-F.F.)

Maintaining phosphorus (Pi) homeostasis in nodules is the key to nodule development and nitrogen fixation, an important
source of nitrogen for agriculture and ecosystems. PHOSPHATE-TRANSPORTER1 (PHT1) and its regulator PHOSPHATE-
STARVATION-RESPONSE1 (PHR1), which constitute the PHR1-PHT1 module, play important roles in maintaining Pi
homeostasis in different organs. However, the PHR1-PHT1 module and its functions in nodules remain unknown. We
identified one PHT1 (GmPHT1;11) and four PHR1 (GmPHR1) homologs in soybean (Glycine max) plants, which displayed specific
expression patterns in different tissues in nodules, similar to previously reported GmPHT1;1 and GmPHT1;4. Through the
integration of different approaches, GmPHR-GmPHT1 modules were confirmed. Combining our results and previous reports,
we established multiple GmPHR-GmPHT1modules acting in the infected or noninfected tissues in nodules. A single GmPHR had
more than one GmPHT1 target, and vice versa. Therefore, overlapping and cross-talking modules monitored the wave of
available Pi to maintain Pi homeostasis in nodules, which sequentially regulated nodule initiation and development. High
levels of GmPHT1;11 enhanced Pi accumulation in nodules, increased nodule size, but decreased nodule number. Nitrogenase
activity was also enhanced by GmPHT1;11. Our findings uncover GmPHR-GmPHT1 modules in nodules, which expands our
understanding of the mechanism of maintaining Pi homeostasis in soybean plants.

Legume nodules provide agriculture and ecosystems
with nitrogen from the ammonium ion (NH4

1) through
N2 fixation. Phosphorus (Pi) is utilized as a macronu-
trient in plants and affects nodule initiation, develop-
ment, and N2 fixation (Tang et al., 2001; Valentine et al.,
2017). Pi deficiency directly impairs many cellular
functions not only by reducing the available ATP nec-
essary for enzymatic activity, membrane transport,
utilization of inorganic N sources, and photosynthesis
but also by limiting the biosynthesis of macromolecules
(proteins, lipids, and nucleic acids; Bosse and Kock,
1998). In root nodules, the role of Pi is vital in the
metabolic energy processes driving symbiotic N2 fixa-
tion into NH3, and nodules act as strong sinks for P

even when the supply of P is adequate (Israel, 1987;
Drevon and Hartwig, 1997). Therefore, the availability
of Pi is pivotal to nodule morphogenesis and the effi-
ciency of N2 fixation (Drevon and Hartwig, 1997; Tang
et al., 2001; Sulieman et al., 2013). The effect of Pi on
nodule initiation is nodule-specific and independent of
plant growth, indicating that Pi has dual functions as a
critical mineral element in cells and as a signal when Pi
is deficient in nodules (Gentili and Huss-Danell, 2003).

A phosphate transporter is responsible for intercel-
lular and intracellular Pi transport (Bardin et al., 1996;
Qin et al., 2012a). The PHOSPHATE TRANSPORTER1
(PHT1) genes encode a family of plasma membrane
phosphate transporters (Nussaume et al., 2011). In the
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soybean (Glycine max) genome, there are at least 14
members (GmPHT1;1–GmPHT1;14) in this family with
different names in different labs (Qin et al., 2012a;
Tamura et al., 2012; Fan et al., 2013). These GmPHT1s
have different affinities to Pi (Fan et al., 2013). Among
them, onlyGmPHT1;1 (Chen et al., 2019) and GmPHT1;4
(Qin et al., 2012b) are expressed in nonfixing regions of
nodules, and they also play a role in nodulation and Pi
homeostasis in nodules. GmPHT1;11, GmPHT1;12, and
GmPHT1;13 are arbuscular mycorrhiza-inducible phos-
phate transporter genes of soybean (Tamura et al., 2012),
and GmPHT1;11, an early divergent gene from other
GmPHT1s (Fan et al., 2013), is related to arbuscular de-
velopment and leaf senescence (Inoue et al., 2014).
PHT1 is regulated by many genes at different levels

(Puga et al., 2017). When Pi is deficient, PHOSPHATE
STARVATION RESPONSE1 (PHR1), a constitutively
expressed MYB-domain transcription factor (Rubio
et al., 2001; Puga et al., 2017), promotes Pi uptake by
directly inducing the expression of PHT1. PHR1 not
only functions in controlling Pi transport but also plays
a role in directly repressing plant defenses (Castrillo
et al., 2017) by activating jasmonate biosynthesis
(Khan et al., 2016). PHR1 proteins bind to specific cis-
elements (P1BS, GnATATnC) of Pi starvation-inducible
genes, including PHT1, phosphatase, and RNase genes
(Rubio et al., 2001; Schünmann et al., 2004; Nilsson
et al., 2007; Guo et al., 2015). Therefore, the PHR-
PHT1 module, a regulatory module conserved across
phylogenetically distant plant species, plays an im-
portant role in maintaining Pi homeostasis (Puga et al.,
2017). However, there are no reports elucidating the
functions of PHR-PHT1 modules in soybean nodules.
In this study, we identified PHR and PHT1 genes in

soybean nodules and constructed multiple PHR-PHT1
modules. These modules formed a network and con-
tributed to maintaining Pi homeostasis in nodules,
which controls nodule development and functions in
soybean. Our results show that in nodules, oneGmPHR

has several target GmPHT1s, and one GmPHT1 is under
the control of several GmPHRs. Therefore, the diver-
gence of GmPHR-GmPHT1 modules in a tissue-specific
mode endows nodules with special characteristics
during Pi signaling in soybean.

RESULTS

Soybean Nodules Harbor Multiple PHR and
PHT1 Homologs

The PHT gene family is responsible for transport of
Pi, andPHT1 is a subgroup of the PHT family,whichmainly
functions in cellular phosphate transport. In the soybean ge-
nome, 14PHT1homologousgenes (GmPHT1;1–GmPHT1;14)
have been identified in our laboratory and other labo-
ratories, and at least fourPHT1s (GmPHT1;1,GmPHT1;4,
GmPHT1;11, and GmPHT1;14) are expressed in roots
(Qin et al., 2012a; Fan et al., 2013). Among these four
GmPHT1s, GmPHT1;1 and GmPHT1;4 were reported to
function in nodules (Qin et al., 2012b; Chen et al., 2019).
It has been reported that GmPHT1;11 functions in the
absorption of fungus-derived phosphate and in arbus-
cular development (Inoue et al., 2014). We postulated
that if a gene was related to nodule function, it may be
expressed in roots. Therefore, GmPHT1;1, GmPHT1;11,
and GmPHT1;14, working together with GmPHT1;4,
may synergistically function in nodules. These GmPHT1
proteins were all found to localize on the cytoplasmic
membrane (Supplemental Fig. S1), as described in a
previous report (Fan et al., 2013).
One of the direct regulators of PHT1 is PHR1, a MYB

transcription factor that can bind to a cis-element with
an imperfect palindromic sequence (GnATATnC;
[P1BS]) in its target genes and regulate its expression
(Rubio et al., 2001; Bari et al., 2006; Bustos et al., 2010).
Hence, the PHR1-PHT1 module plays pivotal roles in
regulating Pi signaling andmaintaining Pi homeostasis.
In the soybean genome, it has been reported that there
are 35 PHR1 genes encoding potential transcriptional
factors (Xue et al., 2017), but no detailed functions have
been revealed. Using the protein sequence of Arabidopsis
(Arabidopsis thaliana) PHR1 as a query, we obtained four
highly conserved PHR1 homologous genes in the soybean
genome, namedGmPHR1 toGmPHR4 here (Supplemental
Fig. S2). The GmPHR1 to GmPHR4 proteins share two
conserved functional domains, the Myb coiled-coil motif
(a potential dimerization motif) and the Myb DNA-
bindingmotif (Supplemental Fig. S2), indicating potential
binding activity for their target genes (Rubio et al., 2001).
To investigate the subcellular localization ofGmPHR1 to

