Phosphorus toxicity disrupts Rubisco activation and reactive oxygen
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Abstract

Phosphorus (P) is an essential mineral nutrient for plants. Nevertheless, excessive P accumulation in leaf mesophyll cells causes
necrotic symptoms in land plants; this phenomenon is termed P toxicity. However, the detailed mechanisms underlying P
toxicity in plants have not yet been elucidated. This study aimed to investigate the molecular mechanism of P toxicity in rice.
We found that under excessive inorganic P (Pi) application, Rubisco activation decreased and photosynthesis was inhibited,
leading to lipid peroxidation. Although the defence systems against reactive oxygen species (ROS) accumulation were activated
under excessive Pi application conditions, the Cu/Zn-type superoxide dismutase activities were inhibited. A metabolic analysis
revealed that excessive Pi application led to an increase in the cytosolic sugar phosphate concentration and the activation of
phytic acid synthesis. These conditions induced mRNA expression of genes that are activated under metal-deficient conditions,
although metals did accumulate. These results suggest that P toxicity is triggered by the attenuation of both photosynthesis
and metal availability within cells mediated by phytic acid accumulation. Here, we discuss the whole phenomenon of P toxicity,

beginning from the accumulation of Pi within cells to death in land plants.
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Figure 1

Growth phenotypes of rice plants grown under different inorganic phosphate (Pi) application
rates. (a) Representative plants grown under different Pi application rates on the 70th day
after germination. White bars indicate a scale of 10 cm. At this stage, the plant height (b) and
chlorophyll content in the leaf blades (c) were examined. (d) Dry matter of the leaf blade, leaf
sheath, and root in rice plants grown under different Pi application rates. Results are
expressed as means * SD (n = 6-8). Different letters indicate significant differences

between different Pi application rates (Tukey’s HSD test, p < 0.05).
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Figure 3

Effects of Pi application on the sugar phosphate and adenylate concentrations in rice leaf
blades. (a) Scheme of sugar phosphate metabolism in chloroplasts and cytosol. The sugar
phosphate concentrations represented by red characters indicates those quantified in this
study. (b) Sugar phosphate concentration in rice leaf blades. White, blue, dark blue, purple,
pink, and red bars indicate low (0.06 mM), control (0.6 mM), 1.2 mM, 1.8 mM, 2.4 mM, and
3.0 mM treatment conditions, respectively. (c) and (d) Adenylate concentration and ATP/ADP
ratio in rice leaf blades. Results are expressed as means £ SD (n = 3-9). Different letters
indicate significant differences among different Pi conditions (Tukey’s HSD test, p < 0.05).



(@)
4 s
150 N N . g 10w .
e ab T E 3 2 08 e
€ b = - be
£E 100 £ £ o6 b
8= g -
SE s0 3 5T 04 ¢
E g 1 i o2
o o 2 00 .
?_DG‘ BSIIZ 18 24 30 006 06 12 18 24 30 0.06 06 1.2 1.8 24 3.0 Night ((L)OGICESI ‘1)2 18 2.4 3.0 Night
Pi concentration (mM) Pi concentration (mM) Pi concentration (mM) (g concentration (v
® = E3=8E0=5"
® 12
g 12 o
@ Z 10 g
g~ 2z
53 o8 5%
22 06 33
3¢ o4 . J.4
55kDa == s 02 &
— e K .
a» = OcUUS 06 12 18 24 30 00,06 06 12 18 24 30
40KDa mm [ > G G G S— —— (Lowxcontra)
Pi concentration (mM) Pi concentration (mM)
———— e ————
35kDa m B (h) (i)
2
] = 15
S 0I5 [ 4w H
2 3 abc
H E
H X ane
L 2 abe ;. il
39O P B N W H YoilE o b
3 So N EN o _§ : 3 -
23 s3 2 3 E! El 5 000 5 0.0
Z 3 £ = = = = 006 06 12 18 24 30 & 006 06 12 18 24 30
= P P P p E (Low)(Control
R Pi concentration (mM) Pi concentration (mM)
Figure 4

