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P is crucial for plant development

-P

+P

GPRI & Institute for Sustainable Futures (ISF), Sydney; Cordell et al. 2009

-50% of soils used for agriculture have not sufficient bio-available P content

-Bio-available Pi ressources are limited (recovered from mineral P rocks of 

mostly from sedimentary and a fraction from volcanic origin)



Pi (phosphate) is crucial for metabolism

Constituent of DNA/RNA

Synthesis of energy-rich molecules

Component of lipid bilayer

Signal transduction 

(ex phosphorylation)

Crucial for photosynthesis/

cell respiration

• Pi (phosphate) is the main source of P that can be taken up by 

plants



IMAGING Pi BY STAINING TISSUES
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Figure 1. Development of the IOSA method for Pi visualization at the organ level in plants

a, Chemical reaction principle of the IOSA Detecting Buffer (IDB). The phosphate radical can react with ammonium molybdate to form

ammonium phosphomolybdate trihydrate in the presence of potassium antimony tartrate. Ammonium phosphomolybdate trihydrate can

then be reduced by L-ascorbic acid to form a blue precipitate of phosphomolybdenum (Murphy et al., 1962; Chen et al., 1956). b, Pi-

staining assay of roots and leaves grown under different Pi culture solutions. The 12-d-old plants were used for analysis. Scale bars, 1 cm

(root), 50 μm (transverse section leaf). c-d, Pi-concentration and relative Pi-staining signal intensities of root and leaf in (b). The blue

densities of Pi-stained roots and leaves were evaluated by IMAGEJ software. e, Pi-staining assay of shoot and root of Arabidopsis grown

under Pi-sufficient (2000 μM Pi) and -deficient (2 μM Pi) conditions. f, Pi measurement of different parts of Arabidopsis leaves grown

under Pi-deficient conditions in (e).
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Figure 3. Cellular Pi distribution patterns in rice and Arabidopsis

a-c, Root Pi-distribution analysis. The adventitious root (a) (5 cm long) of 21-d-old wild type (NIP) was sectioned longitudinally and

transversely, and stained by IOSA method. Lateral roots (b) were stained directly with IDB buffer. Lateral root primordia (lrp) were shown in

(c). d, Leaf Pi-distribution analysis. The third leaf middle area of 14-d-old plants was transversely sectioned and analyzed by IOSA method.

e, Pi distribution in node I. The middle of node I was transversely sectioned and stained with IOSA detection buffer. Different parts of the

transverse section images were zoomed in e1-e3 areas, respectively. f-g, Pi-distribution analysis of Arabidopsis root (f) and leaf (g). The 7-

d-old plants grown on 1/2MS medium were used for Pi-staining analysis. g1-g3 indicate different parts of leaves. g1, indicates the Pi staining

of epidermal cells; g2, indicates the stomata; g3, indicates the transverse section of leaves. Tissues and cell types are indicated: rc, root cap;

mz, meristematic zone; ez, elongation zone; ep, epidermis; ex, exodermis; me, mesodermis; en, endodermis; cpc, cortical parenchymal

cells; scc, sclerenchyma cell; rh, root hair; bc, bulliform cell; fi, fiber; uep, upper epidermis; mec, mesophyll cells; ph, phloem ; xy, xylem; lep,

lower epidermis; vbs, vascular bundle sheath; stec, sieve tube element cells; evb, enlarged vascular bundle; dvb, diffusion vascular bundle;

tvb, transit vascular bundle; pac, parenchyma cells; xpc, xylem parenchymal cells; ppc, phloem parenchymal cells; epc, epidermal cells; coc,

cortical cells; enc, endodermis cells; pec, pericycle cells. Scale bar, 50 μm.
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Figure 1. Development of the IOSA method for Pi visualization at the organ level in plants

a, Chemical reaction principle of the IOSA Detecting Buffer (IDB). The phosphate radical can react with ammonium molybdate to form

ammonium phosphomolybdate trihydrate in the presence of potassium antimony tartrate. Ammonium phosphomolybdate trihydrate can

then be reduced by L-ascorbic acid to form a blue precipitate of phosphomolybdenum (Murphy et al., 1962; Chen et al., 1956). b, Pi-

staining assay of roots and leaves grown under different Pi culture solutions. The 12-d-old plants were used for analysis. Scale bars, 1 cm

(root), 50 μm (transverse section leaf). c-d, Pi-concentration and relative Pi-staining signal intensities of root and leaf in (b). The blue

densities of Pi-stained roots and leaves were evaluated by IMAGEJ software. e, Pi-staining assay of shoot and root of Arabidopsis grown

under Pi-sufficient (2000 μM Pi) and -deficient (2 μM Pi) conditions. f, Pi measurement of different parts of Arabidopsis leaves grown

under Pi-deficient conditions in (e).