GmPHR4 proteins, we amplified their coding sequences
from soybean ‘Tainlong1’ and constructed the fusion genes
35S:GmPHR1:GFP, 35S:GmPHR2:GFP, 35S:GmPHR3:GFP,
and 35S:GmPHR4:GFP. Then, the corresponding vectors
were infiltrated intoNicotiana benthamiana leaves mediated
by Agrobacterium tumefaciens. Similar to PHR proteins in
other plants (Rubio et al., 2001; Ren et al., 2012; Li et al.,
2014), GmPHR1:GFP, GmPHR2:GFP, GmPHR3:GFP,
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and GmPHR4:GFP proteins mainly target the nucleus
(Fig. 1).

Tissue-Specific Divergence of the PHR-PHT1 Modules

The soybean genome underwent at least three rounds
of duplication during its evolutionary process, which
resulted in multiple copies of a given gene (Schmutz
et al., 2010). To survive natural selection, individual
copies experienced various divergences, including
divergence in tissue-specific expression (Blanc and
Wolfe, 2004; Wang et al., 2012; Roulin et al., 2013).
We focused on the GmPHR1, GmPHR2, GmPHR3,
GmPHR4, GmPHT1;1, GmPHT1;4, GmPHT1;11, and
GmPHT1;14 genes in our study, due to their expres-
sion in roots (Qin et al., 2012a, 2012; Fan et al., 2013;
Chen et al., 2019), which indicates that they may po-
tentially function in nodules.

To elucidate the expression specificity of PHR-PHT1
modules in nodules, we cloned the promoter sequence
approximately 2.5 kb upstream of the translational start
site of these genes and individually fused them to the
GUS reporter gene. The resulting vectors were intro-
duced into soybean hairy roots by Agrobacterium rhizo-
genes. The transgenic hairy roots were then inoculated

with rhizobia (Sinorhizobium fredii HH103) to allow nod-
ule development. After 2 weeks, transgenic nodules and
their transverse sections were stained by 5-bromo-4-
chloro-3-indoxyl-b-D-glucuronide (X-gluc) to visualize
the tissue-specific expression of the promoters. Regard-
less of Pi conditions, GmPHR2:GUS lines showed faint
signals in nodules, whereas there were no signals de-
tectable inGmPHR3:GUSnodules (Supplemental Fig. S3).

Interestingly, GmPHR1 was expressed in the entire
tissue of nodules, while GmPHR4 expression was lim-
ited to non-N2-fixation regions (Fig. 2, A and B). Such
patterns were independent of the concentration of
available Pi in the medium, even though low Pi levels
induced higher GmPHR gene expression. Similar to
GmPHR, the phosphate transporter GmPHT1s also
exhibited tissue-specific differentiation of gene expres-
sion. GmPHT1;1 was distributed throughout an entire
nodule, consistent with a previous report (Chen et al.,
2019), whereas GmPHT1;11was only expressed in non-
N2-fixing regions (Fig. 2, C and D), indicating that
GmPHT1;11 was not expressed in the infected tissues.
Although GmPHT1;14 was expressed in the root vascu-
lar tissue, no GUS signal was detected in the nodule
tissue (Supplemental Fig. S3). A previous report showed
that GmPHT1;4 is expressed in nonfixing regions of
nodules (Qin et al., 2012b).

Figure 1. Localization of GmPHR pro-
teins. GmPHR1:GFP, GmPHR2:GFP,
GmPHR3:GFP, and GmPHR4:GFP
fusion genes were coinfiltrated with
the mRFP:AHL22 nuclear marker in N.
benthamiana leaves. All GmPHR:GFP
proteins mainly localized in the nuclei.
All experiments were performed with at
least three independent biological re-
peats, and all gave similar results. A
single representative result is shown.
Bars 5 20 mm.
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To further confirm the gene expression patterns
above, we carried out RNA in situ hybridization anal-
ysis in nodules from roots of soybean plants grown in
low-phosphate conditions. As Figure 3 indicated, there
were no signals found on all sections hybridized by
sense probes, suggesting the specificity of antisense
probes. Not surprisingly, the transcript locations of
GmPHR1, GmPHR4, GmPHT1;1, and GmPHT1;11 in
soybean nodules (Fig. 3) matched well with the activity
sites of their promoters revealed using the GUS marker
(Fig. 2). Together, these results suggest that the ex-
pression specificity of different GmPHR or GmPHT1
homologs diverged in different nodule tissues over the
evolutionary process.
As different GmPHRs or GmPHT1s have highly con-

served sequences within their family, it is of interest to
clarify the relationship between individual GmPHRs
andGmPHT1s to determine one-to-one correspondence
relationships in soybean nodules. First, we performed
an electrophoretic mobility shift assay (EMSA) to verify
if these GmPHR proteins could bind to GmPHT1 pro-
moters. As expected, both GmPHR1 and GmPHR4 di-
rectly bound to cis-element P1BS (GnATATnC) in the

promoters of GmPHT1;1, GmPHT1;11, and GmPHT1;4
(Fig. 4) in vitro. There are four potential P1BSs in the
GmPHT1;1 promoter (Fig. 4A); however, only two of
them could be the targets of GmPHR1 and GmPHR4
proteins (Fig. 4B; Supplemental Fig. S4), suggesting that
the flanking sequence of P1BS or other factors affected
the physical interaction between PHR proteins and
P1BS elements. Furthermore, the availability of Pi did
not affect such physical interactions in vitro because
there was no difference among binding assays in the
presence or absence of Pi in the reaction buffers.
To confirm the interactions above, the chromatin

immunoprecipitation-quantitative PCR (ChIP-qPCR) ap-
proach was employed to analyze transgenic hairy roots
harboring the 35S:GmPHR1:GFP or 35S:GmPHR4:GFP
fusion gene. The results indicate that either GmPHR1 or
GmPHR4 protein could enrich in vivo special frag-
ments of GmPHT1;1 (Fig. 5A), GmPHT1;11 (Fig. 5B), and
GmPHT1;4 (Fig. 5C). However, the binding affinity was
nonidentical for a given GmPHR with different P1BS-
containing fragments, such as GmPHR1/GmPHR4 and
GmPHT1;1 (Fig. 5A), supporting the importance of the
flanking sequences of P1BS as shown above and being
consistent with the general characteristics of transcription
factors (Rajkumar et al., 2013). Additionally, it was ob-
served that the concentration of available Pi did have an
impact on GmPHR binding in vivo to GmPHT1. Gener-
ally, low-Pi conditions were favorable for GmPHR1 and
GmPHR4 binding to their targets in vivo, indicating that
the interactions between GmPHR1/4 and GmPHT1;1/4/11
were Pi stress inducible or enhanced.
To determine the effect of GmPHR regulation on

