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only a few studies have been carried out on woody plants.
Researchers identified key genes that respond to Pi starvation
in Populus tomentosa though transcriptional analysis [26]. Chen
et al. uncovered the conserved role of PtoPHR1-LIKE3 (PtoPHL3)
in regulating Pi acquisition and sustaining Pi homeostasis in
poplar though interacting with PtoWRKY40 [27]. Our previous
study investigated changes in gene expression in tea under Pi
starvation conditions [28]. Nevertheless, the role of SPX–PHR in
the regulation of metabolic network in tea leaves needs to be
further elucidated.

Jasmonates (JAs) and their derivatives are key phytohormones
implicated in stress defense and development [29]. Plants respond
to exogenous JA treatment and Pi-deficient conditions through
similar changes, such as reduction in primary root elongation,
accumulation of anthocyanins and enhancement of plant defense
against different stresses [30–33
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Figure 2. CsPHRs were involved in catechin biosynthesis. A Transcriptional autoactivation of CsPHR1 and CsPHR2 in yeast grown on SD/−Leu/−Trp
and SD/−Ade/−Leu/−Trp/−His nutrition-deficient medium. Co-expression of BK-AtPHR1 and pGADT7 (AD) served as positive control, and BK-Lam
and AD served as negative control. B, C Anthocyanin phenotyping (scale bar = 1 mm) and AtF3′H expression level in Col-0, phr1, CsPHR1/phr1, and
CsPHR2/phr1 seedlings grown in the Pi-sufficient (+P) or Pi starvation (−P) conditions for 8 days; transcript levels were analyzed by RT–qPCR. Values
are means ± standard deviation of three biological replicates. Significant differences were analyzed by ANOVA and Tukey’s multiple comparisons test.
D Knockdown of CsPHRs with antisense oligonucleotide (asODN) solution for 24 h and sense oligonucleotide (ODN) solution as control. E RT–qPCR
validated the silencing effect of CsPHRs and genes that may be regulated by CsPHRs. GAPDH was used as an internal control. Values represent means
± standard error of the mean (n = 6). ∗∗∗∗P < 0.0001, ∗∗∗P < 0.001, ∗∗P < 0.01; Student’s t-test compared with ODN-treated samples. F, G Accumulation of
total catechins (F) and catechin compounds (G) in tea leaves treated with asODN or ODN solution. Values represent means ± standard deviation (n = 4).
∗∗∗∗P < 0.0001; ∗∗∗P < 0.001, ∗∗P < 0.01, ∗P < 0.05; Student’s t-test compared with ODN-treated samples.

Data Fig. S3D). These findings indicated that both CsPHR1 and
CsPHR2 were key regulators involved in Pi deficiency-induced
catechin biosynthesis.

According to the earlier findings, the host SPX–PHR tran-
scriptional regulatory module is a key player in modulating
phosphate homeostasis in rice and Arabidopsis [18]. Bimolecular
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Figure 3. CsSPX1 suppresses the function of CsPHRs in binding the P1BS element of CsANR1 and CsMYB5c. A Diagram of the wild-type P1BS element
and four base-mutated P1BSs (mP1BSs) in the CsANR1 promoter. B Y1H analysis of CsPHRs binding the promoter of CsANR1. Empty pGADT7 vector
was used as negative control. Yeast cells containing different plasmid combinations were grown on the selective medium SD−Leu with 300 μm
aureobasidin A (AbA). C EMSA results indicated that CsPHR proteins bind to the CsANR1 promoter. Arrows show CsPHRs-bound or free DNA. The
competitive protein–DNA binding assay was performed with an increasing amount of unlabeled DNA probe (1- and 100-fold). D Analysis of CsSPX1
and CsPHR interaction by BiFC. Confocal images of N. benthamiana epidermal cells expressing different construct combinations as indicated. Scale bar
= 20 μm. E In vitro semi-pull-down assays showing the interaction between CsSPX1 and CsPHRs. F Schematic diagram of the luciferase reporter
system. G, H Transactivation assays in N. benthamiana leaves.
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Figure 4. Function of CsJAZ3-CsPHRs transcriptional regulatory module in tea catechin biosynthesis. A Analysis of CsJAZ3 and CsPHRs interaction by
BiFC. Confocal images of N. benthamiana epidermal cells expressing different construct combinations as indicated. Scale bar = 20 μm. B In vitro
semi-pull-down assays showing the interaction between CsJAZ3 and CsPHRs. C, D LUC/REN activity obtained from co-transfection with the indicated
reporter constructs or empty effector constructs. Values are means ± standard deviation of three biological replicates. Different letters (a–d) indicate
significant difference (ANOVA, Tukey’s multiple comparisons test, P < 0.05). E, F EMSA showed that the CsJAZ3–CsPHR2 interaction attenuated the
DNA binding activity of CsPHR2 to the P1BS motif of CsANR1 (C) and CsMYB5c (D) in the promoter. The triangle shows the rise in pCold-CsJAZ3 protein
concentration from 50 to 150 ng. Signs - and + indicate the absence and presence of the corresponding proteins, respectively.
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CsPHR2-nYFP was observed in the nucleus, separately (Fig. 4A).
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Figure 5. CsPHRs integrate Pi and JA signaling to regulate catechin biosynthesis. A RT–qPCR validated the silencing effect of CsPHRs and genes that
may be regulated by CsPHRs. GAPDH was used as an internal control. B Relative inducement of catechins in tea leaves treated with ODN solution and
MeJA. C Relative inducement of catechins in tea leaves treated with asODN solution and MeJA. D, E Representative western blot showing the
accumulation of CsJAZ3-Flag in N. benthamiana leaves treated with 25 μM MG-132 or in the presence or absence of 100 μM MeJA. Protein levels were
normalized against actin levels. F Transactivation assays. Luciferase (LUC)/Renilla (REN) activity obtained from co-transfection with an empty effector
(SK) and the indicated reporter (CsPHR2) construct. Leaves were infiltrated with MG132 (10 μM) at least 12 h prior to harvesting. Exogenous MeJA
(100 μM) was rubbed onto N. benthamiana leaves and fluorescence was measured after 4 h. G Accumulation of total catechins in young shoots with Pi
starvation and MeJA treatment. Data are means ± standard error, and different letters indicate significant differences at P < 0.05 tested by ANOVA.

