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Abstract
Key message  PDE1 acts as a mediator of primary root growth in response to Pi deficiency.
Abstract  Phosphorus is commonly considered as a limiting nutrient for plant growth, which is mainly due to the immobility 
and uneven distribution of phosphate (Pi) in soils so that available Pi is not adequate in the rhizosphere. Although various 
mediators have been identified in Pi sensing and response, more details need to be uncovered in plant Pi-deficiency toler-
ance. Here, we isolated a mutant, termed pde1 (phosphate-deficiency sensitive 1), showing the hypersensitive Pi-deficiency-
induced growth inhibition of primary roots. PDE1 encodes a hydroxyphenylpyruvate reductase with rare activity in vitro 
and repressed by Pi deficiency. Histochemical analysis displayed that Pi-deprived pde1 accumulated more Fe and reactive 
oxygen species (ROS) in primary roots than the wild type (WT). Addition of ferrozine, a Fe2+ chelator, or a ROS scavenger 
(e.g., thiourea and potassium iodide), alleviated the sensitivity of Pi-deficiency in pde1 primary roots. By contrast, pde1 
showed reduced cotyledon expansion rate with treatment of H2O2 compared to WT. Taken together, these results suggested 
that PDE1 is responsible for regulating primary root growth in response to Pi deficiency, which is associated with ROS.

Keywords  Phosphate deficiency · Primary root growth · Reactive oxygen species · Hydroxyphenylpyruvate reductase · Iron

Introduction

As a basic constituent of molecules such as ATP, nucleic 
acid, and phospholipid, phosphorus is essential for plant 
growth and development (Péret et al. 2011). Root system 
has been recognized as the major structure in response to 
phosphate (Pi) deficiency, in which the inhibition of pri-
mary root growth was observed under Pi-deficient condition 
(Williamson et al. 2001; Lynch et al. 2001). Growing evi-
dence has been emerged to uncover the regulatory mecha-
nism of plant Pi-deficiency tolerance, and numerous genes 

were identified to participate in the process over the past 
20 years (Liu 2021). LPR1 (low phosphate root 1) was a key 
mediator in the regulation of primary root growth under Pi-
deprived condition (Svistoonoff et al. 2007). LPR1 encodes 
a multicopper oxidase and possesses a ferroxidase activity 
for conversion of Fe2+ to Fe3+. The LPR1-dependent iron 
redox cycle could promote ROS accumulation in root tips 
(Müller et al. 2015), and ALS3 (aluminum sensitive 3) 
cooperated with LPR1 to mediate the root iron homeosta-
sis in response to Pi deficiency (Dong et al. 2017). STOP1 
(sensitive to proton toxicity 1), a transcription factor, and 
ALMT1 (Al-activated malate transporter 1), a malate trans-
porter protein, were involved in the Pi-deficiency toler-
ance (Hoekenga et al. 2006; Balzergue et al. 2017). Low Pi 
activated the STOP1-ALMT1 module to facilitate malate 
transport and malate-dependent iron accumulation in the 
apoplast (Mora-Macías et  al. 2017). In addition, ALS3 
interacted with STAR1 (sensitive to aluminum rhizotoxic-
ity 1) to form an ABC transporter complex for the mediation 
of Pi-deficiency root architecture remodeling (Dong et al. 
2017), and ALS3/STAR1 repressed STOP1 accumulation 
in the nucleus to increase the tolerance against Pi deficiency 
(Wang et al. 2019). Recently, blue light was found to trigger 
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the malate-mediated photo-Fenton reaction for growth inhi-
bition of primary roots under Pi-deficient condition (Zheng 
et al. 2019). Blue light, thereby, in accompany with Fe2+, 
Fe3+, malate, H2O2, and low pH was indispensable to inhibit 
primary root growth in response to Pi deficiency (Liu 2021). 
Aside from this, Pi deficiency also slightly inhibited primary 
root growth in darkness (Silva-Navas et al. 2019).