GmPHT1 transcription activity, we carried out tran-
scriptional activation experiments usingN. benthamiana
leaves. We constructed the promoter-luciferase (LUC)
fusion genes GmPHT1;1pro:LUC, GmPHT1;4pro:LUC,
and GmPHT1;11pro:LUC, which were cotransformed
with 35S:GmPHR1:GFP or 35S:GmPHR4:GFP (we used
35S:GFP as a control) into N. benthamiana leaves, me-
diated byA. tumefaciens. Then, the transcription activity
of the GmPHT1 promoter was monitored through the
fluorescence intensity produced by LUC. The results
show that both GmPHR1 and GmPHR4 exerted sig-
nificant effects on the intensity of LUC signals in dif-
ferent vectors. Both GmPHR1 and GmPHR4 enhanced
the promoter activity of GmPHT1;1 (Fig. 6A) and
GmPHT1;4 (Fig. 6C) but unexpectedly inhibited the
promoter activity of GmPHT1;11 (Fig. 6B).
Next, we investigated the effect of changes inGmPHR

expression on GmPHT1 gene expression in vivo. We
took approaches of overexpression of GmPHR genes or
mutating these genes by CRISPR/Cas9 editing. First,
we generated hairy roots overexpressing GmPHR1 or
GmPHR4 (from the 35S promoter), whose expression
levels were higher than that in wild-type roots, as
confirmed by reverse transcription quantitative PCR
(RT-qPCR) analysis (Supplemental Fig. S5, A and C).
Then, we constructed transgenic hairy roots with mu-
tated GmPHR1 or GmPHR4 (Supplemental Figs. S6–S8)
gene using CRISPR/Cas9 editing. These transgenic

Figure 2. Tissue-specific expression of GmPHR-GmPHT1 modules in
soybean nodules. GmPHR1 (A), GmPHR4 (B), GmPHT1;1 (C), and
GmPHT1;11 (D) promoters were individually fused to a GUS reporter
gene, and the resulting vectors were transferred into soybean hairy roots
that were cultured under high (left images) or low (right images) Pi
concentrations. Nodules were stained with X-Gluc, and whole nodule
tissue (top images) or semithin sections (bottom images) were observed
with a microscope. Photographs were taken from sections of different
nodules produced from at least two independent biological experi-
ments. A single representative result is shown. Black arrows indicate
nodule vascular bundles, white arrowheads indicate nodule infected
tissues, and black arrowheads indicate root vascular tissues. Bars5 200
mm (top images) and 100 mm (bottom images).
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lines could not produce normal proteins because the
coding region of their mutated genes had premature
stop codons resulting in early termination, even though
they had lower expression of the GmPHR1 or GmPHR4
gene, respectively (Supplemental Fig. S5, A and C).
Such expression changes were independent of the
availability of Pi (Supplemental Fig. S5, A and C). With
these transgenic lines, RT-qPCR analysis was carried
out to evaluate the variation in PHT1 expression levels
affected by the change of theGmPHR1 orGmPHR4 gene
under different Pi conditions. As expected, a positive
effect of both GmPHR1 and GmPHR4 on GmPHT1;1
expression (Fig. 7A) was observed, consistent with the
results of the promoter activity assay (Fig. 6A).

Overexpressing GmPHR4 repressed GmPHT1;11 ex-
pression, regardless of the Pi state (Fig. 7B), which also
coincided with the results of the transcription activity
analysis (Fig. 6B). However, as for GmPHR1 and
GmPHT1;11, the results (Fig. 7B) were entirely opposite
to the results of the transcription activity analysis
(Fig. 6B). That is, overexpressing GmPHR1 increased
GmPHT1;11 expression under both low- and high-Pi
conditions in nodules (Fig. 7B). Such contradictory re-
sults suggest that there is species or tissue specificity of
GmPHR1 function on GmPHT1;11. In N. benthamiana,
GmPHR1 inhibitsGmPHT1;11 expression,while in soybean

nodules, GmPHR1 enhancesGmPHT1;11 expression. In
other words, the effect of GmPHR1 on GmPHT1;11
expression was dependent on another unknown factor.

The expression of GmPHT1;4 was dependent on Pi
availability. When the amount of Pi was relatively low,
the GmPHR4 gene enhanced GmPHT1;4 expression
(Fig. 7C).However,when the amount of Piwas relatively
high, overexpressing GmPHR1 repressed GmPHT1;4
transcription, while overexpression of GmPHR4
promoted GmPHT1;4 expression, and knocking out
GmPHR4 did not change GmPHT1;4 expression
(Fig. 7C). Because the entire nodule was used for RT-
qPCR analysis here, it is reasonable to speculate that
GmPHRs regulate the expression of GmPHT1s in a
tissue-specific mode in nodules.

PHR-PHT1 Modules Contribute to Pi Homeostasis
in Nodules

To investigate the function of GmPHR-GmPHT1 in Pi
homeostasis in nodules, we determined the Pi content
in different transgenic nodules using similar transgenic
lines. As expected, overexpressing either GmPHR1 or
GmPHR4 increased the accumulation of Pi in nodules in
a Pi-independent manner (Fig. 8A). Higher levels of

Figure 3. RNA in situ hybridization
of GmPHR-GmPHT1 modules in soy-
bean nodules. Nodules on soybean
roots at 14 d after infectionwere used for
RNA in situ hybridization. Digoxigenin-
labeled antisense (A, B, D, E, G, H, J,
and K) or sense (C, F, I, and L) probes
were used for detection of the transcripts
of GmPHR1 (A–C), GmPHR4 (D–F),
GmPHT1;1 (G–I), and GmPHT1;11
(J–L). Images B, E, H, and K show mag-
nifications of images A, D, G, and J, re-
spectively. GmPHR1 and GmPHT1;1
were strongly expressed in nodule
vascular bundles and infected tissues
(A, B, G, and H), while GmPHR4 and
GmPHT1;11 were expressed in nodule
vascular bundles (D, E, J, and K).
GmPHR1, GmPHR4, GmPHT1;1, and
GmPHT1;11 were expressed in root
vascular tissues (A, D, G, and J). No
signals were found for sense probes.
Three to five nodules were sectioned for
each gene. Black arrows indicate nod-
ule vascular bundles, white arrowheads
indicate nodule infected tissues, and
black arrowheads indicate root vascular
tissues. Section thickness was 7 mm.
Bars5 200 mm (A, C, D, F, G, I, J, and L)
and 100 mm (B, E, H, and K).
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Figure 4. GmPHR1 andGmPHR4 proteins bind directly to P1BS cis-elements in the promoters of GmPHT1 in vitro. A, Schematic
structures of genomic genes GmPHT1;1, GmPHT1;11, and GmPHT1;4. The positions of the P1BS sites are indicated in paren-
theses (upstream of the start codon ATG), vertical gray bars represent the corresponding fragments for EMSA experiments (in B),
and horizontal black bars display the corresponding regions for ChIP-qPCR detection (in Fig. 6). Gray bars represent the region
upstream of the start codon ATG, gray arrow bars represent the gene-coding region, empty bars represent untranslated regions
(UTR), vertical gray bars represent the PIBS sites used for EMSA, and black boxes represent the corresponding sites for ChIP qPCR
in Figure 6. Scale bars (500 bp) are indicated above the genes. B, EMSA tests show that both GmPHR1 andGmPHR4 proteins bind
to P1BS-containing fragments of GmPHT1;1 (top row), GmPHT1;11 (middle row), and GmPHT1;4 (bottom row) promoters in-
dependent of Pi concentration (1P, 1 mM KH2PO4; 2P, 1 mM KCl in EMSA buffer). The fragments of P1BS-I and P1BS-II are
indicated in A. Probe indicates labeled P1BS-containing fragments, while Competitor represents unlabeled P1BS-containing
fragments. Numbers indicate fold of the concentration of Competitor comparedwith Probe. All experimentswere performedwith
at least three biological repeats, which showed similar results. A single representative result is shown.
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GmPHT1;11 also increased Pi accumulation in nodules
(Fig. 8A). These results indicate thatGmPHR1,GmPHR4,
and GmPHT1;11 all participate in maintaining Pi ho-
meostasis in nodules.