2000 μM Pi 2 μM Pi

1
2

3

4

5 6

7

8

1
2

3

4

5

6

7

3

2000 μM Pi 2 μM Pi

P a r t I P a r t II

0 .0

0 .2

0 .4

0 .6

0 .8

P
i 

c
o

n
c

e
n

tr
a

ti
o

n
 (

m
g

/g
 F

W
)

P
i 
c
o

n
c
e

n
tr

a
ti
o

n
 (

m
g

/g
 F

W
)

0

0.2

0.4

0.6

0.8

Part I Part II

Part I

Part II

f

a

0        5       10       20       50     100     150     200     400    800

c
d

Phosphomolybdenum blue 

(precipitate due to Keggin structure)

Potassium 

antimony tartrate L-Ascorbic acid 

Inorganic 

orthophosphate

Ammonium 

molybdate

Ammonium phosphomolybdae trihydrate 

Visualize mineral Pi distribution

Natural conditions (0-5/10µM) not very discriminant

Semi quantitative

Guo et al., 2024. Nature Plants



5

Weak mobility of phosphate in soils

From Kanno et al., 2012, Phil. Trans. R. Soc. B.

5 min 20 min

Poor mobility in soils: due to association

with cations/ organic compounds

Same Pi cc-> very different result

between soil or liquid

Fast mobility in plants thanks to PHT1 

(Pi transporters family)



COMPLEXITY OF TRANSPORTERS MANIPULATION

-Transcriptional control by Pi starvation

-

Nucleus

Golgi apparatus

Ribosomes

Endoplasmic

reticulum

Plasma membrane

TGN

Endosomes

Pore

VacuoleAnterograde pathway

Retrograde pathway

Pre-vacuolar

compartment

Misson et al., 2004 PMB; Misson et al., 2005 PNAS;  Bayle et al., 2011 Plant Cell; 

Chen et al., 2015 Plant Cell; Ayadi et al., 2015 Plant Physiol; Kanno et al., 2016 elife; 

Dindas et al., 2022 Current Biology



WT

PHT1.1-GFP

phf

Impact of such regulation: PHF1 mutation

PHF1: a protein facilitating ER crossing

PHF1: ER localized Bayle et al., 2011 Plant Cell



Pi at root tip

33Pi labelling experiment

33P
Vaseline

After 30 min

Uptake or translocation?



phf1-1

HighLow
Intensity :

5 10 min0 1 2 3

col

RC line

• Pi absorption is rapid: measurable within 1min

• Root tip contributes to 1/3 of Pi influx

Pi uptake at the root tip level

200 mm

lotus
Kanno et al., 2016 elife

From Lee et al., 2013, J.Exp.Bot.

Thanks to Pr Nakanishi and Dr Kanno



Fast adaptive responses to Pi deficiency

Organic acids 

Acid phosphatases

Root architecture
Pi recycling

Pi uptake & 

transport

Pi recovery

Complex  transcriptional regulation ∼1000 DEG 

(Misson et al., 2005 PNAS; Thibaud et al., 2010 Plant J.)

Local Systemic 

100um

0h

1h

2h

0h

1h

2h

+ Pi                         - Pi

Svistoonoff et al., 2007 Nature Genetics

Balzergue et al., 2017 Nature Communication

+Pi -Pi



Identification of fast responsive genes to Pi
Introduction

Refeeding Pi starved plants -> RNAseq

22 fast responsive markers (within 20 min) identified

Roots respond faster than in shoots
Regulation highly conserved (crops…)->PCR markers



DETECTION OF PI DEFICIENCY IN PLANTS
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No correlation between yield and Pi content

(3/4 Pi absorbed during first 25% of growth
-INTEREST OF MOLECULAR MARKERS 

-VALIDE SUR ESSAIS AUX CHAMPS (DRF IMPULSION, CUYAS ET AL., 2023 PMB)



HOW ACCESS TO TRANSCRIPTION SYNTHESIS?

Synthesis Degradation

RTqPCR: 

pool of total RNA/no access to 

cell layer

• RNA degradation varies (½ life of mRNA ~ 107 mins on average

but up to 1 day)

• Decay of fluorescent proteins ~ hrs

• Transcriptional control can occur within seconds (light stress)



SOLUTION: MS2-MCP SYSTEM FOR LIVE 

TRANSCRIPTION IMAGING

GFP-

MCP
mRNA

128xMS2 loops

+Pi

-Pi



REAL-TIME VISUALIZATION OF Pi-MEDIATED 

TRANSCRIPTIONAL REPRESSION

Pi modified transcription within 3/5 min in whole

root (PCR detect only after 20/30 min) 

Spinning disk microscopy

Spinning disk

Microscope

+Pi solution with 

fluorescent dye 

(Synaptored)

Refeeding experiment started when 

fluorescent dye is detected

RootChip

Waste

Hani et al., 2021 Nature Plants
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