ROS play a crucial role in root growth and development 
(Liszkay et al. 2004; Tsukagoshi et al. 2010; Manzano et al. 
2014). Accumulation of O2

·− and H2O2 inhibited the pri-
mary root growth and root hair formation in Arabidopsis 
thaliana (Foreman et al. 2003; Dunand et al. 2007), and 
the respiratory burst oxidase homolog (RBOH)-mediated 
ROS production could promote the lateral root development 
(Orman-Ligeza et al. 2016). In addition to being a signal-
ing molecule in root system architecture morphogenesis 
(Prakash et al. 2020; Bian et al. 2021), ROS were capable 
of regulating root growth in response to nutrient deficiencies 
(Shin and Schachtman 2004; Wang et al. 2021). The H2O2 
content and expression levels of genes encoding ROS-pro-
ducing enzymes were up-regulated, after roots were exposed 
to nitrogen, phosphorus or potassium-deficiency environ-
ment (Shin et al. 2005). Reyt et al. (2015) reported that iron 
homeostasis was associated with the generation of ROS to 
orchestrate the root growth (Reyt et al. 2015).

In this study, a mutant pde1 (phosphate-deficiency sen-
sitive 1), which displayed the Pi-deficiency sensitivity in 
primary root growth, was identified from a forward genetic 
screen. The length of primary roots in pde1 was significantly 
shorter than that in wild type (WT) under Pi-deprived con-
dition. The pde1 mutant had a T-DNA insertion site in the 
second exon of At2g45630 which encodes a hydroxyphe-
nylpyruvate reductase (HPPR) with rare enzyme activity 
for 4-hydroxyphenylpyruvic acid (pHPP), phenylpyruvic 
acid and hydroxypyruvic acid substrates (Xu et al. 2018). 
Expression of At2g45630 in pde1 could complement the 
inhibited growth of primary roots in Pi-deprived pde1, and 
PDE1 was suppressed by Pi deficiency. Under Pi-deprived 
condition, more Fe was accumulated in pde1 primary roots, 
and addition of ferrozine, a Fe2+ chelating agent, rescued the 
inhibited primary root growth. Pi-deprived pde1 also showed 
enhanced accumulation of H2O2 in primary roots by DAB 
staining. Supplement of Thiourea or potassium iodide in Pi-
deprived medium alleviated the sensitivity of Pi-deficiency 
in pde1 primary roots. Additionally, the cotyledon expansion 
rate in pde1 was much lower than that in WT with treatment 
of 3 mM H2O2. Overall, these results suggested the role of 
PDE1 in the Pi-deficiency tolerance that was associated with 
ROS.

Materials and methods

Plant materials and growth conditions

All Arabidopsis plants used in this study were Columbia-0 
(Col-0) background, and the T-DNA insertional mutants of 
pde1 (SALK_201658) and hppr3-2 (SALK_019014) were 
obtained from the Arabidopsis Biological Resource Center 
(ABRC, Ohio State University, Columbus, OH, USA). 
hppr2cr was generated via lustered regularly interspaced 
short palindromic repeats (CRISPR)/CRISPR‐associated 
nuclease 9 (Cas9) genome editing system (Wang et  al. 
2015). Plants were grown aseptically or on soil in a growth 
chamber under a 16-h light/8-h dark cycle at 22 °C and 60% 
relative humidity. For aseptic growth, seeds were surface-
sterilized in 25% bleach and 0.1% Triton X-100 for 4 min, 
washed thoroughly with sterile water, and placed for 3 d 
at 4 °C in darkness. Then, the seeds were sown onto Petri 
dishes containing different types of MS medium. The +Pi 
medium (pH 5.7) consisted of MS medium (MS524, Phyto-
Tech) containing 0.17 g/L KH2PO4, 1% Suc, and 1% agar. 
The −Pi medium (pH 5.7) consisted of MS medium without 
nitrogen, phosphorous, and potassium (MS407, PhytoTech) 
supplemented with 1.65 g/L NH4NO3, 1.9 g/L KNO3, 1% 
Suc, and 1% agar. After grown on medium for 1–2 weeks, 
seedlings were transferred into a 1:1:8 mixture of vermicu-
lite, perlite, and peat moss and watered every other day for 
soil growth.

Mutant screening

Approximately 1000 surface-sterilized mutant individuals 
from a T-DNA insertion mutant library were grown on −Pi 
medium for 9 days at 22 °C under a 16-h light/8-h dark 
cycle. Then, the primary root length was considered as a 
phenotypic criterion for the mutant screening. The library 
was used for the glucose-sensitive mutant screen in our pre-
vious study (Zheng et al. 2020).