PHR-PHT1;11 Modules Regulate Nodule Growth
and Function

Next, we investigated the function of PHR-PHT1
modules in nodulation through statistical analysis of
the nodule number, size, and fresh weight of transgenic
nodules as in Figure 7. Our results show that both
GmPHRs andGmPHT1s exhibit functions governing the
number of nodules (Fig. 8B).GmPHR1 inhibited nodule
initiation, and lower GmPHR1 levels resulted in an in-
creased number of nodules at either low or high Pi
concentrations. Similarly, lower expression of GmPHR4
clearly increased the number of nodules in the low-Pi
state. Additionally, it was significant that the inhibitory
effect of GmPHT1;11 on nodule formation was inde-
pendent of Pi concentration.

Regarding nodule size, the results were generally
opposite to the number of nodules in response to Pi
signaling (Fig. 8C).GmPHR1,GmPHR4, andGmPHT1;11
enhanced the growth of nodules, and GmPHR1 exerted

stronger effects on nodule growth than GmPHR4 in the
case of nodule size analysis. In addition, GmPHR1,
GmPHR4, and GmPHT1;11 did not significantly affect
the fresh weight of nodules (Supplemental Fig. S9).

To further confirm that GmPHT1;11 functions in
nodulation, we constructed GmPHT1;11-Cas9-edited
hairy roots (Supplemental Figs. S8, E and F, and S10).
The nodulation assay indicated that mutation of
GmPHT1;11 increased the number of nodules per root
and nodule fresh weight but decreased nodule size.
These results are consistent with the results of the stable
transgenic soybean lines above (Fig. 8, B and C).

Interestingly, interactions were observed between
GmPHR1 and GmPHR4 or between GmPHT1;4 and
GmPHT1;11. An increase in GmPHR1 expression en-
hanced GmPHR4 expression under both low- and high-
Pi conditions, and vice versa (Supplemental Fig. S5, B
and D). However, overexpression of GmPHT1;11 de-
creased GmPHT1;4 expression, whereas silencing of
GmPHT1;11 had no significant effect on the expression
of GmPHT1;4 (Supplemental Fig. S5F). The effect of
GmPHR-GmPHT1 modules on nodule growth was a
comprehensive process, which relied on the interaction
between different GmPHR-GmPHT1 modules, tissue
specificity, and availability of Pi. These results suggest
that there exists a potential compensatory mechanism

Figure 5. GmPHR1 and GmPHR4
proteins enrich P1BS cis-element-con-
taining fragments in the promoters of
GmPHT1 in hairy roots. ChIP-qPCR
investigation demonstrates that both
GmPHR1 (right graphs) and GmPHR4
(left graphs) enrich fragment 3 in the
GmPHT1;1 promoter (A), fragments 2
and 3 in the GmPHT1;11 promoter (B),
and fragment 2 in the GmPHT1;4 pro-
moter (C) in vivo, regardless of the
presence or absence of Pi in the me-
dium, and GmPHR1 has higher affinity
than GmPHR4 or GmPHT1;1. The po-
sitions of the fragments on the genomic
genes are labeled as in Figure 3A. All
statistical data show means 6 SD from
at least three biological replicates.
Statistical analysis was performed us-
ing Student’s t test (*P, 0.05 and **P,
0.01).
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amongGmPHR-GmPHT1modules, similar to previous
reports (Kumar et al., 2008; Laguerre et al., 2012).

GmPHT1;11 Regulates Nitrogenase Activity in Nodules

Previous reports showed that the expression level of
GmPHT1;1 and GmPHT1;4 was positively related to
both nitrogenase activity and the accumulation of N in
soybean plants (Qin et al., 2012b; Chen et al., 2019). We
also determined the nitrogenase activity in nodules of
GmPHT1;11 transgenic plants according to an approach
described previously (Buendia-Claveria et al., 1989). As
Figure 9 shows, knockdown of the GmPHT1;11 gene
inhibited the activity of nitrogenase, whereas over-
expression ofGmPHT1;11 enhanced nitrogenase activity.

DISCUSSION

Many studies demonstrate that Pi plays important
roles in rhizobium-legume symbiosis (Israel, 1993; Tang
et al., 2001; Gentili and Huss-Danell, 2003; Schulze et al.,
2006; Sulieman et al., 2013; Thuynsma et al., 2014).

Phosphorus not only controls the energy costs of N2
fixation (Schulze et al., 1999) but also regulates nodule
formation and development (Israel, 1987) through spe-
cific effects and not a general stimulation via a plant
growth effect (Gentili and Huss-Danell, 2003). N2-fixing
legumes can enhance Pi utilization within the nodules to
tolerate Pi deficiency (Araujo et al., 2008), and therefore,
the Pi concentration in nodules does not differ signifi-
cantly under high- or low-Pi conditions (Vardien et al.,
2014), suggesting that Pi homeostasis in nodules is
subtly controlled. The PHR-PHT1module is one of the
main regulators for Pi transport in plant cells (Bardin
et al., 1996; Rubio et al., 2001; Qin et al., 2012a; Puga
et al., 2017). In our study, we elucidated the role of
PHR-PHT1 modules in maintaining Pi homeostasis in
soybean nodules.

GmPHR Directly Controls GmPHT1 Expression in
Soybean Nodules

Our study identified GmPHR1/4 and their target
GmPHT1;1/4/11 transporter genes in soybean nodules.
GmPHR1/4 proteins directly bound to P1BS elements

Figure 6. GmPHR1 andGmPHR4 genes
regulate the activity of GmPHT1 pro-
moters. Both GmPHR1 and GmPHR4
genes significantly increase the activity of
the GmPHT1;1 (A) and GmPHT1;4 (C)
promoters but repress the activity of the
GmPHT1;11 promoter (B) in N. ben-
thamiana leaves. All statistical data are
presented as means 6 SD from at least
three biological replicates. Statistical
analysis was performed using Student’s
t test (**P , 0.01).
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on GmPHT1;1/4/11 promoters and subsequently regu-
lated their expression. Even though their interactions
were independent of Pi availability in vitro, a lower
level of available Pi induced/enhanced such interac-
tions in vivo, suggesting that GmPHR-GmPHT1 sig-
naling in nodules was a response to phosphorus stress.
Both GmPHR1 and GmPHR4 increased the expression

ofGmPHT1;1 andGmPHT1;4 but suppressedGmPHT1;11
expression inN. benthamiana cells. Interestingly,GmPHR1
enhanced GmPHT1;11 expression in soybean, indicating
species or tissue specificity of the interaction between
GmPHR1 proteins and the GmPHT1;11 promoter. We
postulated that there are other unknown regulators con-
trolling GmPHR1 activity that may be specific to soybean
nodules.