also directly regulated the transcription factor CsMYB5c. Ectopic
expression of CsMYB5c in N. tabacum significantly enhanced the
content of catechins, including C, EC, and EGC [9, 12]. This means
that Pi signaling could directly regulate the whole metabolic flow.
This may also explain the low Pi adaptation in tea plants. In

addition, CsSPX1 interacted with CsPHRs and negatively regulated
the function of CsPHRs (Fig. 5), which is consistent with other
plant species [20, 56–58], indicating that the modulation of
plant secondary metabolites by the SPX–PHR regulatory circuit is
conserved.
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partially inhibited even under low Pi conditions, which reduces
the waste of energy and nutrition (Fig. 6). This CsPHR1/2-CsJAZ3
module also explains the absence of a purplish red phenotype in
young shoots of tea under low Pi conditions, unlike Arabidopsis
[13]. Taken together, our results uncover a pivotal molecular
mechanism involving linkage between soil nutrients and crop
quality, providing a strategy for crop management.

Materials and methods
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into Escherichia coli Rosetta (DE3). When the OD600 of the
cultured bacterial cells reached 0.6–0.8, 1 mM isopropyl-β-d-
thiogalactopyranoside (IPTG) was added to induce protein expres-
sion. As shown in Supplementary Data Fig. S6D, recombinant
MBP-tagged CsPHR1 and CsPHR2 proteins and pCold-CsJAZ3
were purified using a BeaverBeads IDA-Nickel Kit (Beaver, 70 501).
The Lightshift Chemiluminescent EMSA Kit (Pierce, 20 148) was
used to determine the ability of CsPHRs to bind to biotin-labeled
oligonucleotide probes. MBP-CsPHR1 or MBP-CsPHR2 was assayed
for binding to the P1BS probes with increasing concentrations
of pCold-CsJAZ3 in a total volume of 20 μl. Briefly, the binding
mixture was loaded onto a 6% native polyacrylamide gel after the
CsPHR proteins and biotin-labeled probes had been incubated in
the binding solution for 20 min at room temperature, then the
protein–DNA complex was transferred onto N+ nylon membrane
(Millipore). The ChemDoc XRS System (Bio-Rad) and the enhanced
chemiluminescence substrate were used to detect migration of
biotin-labeled probes. Primers and biotin-labeled probes used for
these constructs are listed in Supplementary Data Table S1.

Dual luciferase reporter assay.
The CsPHR1 and CsPHR2 sequences were cloned into the pGreenII
62-SK vector, generating effector constructs. The 2-kb promoter
region of CsANR1 and 1-kb promoter region of CsMYB5c were
cloned into a pGreenII 0800-LUC vector. pGreenII 62-SK vector
was used as an internal control. These constructs were then
transformed into GV3101(pSoup). The full-length cDNA of CsJAZ3
was cloned into the pCAMBIA1300 vector with Flag tag in its
C-terminus. The CsJAZ3-Flag construct was then transformed
into GV3101.Transient expression was conducted in leaves of N.
benthamiana with a 1:1 mix of these Agrobacterium strains. A Dual-
Luciferase Reporter Assay System (Promega) was used to mea-
sure the activities of the CsANR1 and CsMYB5c promoters with
the effector transcription factors or internal control. An imaging
system for living plants (Lumazone PyLoN 2048B, USA) was used
to capture LUC luminescence after leaves of N. benthamiana had
been sprayed with 1 mM luciferin for 5 min in the dark.

Bimolecular fluorescence complementation
The cDNA sequences of CsPHR1 and CsPHR2 were cloned into the
cYFP vector and CsSPX1 and CsJAZ3 were cloned into the nYFP
vector to obtain the CsPHR1-cYFP, CsPHR2-cYFP, CsSPX1-nYFP,
and CsJAZ3-nYFP constructs, respectively. The visualization of the
YFP fluorescence signal was carried out as described previously
[49].

Semi-pull-down assay
For semi-pull-down assays, transient transfected N. benthamiana
leaves with expression of CsSPX1-Flag, CsJAZ3-Flag, or GFP-Flag
were harvested and lysed using RIPA Lysis Buffer (Strong, Merck).
Purified MBP-CsPHR1 and MBP-CsPHR2 on His beads (70 501;
Beaver) were separately mixed with lysates of leaves harboring
CsJAZ3-Flag or GFP-Flag for 1 h at 4◦C. Protein complexes retained
on the beads were detected with anti-Flag (GenScript) or anti-His
antibody (Proteintech).

Jasmonate measurement
Tea plants were grown under +P/–P nutrient solution for about
2 months. Young shoots were selected to analyze JA profiling.
Leaf samples weighing 0.1 g were ground into a powder and then
dissolved in 0.7 ml of methanol. The mixture was centrifuged at
12 000 rpm for 5 min at 4◦C after being vortexed for 24 h. The
supernatant was used for further analysis after centrifuging once

again. As described in a previous report [62], JA profiling was car-
ried out using liquid chromatography–tandem mass spectrometry
(SCIEX 5500+).

Accession numbers
The sequences of tea genes can be found in the Tea Plant Informa-
tion Archive (TPIA) ((http://tpia.teaplants.cn/
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