Mutant identification and plant 
transformation

For genotyping of pde1, genomic DNA was extracted from 
plant leaves and subjected to PCR using specific primers of 
T-DNA and genome. The homozygous seeds obtained from 
F2 progenies were used for analysis. For the complementa-
tion assay, the open reading frame of PDE1 was cloned into 
the pCAMBIA1305-EGFP plasmid at the Mlu I and Kpn I 
restriction sites to generate the 35S::PDE1-EGFP vector. 
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Then the plasmid was introduced into Agrobacterium tume-
faciens (GV3101) and transformed into pde1 via a floral-dip 
method (Clough and Bent 1998). The transgenic plants were 
screened on 1/2 MS medium containing 50 mg/L hygro-
mycin. For the phenotypic analysis, T3 or T4 homozygous 
lines were used.

Light‑avoidance experiment of root

The light-avoidance experiment of root was performed as 
described previously (Zheng et al. 2019) with minor modi-
fication. Briefly, WT or pde1 seeds were grown on the Pi-
replete or -deprived medium for 4 days, then aluminum foil 
was used to cover the root part for another 4-day growth in 
avoidance of light.

Perls staining

Perls staining was used to detect iron accumulation in root 
tips. In brief, the whole seedlings were collected and vacuum 
infiltrated with Perls staining solution containing equal vol-
umes of 4% (v/v) HCl and 4% (w/v) potassium ferrocya-
nide for 15 min. After infiltration, the samples were washed 
with deionized water three times to stop the reaction and 
immersed in the clearing solution (1 g/ml chloral hydrate 
in 15% glycerol). Then, the root tips were examined and 
imaged under bright-field illumination on an optical micro-
scope (Uop, UB103i, China).

DAB staining

DAB staining was performed as previously described (Zheng 
et al. 2020). Nine-day-old seedlings were incubated in the 
staining solution (1 mg/ml DAB, 10 mM Na2HPO4, 0.05% 
Tween 20, pH7.0) at room temperature for 6 h, and then 
fixed in a solution of ethanol:lactic acid:glycerol (3:1:1). 
After being boiled for 5 min, root tips were cut-off and 
imaged under bright-field illumination on an optical micro-
scope (Uop, UB103i, China).

RNA isolation and PCR

Total RNA was extracted using RNAiso plus (TAKARA) 
according to the manufacturer’s instructions. RNA was fur-
ther purified by chloroform/isoamyl alcohol extraction and 
isopropanol precipitation. 1 μg total RNA was used to syn-
thesize cDNA using the Reverse Transcriptase M-MLV kit 
(TAKARA) after removing the residual DNA by AccuRT 
Genomic DNA Removal Kit (abm). Quantitative real-time 

PCR (qPCR) was performed with the LightCycler® 96 sys-
tem (Roche) using EvaGreen 2× qPCR MasterMix (abm). 
The primers are listed in Table S1.

Statistical analysis

ImageJ software was used for determining the primary 
root length and quantifying the DAB staining intensity. All 
experiments were performed at least three technical repli-
cates and two to four biological replicates. GraphPad Prism 
5 and Microsoft Excel 2019 were used for calculating mean 
and standard deviation, except that qPCR data were analyzed 
via LightCycle® 96 SW1.1 software. Statistical significance 
was determined according to the student’s t test and one-/
two-way ANOVA.

Results

Inhibition of primary root growth in pde1 
under Pi‑deprived condition

To identify the essential regulators in response to Pi defi-
ciency, a T-DNA insertion mutant pde1 (phosphate-
deficiency sensitive 1) in Arabidopsis was identified by a 
forward genetic screen. When seedlings were grown on 
Pi-replete (+Pi) medium under white light (16-h light/8-h 
dark cycle) for 9 days, there was not significant difference 
between pde1 and the wild type (WT) in the primary root 
length. In contrast, the primary root length of pde1 was 
approximately two thirds of that of WT under Pi-deprived 
(−Pi) condition (Fig. 1). Previous study reported that blue 
light triggered the photo-Fenton reaction, and a canonical 
Fenton reaction produced ·OH that can inhibit primary root 
growth, no matter whether seedlings were grown on +Pi or 
−Pi medium (Zheng et al. 2019). Therefore, we investigated 
whether the sensitive phenotype of pde1 to Pi deprivation 
was affected by light. Under −Pi condition, seedlings were 
exposed to white light for 4 days followed by growth with 
aluminum foil-covering roots for another 4 days. As shown 
in Fig. S1, pde1 showed shorter primary roots than WT with 
or without the root cover (Fig. S1), implying that the inhibi-
tion of primary root growth in pde1 was not dependent on 
light under −Pi condition. Taken together, these results sug-
gested the involvement of PDE1 in Pi-deficiency tolerance.