There are a few reports showing that SPX (SYG1/
Pho81/XPR1) proteins inhibit PHR binding to its tar-
gets in Arabidopsis (Puga et al., 2014) and rice (Oryza
sativa; Wang et al., 2014). There is another possibility
that the tissue specificity of gene interactions may play
an important role in the regulation of GmPHR func-
tions, because our data indicate that different GmPHRs
and GmPHT1s possessed tissue-specific expression
patterns. Therefore, the mechanism of GmPHRs regu-
lating GmPHT1 expression is much more complex in
soybean nodules. In almost all previous studies, PHRs
were reported as enhancers of PHT1 expression (Rubio
et al., 2001; Bari et al., 2006; Zhou et al., 2008; Bustos
et al., 2010). However, our results demonstrate that
GmPHR could be an inhibitor of PHT1 expression under
special conditions, dependent on its target genes, tissue
specificities, or the availability of Pi.

GmPHR-GmPHT1 Modules Diverge in a Spatial Pattern
in Nodules

Specific expression in nodules was obvious for dif-
ferent GmPHR or GmPHT1 genes. Both GmPHR1 and
GmPHT1;1 were expressed in whole nodule tissues,
while GmPHR4 and GmPHT1;11 were expressed in
noninfected tissues in nodules. It was previously
reported that the expression of GmPHT1;4 was also
limited in noninfected tissues in nodules (Qin et al.,
2012b) and that GmPHT1;1 was expressed in whole
nodules (Chen et al., 2019). Based on our observation of
expression patterns and interactions between PHRs and
PHT1s, in addition to previous reports (Qin et al., 2012b;
Chen et al., 2019), we developed an interaction model
for GmPHR-GmPHT1 modules in nodule tissues
(Fig. 10). In N2-fixing regions, GmPHR1 not only en-
hanced GmPHT1;1 expression but also repressed
GmPHT1;11. However, our results show that GmPHR1
increases GmPHT1;4 expression in N. benthamiana cells,
and no GUS signal was detected for the PHT1;4 pro-
moter in infected regions of nodules, even though the
activity of the GmPHR1 promoter was detected in these
regions. Therefore, the transcriptional repression of
GmPHT1;4 in infected regions may be contributed by
transcription factors other than PHR1.

In non-N2-fixing regions, both GmPHR1 and
GmPHR4 enhanced the expression of GmPHT1;1 and
GmPHT1;4. Due to the repression effect ofGmPHR1 and
GmPHR4 on GmPHT1;11 in N. benthamiana cells, other
unidentified factors could be involved in the activa-
tion of GmPHT1;11 transcription in non-N2-fixing
regions. It is clear in ourmodel that there were several

Figure 7. GmPHR1 and GmPHR4 genes regulate GmPHT1 gene ex-
pression in soybean nodules. A, GmPHR1 gene enhances GmPHT1;1
expression under low-Pi conditions (LP), while GmPHR4 gene en-
hances GmPHT1;1 expression independent of the availability of Pi. B,
GmPHR1 enhances while GmPHR4 represses GmPHT1;11 expression
in soybean nodules independent of the availability of Pi. Evidence from
overexpression ofGmPHR1 orGmPHR4was consistent with data from
knocking out these genes using the CRISPR/Cas9 approach. C, Both
GmPHR1 and GmPHR4 genes regulate GmPHT1;4 expression in soy-
bean nodules depending on the availability of Pi. All statistical data
show means 6 SD from at least three biological replicates with six in-
dividual plants. Statistical analysis was performed using Student’s t test
(*P , 0.05 and **P , 0.01). Normalization of the data was performed
using the expression of the empty vector control under high-Pi condi-
tions (HP) as a reference.
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GmPHR-GmPHT1 modules in nodules that had the
following identities. (1) The effect of GmPHRs on
GmPHT1s could be enhanced or repressed, depending
on their targets (GmPHT1s) but independent of the
availability of Pi concentration. (2) The same module
exhibited different characteristics in different tissues.
For example, GmPHR1 repressed GmPHT1;11 in N2-
fixing regions but may not inhibit GmPHT1;11 expres-
sion in non-N2-fixing tissues. A previous study showed
the importance of temporal induction for the potato
(Solanum tuberosum) phosphate transporter StPT3 ex-
pression in root cells harboring arbuscular mycorrhizal
structures (Karandashov et al., 2004). Our results show
that the spatial issue may be also important for PHT1
expression. (3) These modules could affect each other
because altering the expression of one PHR affected the
expression of other PHRs, and a similar situation exis-
ted for PHT1s. For example, the change in GmPHT1;11
expression altered GmPHT1;4 expression. (4) One
GmPHR had several GmPHT1 targets, and conversely,
one GmPHT1 had several regulating GmPHRs, which
built up the network with cross talk between GmPHR
and GmPHT1. If protein movement of transcriptional
factors among cells happens in nodules, the regulatory

network may be more complicated. Such divergence in
expression contributes to the establishment of a regu-
latory network of Pi homeostasis in nodules.

GmPHR-GmPHT1 Modules Participate in the Regulation
of Nodule Growth and Nitrogenase Activity

Nodules are exquisite legume organs in which every
process is strictly controlled. Nodules show high
nitrogen fixation efficiency even under Pi-deficient
conditions (Sulieman et al., 2013; Cabeza et al., 2014;
Vardien et al., 2014; Valentine et al., 2017). The PHR-
PHT1 module network described above may maintain
Pi homeostasis in soybean nodules. Different genes in
the module network displayed different effects on
nodule growth and function. Therefore, abnormal ex-
pression of one of the elements in this network could
disturb Pi homeostasis in nodules, resulting in abnor-
malities in Pi accumulation and nodule initiation, de-
velopment, and N2-fixing efficiency.
Our results also suggest that nodule initiation and

growth may be two dissociable processes controlled
by PHR-PHT1 modules; that is, the factors favorable to

Figure 8. GmPHR-GmPHT1 modules
play important roles in maintaining Pi
homeostasis in nodules and in regulat-
ing nodule initiation and develop-
ment. ForGmPHR1 andGmPHR4 genes,
nodules from transgenic hairy roots
were sampled; for GmPHT1;11, nod-
ules from roots of stable transgenic
plantswere harvested. A, Pi homeostasis
in nodules. GmPHR1, GmPHR4, and
GmPHT1;11 enhance Pi accumulation
in nodules. B and C, The effects of
GmPHR1, GmPHR4, and GmPHT1;11
on nodule initiation (number; B) and
development (size; C). All statistical
data show means 6 SD from at least
three biological replicates. Statistical
analysis was performed using Student’s
t test (*P , 0.05 and **P , 0.01). FW,
Fresh weight; HP, high-Pi conditions; LP,
low-Pi conditions.
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nodule initiation could inhibit nodule growth, and vice
versa. For example, silencing GmPHT1;11 increased
nodule number but decreased nodule size. Also, over-
expression of GmPHR1 or GmPHR4 reduced the num-
ber of nodules, but the nodules greatly increased in size
when exposed to high levels of GmPHR transcripts.