Identification of PDE1

To investigate the function of PDE1 in Pi-deficiency toler-
ance, we first confirmed the T-DNA insertion site in pde1 
via genotyping and found that the insertion site was located 
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in the second exon of At2g45630 open reading frame (ORF) 
(Fig. 2a, b). RT-PCR results showed that the expression lev-
els of PDE1 in pde1 were not detected, suggesting that the 
T-DNA insertion disrupted PDE1 transcripts (Fig. 2b). To 
verify that the Pi-deprived phenotype of pde1 in primary 
root growth was due to lack of PDE1, 35S::PDE1-GFP 
was constructed and transformed in pde1. The primary root 
length of pde1 harboring 35S::PDE1-GFP was similar to 
that of WT under −Pi condition (Figs. 1a, b, 2b), videlicet, 
overexpression of At2g45630 in pde1 rescued the inhib-
ited primary root growth of pde1. Overall, the mutation in 
At2g45630 was responsible for the sensitivity of Pi defi-
ciency in pde1.

At2g45630 was previously reported to encode a hydroxy-
phenylpyruvate reductase (HPPR4) that possessed little 

catalytic activity and was localized to the cytoplasm (Xu 
et al. 2018). There are three HPPRs (HPPR2/3/4) in Arabi-
dopsis (Fig. S2), thus it was ascertained whether lack of 
HPPR2 or HPPR3 displayed the similar phenotype to pde1 
in primary root growth under −Pi condition. A HPPR2 
mutant (hppr2cr) was generated by the CRISPR/Cas9 sys-
tem, which had a T insertion (a missense mutation) in the 
first exon, resulting in a premature translation-termination, 
and a HPPR3 mutant (hppr3-2) with a T-DNA insertion in 
the second exon was obtained from the TAIR stock center 
(Fig. S3a–c). Under −Pi condition, hppr2cr and hppr3-2 did 
not show the significant difference in primary root length 
compared to WT (Fig. S3d–e). The expression profile of 
PDE1 was examined by qRT-PCR, and PDE1 transcripts 
were detected in all tested tissues. As shown in Fig. 2c, 

Fig. 1   pde1 showed the growth-inhibited phenotype of primary roots 
under Pi-deprived condition. a Representative images of 9-day-old 
WT, pde1, and pde1 complementary lines (COM#1 and COM#2) 
grown on MS medium with 1.25  mM phosphate (+Pi) or no phos-
phate (−Pi) in the presence of light (16-h light/8-h dark cycle). b The 

statistical analysis of primary root length in WT, pde1, COM#1 and 
COM#2 grown as described in a. The values are means ± the standard 
deviation. One-way analysis of variance was followed by Tukey’s test, 
and different letters represent significant difference (n = 60, p < 0.01). 
Scale bar = 1 cm
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leaves had the higher expression levels of PDE1 than other 
tissues such as stems and flowers (Fig. 2c). To test PDE1 
expression in response to Pi deficiency, total RNA was 
extracted from 8-day-old roots, and PDE1 was repressed 
under −Pi condition (Fig. 2d).

Effects of Fe on pde1 primary root growth 
under Pi‑deprived condition

Fe accumulation was found to enhance in Arabidopsis was 
in response to Pi deficiency, and Pi and Fe exhibited the 
antagonistic effect in the primary root growth (Misson et al. 
2005; Hirsch et al. 2006; López-Bucio et al. 2019). Thus, 
we first examined Fe in the primary roots with Perls staining 
that mainly recognizes Fe3+ by redox reaction (Meguro et al. 
2007). There was no obvious difference in the staining inten-
sity and distribution between pde1 and WT grown on +Pi 
medium for 9 days, whereas pde1 showed enhanced stain-
ing intensity and altered distribution compared with WT 

under −Pi condition (Fig. 3a). Accumulation of Fe caused 
by Pi deficiency in pde1 was detected along the root axis 
containing root cap, root apical meristem, elongation zone, 
and maturation zone, but that in WT was only observed in 
root maturation zone (Fig. 3a right panel). Additionally, fer-
rozine [3-(2-pyridyl)-5,6-bis (4-phenylsulfonic acid)-1,2,4-
triazine], a Fe2+ chelating agent (Simonzadeh and Jaselskis 
1984), was used to evaluate association between the inhi-
bition of primary root growth in Pi-deprived pde1 and Fe 
accumulation. As shown in Fig. 3b and c, the addition of 
ferrozine rescued the inhibited primary root growth of not 
only pde1 but also WT (Fig. 3b, c). In contrast, ferrozine had 
no obvious effect on the primary root growth of Pi-replete 
pde1 and WT (Fig. S4), suggesting the role of Fe in primary 
root growth under Pi-deprived condition. Together, lack of 
PDE1 accumulated more Fe and altered Fe deposition pat-
tern in the Pi-deprived primary roots, which could account 
for the Pi-deprived phenotype of pde1. We also examined 
the expression levels of several genes related to Pi deficiency 
(RNS1, LPR1, ALS3, STAR1, STOP1, and ALM1). All the six 

Fig. 2   Identification and charac-
terization of PDE1. a Schematic 
structure of the pde1 T-DNA 
insertion site. Black box, black 
line, and grey line indicate 
exon, intron, and untranslated 
regions, respectively. Inverted 
triangle indicates the T-DNA 
insertion site. LP/RP, left/right 
genomic primer; BP, T-DNA 
border primer. b Genotyping 
and PDE1 transcript analysis 
(RT-PCR) in WT, pde1, and 
pde1 complementary lines 
(COM#1 and COM#2). 35S-F, 
CaMV35S promoter forward 
primer; PDE1-R, PDE1 reverse 
primer. Nine-day-old seedlings 
were used to extract genomic 
DNA and total RNA. c Tissue-
specific expression of PDE1. 
Se, seedlings; R, roots; St, 
stems; RL, rosette leaves; CL, 
cauline leaves; F, flowers; Si, 
siliques. d PDE1 was repressed 
by Pi deficiency. Roots of 
8-day-old seedlings on +Pi or 
−Pi medium were used as sam-
ples. The values are means ± the 
standard deviation (n ≥ 3, t test: 
** p < 0.01). UBQ5 was used as 
the control (c, d)
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genes were significantly up-regulated in both primary roots 
of pde1 and WT under Pi-deprived condition, in which the 
Pi deficiency-induced expression levels of LPR1, ALS3, and 
ALMT1 were higher in pde1 than that in WT (Fig. 4).

The involvement of ROS in PR inhibition 
growth of Pi‑deprived pde1

LPR1 was known to act as a ferroxidase for oxidation of Fe2+ 
to Fe3+ and H2O2 production, and redox signaling triggered 
by LPR1-dependent Fe2+ oxidation could regulate callose 
deposition in root meristems under low Pi condition (Svis-
toonoff et al. 2007; Müller et al. 2015). H2O2 levels were 
thereby examined in the primary roots by DAB staining. 

Under +Pi condition, the brown staining intensity in pri-
mary roots of pde1 was similar to that of WT (Fig. 5a right 
panel). In contrast, pde1 showed darker brown in primary 
roots compared to WT under −Pi condition (Fig. 5a left 
panel, b), albeit only the background brown was observed 
in cotyledons of pde1 and WT (Fig. S5). These results sug-
gested that H2O2 accumulation in primary roots of pde1 was 
significantly enhanced in response to Pi deficiency.

Additionally, thiourea (Thi) and potassium iodide (KI), 
two antioxidants, were added into −Pi medium, respectively. 
Thi is able to scavenge superoxide radicals, hydroxyl radicals 
and H2O2 (Kelner et al. 1990), and KI could detoxify H2O2 
(Dunand et al. 2007). As expected, both Thi and KI could 
attenuate the inhibition in primary root growth of pde1 under 
−Pi condition, and KI showed more favorable effect against 