GmPHT1 regulates N2 fixation because GmPHT1;1
enhances nitrogenase activity in soybean plants (Chen
et al., 2019). In our study, we showed that the expres-
sion level of GmPHT1;11 was positively related to the
activity of nitrogenase. Further investigation of the ef-
fect of interactions among GmPHRs and GmPHT1s on
nodules will allow us to elucidate the mechanism un-
derlying nitrogen fixation in soybean.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

All genetically modified lines were constructed with soybean (Glycine max
‘Tianlong1’) mediated byAgrobacterium tumefaciens for stable transformation or
Agrobacterium rhizogenes for hairy root transformation. All soybean plants were
grown in a growth room under long-day conditions (16 h of light/8 h of dark) at
25°C with light illumination. Nicotiana benthamiana plants were grown in a
growth room at 22°C with a 16-h-light/8-h-dark cycle. Light was provided by
GreenPower light-emitting diode (LED) toplighting (Philips Horticulture LED)
with light intensity ranging from 500 to 800 mmol m22 s21 for soybean or 225 to
450 mmol m22 s21 for N. benthamiana, depending on the distance between the
plants and the LED light source.

Vector Construction and Soybean Transformation

Using the Arabidopsis (Arabidopsis thaliana) PHR1 (AT4G28610) protein
sequence as a query to search its homologs in the soybean genome in

Phytozome (http://www.phytozome.net), four GmPHR members (Gly-
ma.19G167500, Glyma.03G166400, Glyma.13G126200, and Glyma.10G039700)
with high similarity were identified in soybean and named as GmPHR1 to
GmPHR4, sequentially. Identities between AT4G28610 and GmPHR score from
323.2 to 286.2, with e values from 1.2E2104 to 2.4E290. Similar to AtPHR1,
GmPHR1, GmPHR2, GmPHR3, and GmPHR4 proteins also contain two con-
served domains: Myb and coiled-coil domains. Alignment of two domains of
amino acid sequences was carried out using ClustalW programs. All
GmPHT1;1, GmPHT1;4, GmPHT1;11, and GmPHT1;14 genes were identified in
our previous study (Fan et al., 2013).

For the promoter analysis, fragments upstream of the transcription start sites
of GmPHR1 (GmPHR1pro; 2,542 bp), GmPHR2 (GmPHR2pro; 2,453 bp), GmPHR3
(GmPHR3pro; 2,258 bp), and GmPHR4 (GmPHR4pro; 2,525 bp) were cloned into
the vector Fu76 (Wang et al., 2013) with SacI and PstI cloning sites. Then, the
promoter fragments were inserted betweenHindIII andNcoI sites to replace the
Cauliflower mosaic virus (CaMV) 35S promoter in a modified pCAMBIA3301
to generate the GmPHRpro:GUS-expressing vectors. Similarly, fragments up-
stream of the translation start sites (ATG) of GmPHT1;1 (GmPHT1;1pro; 5,240
bp), GmPHT1;11 (GmPHT1;11pro; 2,923 bp), and GmPHT1;14 (GmPHT1;14pro;
4,988 bp) were cloned into the Fu76 vector with SacI and FspI sites. The pro-
moter segments were then cloned into a modified pCAMBIA3301 vector with
SacI and SmaI sites to generate GmPHT1pro:GUS binary vectors. For over-
expressing genes, the coding regions of GmPHR1 and GmPHR4 were intro-
duced into the entry vector Fu28 (Wang et al., 2013) with SpeI and FspI and
fused to theGFP gene in the vector, then these entry clones were combinedwith
a modified pHairyRED (Lin et al., 2011; added attR1/2 recombination sites and
a CaMV 35S promoter, in our lab) to generate 35S:GmPHR:GFP-expressing
constructs by LR reaction (Invitrogen). All resulting expression vectors above
were introduced into A. rhizogenes strain K599 for soybean hairy root trans-
formation (Kereszt et al., 2007). For GmPHT1;11 overexpression, the coding
region of GmPHT1;11was introduced into entry vector Fu48 (Wang et al., 2013)
withXbaI and FspI enzymes tomake a 33Myc fused gene. Then, the fusion gene
was cloned into pFGC5941 vector (GenBank accession no. AY310901) with AscI
and AvrII. For the knockdown (GmPHT1;11-RNAi) construct, a 334-bp (bp
937–1,270) fragment of the GmPHT1;11 coding sequence was amplified and
inserted into the pB7GWIWG2(I) vector (Karimi et al., 2002) in both sense
and antisense orientations. Both overexpressing and silencing vectors of
GmPHT1;11were introduced into A. tumefaciens strain EHA105 for soybean
genetic transformation. All sequences were confirmed by sequencing and
are identical to the corresponding genes in Phytozome.

Gene Editing, Screening, and Phenotyping

Vector Construction and Testing

For genome editing in soybean, we constructed two entry vectors to indi-
vidually express Cas9 and single-guide RNAs (sgRNAs). A Cas9 gene (Sun

Figure 9. GmPHT1;11 expression contributes to the function of nod-
ules in soybean. Nitrogenase activity is shown in lines of overexpressing
(OX) and RNA interference (RNAi)-silenced GmPHT1;11 compared
with their parents grown under high-Pi (HP; left) and low-Pi (LP; right)
conditions.Gray dots, upward-pointing triangles, and downward-pointing
triangles on the top of the columns indicate the different samples for the
wild type (WT), GmPHT1;11-OX, and GmPHT1;11-RNAi, respectively.
Significance was based on Student’s t test with six plants (*P , 0.05 and
**P, 0.01). Experiments were repeated three times with similar results. A
single representative replicate is shown here, while the other two repli-
cates are shown in Supplemental Table S2. FW, Fresh weight.

Figure 10. Aworking model of GmPHR-GmPHT1 modules in soybean
nodules. Double vertical lines separate the non-N2-fixing region (left)
from the N2-fixing region (right). The arrows indicate enhanced effects,
and dashes indicate repressed effects. Black lines indicate the results in our
study, while gray lines denote unidentified factors and their effects in our
study. Question marks indicate unknown factors (see the text for details).
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et al., 2015) driven by the CaMV 35S promoter was cloned into vector Fu76
(containing attL3/4 recombination sites) with StuI and MfeI. The GmU6 pro-
moter (Du et al., 2016), two BsaI sites, and the sgRNA scaffold were cloned into
vector Fu79 (containing attL1/2 recombination sites) with SphI andHindIII. The
resulting vector was used to construct vector Fu79-sgRNA expressing two
sgRNAs by cloning another set of the GmU6 promoter, two BfuAI sites, and the
sgRNA scaffold with KpnI and SphI. To design sgRNA of target genes, we use
the Web-based tool CRISPR-P (Lei et al., 2014; http://crispr.hzau.edu.cn/cgi-
bin/CRISPR2/CRISPR). Two target sequences were synthesized and cloned
into Fu79-sgRNA with BsaI and BfuAI, respectively. Finally, Fu76-Cas9 and
Fu79-sgRNA were combined into a modified pHairyRED483 (with added
attR1/2/3/4 recombination sites, in our lab) to generate binary vectors for gene
editing. The gene-editing vectors were introduced into A. rhizogenes K599 for
hairy root transformation, and then the positive hairy roots with DsRed2 flu-
orescence (Lin et al., 2011) were selected for further functional analysis. We also
used a method similar to a previous report (Xing et al., 2014) to confirm that the
CRISPR/Cas9 system worked in hairy roots, in which fragments surrounding
the target sites of GmPHR1, GmPHR4, and GmPHT1;11were amplified by PCR
with three pairs of gene-specific Cas9 test primers (Supplemental Table S1). In
this study, two target sites for each gene were confirmed to work well
(Supplemental Figs. S6, S7, and S10).