Fig. 3   pde1 over-accumulated 
Fe in primary roots under Pi-
deprived condition. a Nine-day-
old WT and pde1 on +Pi or −Pi 
medium were stained by Perls 
staining for Fe detection. Rep-
resentative images (b) and the 
statistical analysis of primary 
root length (c) in WT and pde1 
on −Pi medium with or without 
500 μM ferrozine (Fer). The 
values are means ± the stand-
ard deviation (n = 60, t test: 
**p < 0.01). Scale bar = 0.2 mm 
(a) and 0.5 cm (b)
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Fig. 4   The expression levels of Pi-related genes in pde1 under Pi-
deprived condition. The primary root apexes (2–3 mm) of 5-day-old 
seedlings grown on +Pi or −Pi medium were collected for total RNA 
extraction. ACTIN1 was used as the control. Error bars represent 

the standard deviation. Two-way analysis of variance was followed 
by Tukey’s test, and different letters represent significant difference 
(n ≥ 3, p < 0.01)
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ROS on the Pi-deprived primary root growth (Fig. 6a, b). 
Next, the sensitivity of pde1 to H2O2 was examined during 
early seedling growth. There was no notable difference in 
the radicle germination rate between pde1 and WT with or 
without 3 mM H2O2 (Fig. 6c, d); however, the cotyledon 
expansion rate of pde1 was lower than that of WT in the 
presence of H2O2 (Fig. 6e), implying the role of PDE1 in 
oxidative stress. Taken together, these results suggested that 
ROS was involved in the Pi-deficiency tolerance of pde1.

Discussion

In previous studies, PDE1 was recognized as a hydroxyphe-
nylpyruvate reductase with weak catalytic activity, which 
may be involved in the biosynthesis of tyrosine-derived 
metabolites (Timm et al. 2008; Xu et al. 2018). Here, we 
found that PDE1 contributed to the mediation of Arabidop-
sis primary root growth in response to Pi deficiency. Under 
−Pi condition, accumulation of Fe in 9-day-old primary 

roots of WT was observed in the maturation zone, rarely in 
the elongation zone and root apical meristem; however, pde1 
accumulated more Fe in the elongation zone and root apical 
meristem of primary roots compared to WT (Fig. 3a). It has 
been reported that Fe was accumulated mostly in the matura-
tion zone of Pi-deprived wild-type primary roots in the early 
growth phase, and progressively extended to the tip of the 
primary roots along with the increased growth till root apical 
meristem was completely exhausted which inhibited grow-
ing (Dong et al. 2017; Hoehenwarter et al. 2016; Wang et al. 
2019). Liu (2021) indicated that in response to Pi deficiency, 
plants with the same ecotype showed differences in primary 
root growth depending on compounds in the medium such 
as the salt composition, sucrose levels and gelling agents, 
as well as light intensity (Liu 2021). Different Arabidopsis 
ecotypes also displayed the variation of primary root growth 
under limited Pi availability (Chevalier et al. 2003). There-
fore, the wild type, as a critical control, is indispensable for 
the detection of Fe distribution in primary roots without Pi. 
For instance, we used agar instead of agarose, MS medium 

Fig. 5   Staining with DAB to measure H2O2 in primary roots of 
9-day-old WT, pde1 and pde1 complementary lines (COM#1 and 
COM#2) grown on +Pi or −Pi medium (a representative images; b 

quantification analysis). The values are means ± the standard devia-
tion (n = 3, t test: ** p < 0.01). Scale bar = 0.5 mm



Plant Cell Reports (2024) 43:8	

1 3

Page 9 of 11  8

instead of 1/2 MS medium, and Pi-free medium instead of 
10 µM Pi-containing medium as the −Pi medium in this 
study (Nacry et al. 2005; Dong et al. 2017; Xu et al. 2020), 
which could cause the difference of Fe distribution during 
the similar growth phase of primary roots. Fe and Pi were 
known to have the antagonistic effect on primary root growth 
(Müller et al. 2015). Pi-deficiency promotes Fe content in 
roots and redistribution towards root apical meristem where 
Fe acts as a source for ROS in the apoplast (Gutierrez-Alanis 
et al. 2018). ROS could trigger root apical meristem exhaus-
tion and callose production to cause the growth inhibition of 
primary roots (Crombez et al. 2019). As expected, addition 
of Fe chelator into −Pi medium rescued the inhibited growth 
of primary roots in both pde1 and WT (Fig. 3b and c).