Screening Procedure and Genotyping of Edited Nodules

A detailed procedure for screening and phenotyping CRISPR/Cas9-edited
nodules is presented in Supplemental Figure S8 and includes the following
steps. Step I, Remove primary roots of the seedling for inoculation of A. rhizo-
genes. Step II, Allow hairy roots to grow. Step III. Remove negative roots and
keep positive ones after screening with the RFP marker (Lin et al., 2011). Then
inoculate Sinorhizobium frediiHH103. Step IV, Allow nodule development. Step
V, Name and phenotype nodules on roots individually and keep the nodules
named after individual roots. Step VI, Genotype individual roots and discard
nonedited roots and nodules. Step VII, Based on the genotyping data, combine
phenotyping data (step V) from positive roots (edited roots) for statistical
analysis of nodule number and size. Step VIII, Combine all positive edited
nodules. Step IX, Determine the content of Pi in combined positive nodules.
Step X, Analyze gene expression in combined positive nodules. All edited genes
resulted in premature and predicted nonfunctional proteins. Around 10 to 14 of
the nearly 30 clones showed a single cut, with the others having double cuts in
the genomic genes. Thus, the edited efficiencies are 71.9%, 76.7%, and 76.5% for
GmPHR1-Cas9, GmPHR4-Cas9, and GmPHT1;11-Cas9, respectively. However,
we did not use unedited nodules for phenotyping and gene expression. Instead,
all nodules used were edited.

Soybean Transformation

Soybean ‘Tianlong1’ was used as the starting material and as the wild-type
control. Soybean stable genetic transformation, mediated by A. tumefaciens
strain EH105, was carried out according to a cotyledon node transformation
approach (Wang, 2010) to obtain stable genetically transformed plants over-
expressing or RNAi silencing GmPHT1;11. Soybean root hairy transformation,
mediated by A. rhizogenes strain K599, was performed following previous
methods (Kereszt et al., 2007; Lin et al., 2011), using DsRed2 fluorescence as a
positive selection marker and an empty vector pHairyRED (Lin et al., 2011) as a
negative control.

Soybean Nodulation

A nodulation assay was performed according to a previous report
(Broughton and Dilworth, 1971). Typically, the transgenic soybean lines and
wild-type plants were inoculated with a suspension of S. fredii HH103 (109

bacteria, in 10 mM MgSO4; Weidner et al., 2012), then transferred to pots (23 3
15 3 23 cm) containing vermiculite. Plants were fed with the low-N nutrient
solution (1 mM KNO3, 1 mM CaCl2, 10 mM iron citrate, 0.25 mM MgSO4, 0.25 mM

K2SO4, 1 mM MnSO4, 2 mM H3BO3, 0.5 mM ZnSO4, 0.2 mM CuSO4, 0.1 mM CoSO4,
and 0.1 mM Na2MoO4, plus 5 mM [low P] or 500 mM [high P] KH2PO4, pH 5.8). At
28 d after inoculation, soybean nodules were harvested for determining nodule
number, nodule fresh weight, and soluble Pi content. Nodule size was calcu-
lated as the average fresh weight of a single nodule. Pi content was analyzed as
described (Chiou et al., 2006).

Nitrogenase Activity Assays

Assay of nitrogenase activity of noduleswas performed following a previous
report (Buendia-Claveria et al., 1989). Cleaned roots with nodules were placed
in a gas reaction bottle, and acetylene gas (10 mL each) was injected into the
bottle. The reaction was carried out for 2 h in 28°C. Then, ethylene was mea-
sured by gas chromatography (7820A GC system; Agilent Technologies). The
standard curve for ethylene was developed according to the standard peak area
of ethylene to calculate the molar content of ethylene. Nodule fresh weight was
recorded to calculate the nitrogenase activity of nodules as ethylene produced
(mmol g21 fresh weight h21).

Total RNA Isolation and RT-qPCR

Nodules at 28 d after inoculationwere collected for preparation of total RNA
using Trizol reagent (Takara). The extracted RNA was treated with DNase I to
remove genomic DNA and applied to synthesize first-strand cDNA using the
PrimeScript RT Reagent Kit (Takara). The cDNA was diluted to 100 mL with
distilled, deionized water in a 1:5 ratio, and 2 mL of the diluted cDNAwas used
for RT-qPCR with the SYBR Premix Ex Taq (Takara) on the StepOnePlus Real-
Time PCR System (Thermo Fisher Scientific; 120 s at 95°C, 45 cycles of 10 s at
95°C and 1 min at 60°C). Expression was determined relative to GmUKN1
(Achard and Genschik, 2009). The data were analyzed by StepOne software
v2.0. All primers or oligonucleotides are listed in Supplemental Table S1. Each
experiment was repeated at least three times for statistical analysis.

For sampling nodules edited by Cas9, we first selected positive transgenic
hairy roots produced by A. rhizogenes harboring a pHairyRED binary vector
with an RFP fluorescence marker (Lin et al., 2011). Positive hairy roots were
kept and negative ones were removed. The composed seedlings with positive
roots were transplanted to soil and inoculated with S. fredii HH103 for nodule
development. After 4 weeks, phenotypes of nodules were individually ana-
lyzed. Genotyping of edited hairy roots was carried out through PCR with a
pair of primers covering twoCRISPR/Cas9 target sites. The PCR products were
separated on an agarose gel, and the PCR products with at least two bands
(Supplemental Fig. S8) were mixed and subcloned into the pGWC vector for
transforming into Escherichia coli DH5a. Finally, 30 independent E. coli clones
were sequenced to confirm the editing efficiency (Supplemental Fig. S8). cDNA
prepared from the corresponding edited nodules was mixed and used for gene
expression analysis (Fig. 7), whereas the nodule phenotypes of individually
corresponding edited nodules were combined for analysis of nodule number
and size (Fig. 8).

Subcellular Localization

The coding regions of GmPHR1, GmPHR2, GmPHR3, and GmPHR4 were
introduced into the entry vector pGWC (Chen et al., 2006). The resulting entry
clones were combined into pGWB5 (Nakagawa et al., 2007) to generate
35S:GmPHR:GFP binary vectors by LR reaction (Invitrogen). The expression
constructs were mobilized into A. tumefaciens strain EHA105, which was infil-
trated into the abaxial side of leaves of 2- to 4-week-old N. benthamiana plants.
After 48 h, the fluorescence signalwas visualized using a Zeiss LSM700 confocal
laser scanning microscope. 35S:GFP in pGWB6 (Nakagawa et al., 2007) was
used as a control and 35S:mRFP:AHL22 as a nuclear marker (Xiao et al., 2009).
Analysis of GmPHT1 protein localization in onion (Allium cepa) epidermal cells
was carried out as in our previous report (Fan et al., 2013).