It has been demonstrated that Pi-deficiency-induced 
ALMT1 acting upstream of LPR1 was responsible for malate 
secretion into the apoplast of primary roots, which not only 
facilitated LPR1-derived Fe3+ accumulation by formation 
of Fe3+-malate complex but also promoted the expression 
of LPR1 by malate (Mora-Macías et al. 2017). The LPR1-
derived Fe3+ production could contribute to ROS formation 
that activated callose deposition in the apoplast to block 

plasmodesmata, resulting in disrupted primary root growth 
(Müller et al. 2015). Lack of PDE1 enhanced the expression 
of Pi-deficiency-induced ALMT1 and LPR1 in primary roots 
(Fig. 4). Pi-deprived pde1 also showed more accumulation 
of H2O2 in primary roots (Fig. 5) and the sensitivity of H2O2 
(Fig. 6c). It could be speculated that PDE1 in response to 
Pi deficiency may be involved in the ALMT1-LPR1-ROS 
regulatory cascade.

Arabidopsis genome encodes three HPPRs (HPPR2/3/4) 
with different subcellular localization, expression pattern 
and substrate preference (Xu et al. 2018). Both HPPR2 and 
HPPR3 were capable of reducing pHPP to pHPL (hydroxy-
phenylacetic acid) in the presence of NAD(P)H, and HPPR3 
showed higher affinity for pHPP. pHPL is known as a critical 
intermediate in tyrosine metabolism for rosmarinic acid bio-
synthesis in plants, especially for Lamiaceae plant species 
(Petersen and Simmonds 2003). Silencing of CbHPPR in 
Coleus blumei hairy roots repressed rosmarinic acid pro-
duction, and overexpression of CbHPPR had the opposite 
effect (Hücherig and Petersen 2013). The hairy roots of Sal-
via miltiorrhiza overexpressing SmHPPR showed enhanced 
rosmarinic acid content (Wang et al. 2017). Rosmarinic 

Fig. 6   Association of ROS with growth inhibition of primary roots in 
Pi-deprived pde1. Representative images (a) and the statistical analy-
sis of primary root length (b) in WT and pde1 on −Pi medium with 
or without 300 μM thiourea (Thi)/500 μM potassium iodide (KI). c 
Representative images of 7-day-old WT and pde1 on MS medium 

with or without 3  mM H2O2. The statistical analysis of radicle ger-
mination rate (d) and cotyledon expansion rate (e) in 7-day-old WT 
and pde1 in response to H2O2. CK, control check. The values are 
means ± the standard deviation (n = 60 (b) and ≥ 100 (d–e), t test: 
* p < 0.05, ** p < 0.01). Scale bar = 0.5 cm (a, c)
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acid was firstly found in rosemary and recently reported to 
have several biological activities like antioxidant and anti-
microbial properties that could contribute to plant defense 
response (Trócsányi et al. 2020). For instance, exogenous 
application of rosmarinic acid improved tomato heat toler-
ance with enhanced activity of some antioxidant enzymes 
(Zhou et al. 2022). Rosmarinic acid extracted from Zostera 
marina exhibited the nematicidal activity against pine wood 
nematode and the antibacterial activity the nematode car-
ries, which may be beneficial for controlling pine wilt dis-
ease (Wang et al. 2012). Although HPPR4 (PDE1) showed 
39.35% and 47.94% amino acid identity with HPPR2 and 
HPPR3, respectively (Fig. S2), HPPR4 did not possess the 
similar enzyme activity to HPPR2 and HPPR3 in vitro (Xu 
et al. 2018). Lack of PDE1 might affect rosmarinic acid pro-
duction, resulting in the reduction of antioxidant capability. 
However, the growth inhibition phenotype of primary roots 
was not observed in the Pi-deprived hrrp2cr and hrrp3-2 
(Fig. S3). Different from Lamiaceae plant species that have 
the high content of rosmarinic acid, Arabidopsis appears to 
mainly elicit phytohormone, not rosmarinic acid, as an accu-
mulated compound in response to stress. PDE1 was thereby 
supposed to have the specific role in primary root growth 
under −Pi condition aside from acting as the potential HPPR 
in rosmarinic acid production. Future studies should eluci-
date PDE1 interactive proteins and its position in the regula-
tory network of plant Pi-deficiency tolerance.

In summary, PDE1 was identified to confer plant Pi-defi-
ciency tolerance. Lack of PDE1 caused the growth inhibition 
phenotype in Pi-deprived primary roots, and enhanced accu-
mulation of Fe and ROS was correlated with the phenotype.
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