GUS Staining

Histochemical analysis of GUS expression was performed mainly according
to a previous report (Jefferson et al., 1987) with minor modifications. The
transgenic hairy roots inoculated with S. frediiHH103 were grown for 15 d. The
roots and nodules (at least six independent lines) were harvested and fixed in
precooled 90% (v/v) acetone, rinsed with cold water, vacuum infiltrated with
precooled GUS staining solution [50 mM sodium phosphate buffer, 0.2% (v/v)
Triton X-100, 5 mM K4Fe(CN)6, 5 mM K3Fe(CN)6, and 1–2 mM X-gluc] and in-
cubated at 37°C for 12 h. Then, samples were transferred through an ethanol
series (20%, 30%, 50%, and 70% [v/v] ethanol) and examined with a micro-
scope. After GUS staining, about 5-mm-long root fragments with nodules were
sampled and sectioned transversely for paraffin slides (10 mm thickness) and
semithin sections (4 mm thickness). Sections were detected with a light micro-
scope (Zeiss; Discovery2.0).
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RNA in Situ Hybridization

RNA in situ hybridization was carried out following a previous procedure
(Bustos-Sanmamed et al., 2013). After infection with S. fredii HH103, soybean
plants grew in low-phosphorus conditions for 14 d. Roots and nodules were
harvested, fixed in formaldehyde-acetic acid solution (50% [v/v] ethanol, 5%
[v/v] glacial acetic acid, and 3.7% [v/v] formaldehyde) for 24 h at 4°C, and
embedded in paraffin. Sections (7 mm in thickness) were prepared with a mi-
crotome (Leica; RM2235). Digoxigenin-labeled antisense and sense RNAprobes
(Supplemental Table S1) were synthesized by in vitro transcription using
the DIG RNA Labeling Kit (Roche). The hybridization signals were detec-
ted by enzyme immunoassay and enzyme-catalyzed color reaction with
5-bromo-4-chloro-3-indolyl phosphate/nitroblue tetrazolium (Roche; cat-
alog no. 11175041910). Slides were examined with a light microscope (Zeiss;
Discovery2.0).

EMSA

The full-length coding sequences of GmPHR1 and GmPHR4 genes were
cloned into the vector pET28a (Novagen) using BamHI and XhoI sites, and the
resulting vectors were transformed into E. coli strain BL21. The recombinant
proteins were purified usingNi-NTA beads (Qiagen). The biotin-labeled probes
of the P1BS-containing fragments were generated by annealing the biotin-
labeled oligonucleotide and its non-biotin-labeled complementary oligonucle-
otide. EMSA was performed according to the instructions of the Light-Shift
Chemiluminescent EMSA Kit (Thermo Scientific; no. 829-07910). Components
of EMSA binding reactions included 13 binding buffer, 2.5% (v/v) glycerol,
5 mM MgCl2, 50 ng mL21 poly(dI$dC), 0.05% (v/v) Nonidet P-40, 1 unit of
protein extract, 20 fmol of biotin-labeled target DNA, and 0 to 16 pmol of un-
labeled target DNA. A final concentration of 1 mM Pi (KH2PO4) was added to
binding reactions for 1P treatment, and 1 mM KCl was replaced for 2P treat-
ment. All oligonucleotides are listed in Supplemental Table S1.

ChIP-qPCR

ChIP-qPCR assays were performed essentially as previously described
(Malapeira and Mas, 2014). Chromatin was isolated from the transgenic hairy
roots overexpressing GmPHR1:GFP or GmPHR4:GFP. The isolated chromatin
was cross-linked with 1% (v/v) formaldehyde, sonicated, and precipitated by
Anti-GFP mAb-Magnetic Beads (MBL; code no. D153-11). The precipitated
DNA fragments were released by 215mMNaCl and subjected to qPCR analysis.
The primers used are listed in Supplemental Table S1.

Transcriptional Activity Assays

The regionsupstreamof theATGsites ofGmPHT1;1 (GmPHT1;1pro; 5,240 bp),
GmPHT1;4 (GmPHT1;4pro; 1,855 bp), and GmPHT1;11 (GmPHT1;11pro; 2,923 bp)
were introduced into the entry vector pGWC (Chen et al., 2006). Then, the
promoters were fused to the LUC reporter gene on the pGWB35 vector
(Nakagawa et al., 2007) by LR reaction (Invitrogen). The expression vectors of
35S:GmPHR1:GFP and 35S:GmPHR4:GFP were used for expressing activators,
while GmPHT1;1/4/11:GUS were reporters. A. tumefaciens bacteria containing
the indicated constructs were transiently transformed into the abaxial side of
leaves of 2- to 4-week-old N. benthamiana plants. After 2 d of inoculation, the
infiltrated leaves were harvested and sprayed with 3 mM D-luciferin (Proven
and Published; no. LUCK-1G), and the fluorescence was detected using a plant
imaging system (LB 985 NightSHADE; Berthold Technologies). The images
were analyzed by indiGO software (Berthold Technologies). pGWB6 (35S:GFP;
Nakagawa et al., 2007) was employed as a control. There were at least three
biological replicates for each assay. The primers used to amplify coding regions
of GmPHRs and promoter regions of GmPHT1s are listed in Supplemental
Data S1.

Statistical Analyses

All experiments in our study were carried out with at least three biological
replicates and at least three independent times, all of which showed similar
results. For presentation, the figures show only representative results out of at
least five individual experiments. Data in all bar graphs represent means 6 SD

from three independent experiments. All statistical analyses were determined
using the SPSS software package (https://www.ibm.com/analytics/spss-

statistics-software). Asterisks indicate significant differences according to Stu-
dent’s t test (**, P , 0.01 and *, P , 0.05).

Accession Numbers

Sequence data for this article can be found in Phytozome (https://
phytozome.jgi.doe.gov/) with the following gene identities: GmPHR1 (Gly-
ma.19G167500), GmPHR2 (Glyma.03G166400), GmPHR3 (Glyma.13G126200),
GmPHR4 (Glyma.10G039700), GmPHT1;1 (Glyma.10G186500), GmPHT1;4
(Glyma.10G036800), GmPHT1;11 (Glyma.14G188000), GmPHT1;14 (Gly-
ma.02G005800), and GmUKN1 (Glyma.12G020500).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Subcellular localization of GmPHT1;11, GmPHT1;1,
GmPHT1;4, and GmPHT1;14 proteins.

Supplemental Figure S2. Soybean PHR proteins shared high conservation
with their homologs in Arabidopsis and rice.

Supplemental Figure S3. Tissue-specific expression of the promoters of
GmPHR2, GmPHR3, and GmPHT1;14.

Supplemental Figure S4. GmPHR1 and GmPHR4 proteins did not bind to
two P1BS-containing fragments of the PHT1;1 gene promoter.

Supplemental Figure S5. The gene interaction among GmPHR-GmPHT1
modules by RT-qPCR analysis of gene expression.

Supplemental Figure S6. Characterization of mutation of GmPHR1 Gene
by CRISPR/Cas9 editing in soybean hairy roots.

Supplemental Figure S7. Knockout of GmPHT1;11 by CRISPR/Cas9 in-
creased the number but decreased the size of nodules in soybean hair roots.

Supplemental Figure S8. A protocol for genotyping and phenotyping
CRISPR/Cas9-edited hairy roots.

Supplemental Figure S9. The statistical analysis of fresh weight of nodules
from gene editing or transgenic roots.

Supplemental Figure S10. Knockout of GmPHT1;11 by CRISPR/Cas9 in-
creased the number but decreased the size of nodules in soybean
hair roots.

Supplemental Table S1. Oligonucleotides used in our study.

Supplemental Table S2. Nitrogenase activity assay.

Supplemental Data Set S1. The sequences of the promoters and the coding
regions of genes.
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