Effects of P toxicity on Rubisco concentration and activation by Rubisco activase (RCA). (a)
Leaf nitrogen content in rice leaf blades and (b) Rubisco concentration in rice leaf blades (n
= 3-4). The Rubisco activation was calculated from the ratio of the initial to maximum Rubisco
activity (c), and the carbamylation potential was calculated from the ratio of the total to the
maximum Rubisco activity (d) (n = 3-5). The white and dark grey bars indicate the results of
the leaves sampled under illumination and at night, respectively, under control-Pi conditions.
(e) Result of the western blot analysis, which targets RCA in rice leaves. Red arrows and
Greek characters indicate the isoforms of RCA. Each sample was loaded on a leaf area basis
(0.02 cm?). (f) and (g) Relative concentrations of the total RCA and each isoform evaluated
from the western blot analysis. The RCA concentration in the control-Pi plants is set as “1”
and the relative content is shown. The black, red, and grey characters above the bars indicate
the statistical results for the a, B, and B* isoforms, respectively. (h) and (i) Isoform ratio
between a/B and B*/B (n = 4). Results are expressed as means + SD. Different letters indicate

significant differences among different Pi conditions (Tukey’s HSD test, p < 0.05).
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Figure 5

Ascorbate peroxidase (APX) and superoxide dismutase (SOD) activities in rice leaf blades
grown under different Pi conditions. (a) Results of the total, cytosolic, and chloroplastic APX
activities evaluated on a leaf area basis. The red, yellow, and green characters above the
bars indicate the statistical results of the total, cytosolic, and chloroplastic APX activities,
respectively. (b) Results of the chloroplastic APX activities evaluated on a chlorophyll basis.
(c) Results of the total, Fe-, Mn-, and Cu/Zn-SOD activities evaluated on a leaf area basis.
The grey and blue characters above the bars indicate the statistical results of the total and
Cu/Zn-SOD activities, respectively. Results are expressed as means £ SD (n = 3). Different
letters indicate significant differences among different Pi conditions (Tukey’s HSD test, p <
0.05).
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mRNA expressions of Cu/Zn-SOD genes in rice leaf blades. The mRNA expression is

expressed on a fresh weight (F.W.) (red bars) and 18S ribosome expression (blue bars) basis.

Results are expressed as means + SD (n = 3-4). Different letters indicate significant

differences among different Pi conditions (Tukey’s HSD test, p < 0.05).
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Leaf mineral concentration and metal-responsive gene expression in rice leaf blades grown

under different Pi conditions. The concentration of each mineral nutrient was quantified on

the leaf dry matter basis (a). Results are expressed as means + SD (n = 3-4). (b) mRNA

expressions of the metal-deficiency-responsive genes ZIP4, IRO2, and COPT1 in the leaves.

The mRNA expression is expressed on a fresh weight (F.W.) (red bars) and 18S ribosome

expression (blue bars) basis. Results are expressed as means + SD (n = 3-7). Different letters
indicate significant differences among different Pi conditions (Tukey’s HSD test, p < 0.05).

ANOVAP <005 |1 &

Relative mRNA expression
normalized by 18S ribosome mRNA



{ Lipid-dependent pathway

(@ Glucose-6-p ¥ Lipid-independent pathway
o1
myo-inositol 3-P == myo-Inositol
2-PGK ¥
Inositol biphospahate Phosphatidyl
[InsP] inositol
inositol triphosphate [
[InsP]
ek g IPK2
inositol tetrakisphosphate [InsP,]

[insP]
inositol pentakisphosphate 4J

IPK1  nsPd
v

inositol hexakisphosphate

[InsPg]
(b)
050390192700 (INO1)

£ 8

o

g2

HE

::2

“ o

o

0
(B g0 NF AR AR S (P (BB B RS
A A

normalized by 185 ribosome mRNA

050290819400(2-PGK)

/o MRNA oxprossion
by 18S ribosome mRNA

0 A% A8 A aS
AT 2

Pi concentration (mM)

& 0510g0103800(TPK1)

n

a

ab b

0!
© 98 3 \® g a0 SR RN NS
A A

S RN W &

Relative mRNA expression

d by 18 ribosome mRNA

Pi concentration (mM)

050390726200-2 (ITPK3-2)
(1] a

normalized by F.W.

oN & o ®

jy OIS ,f}"" AN

Pi concentration (mM)

050390230500 (ITPK2)
ANOVA p <005

g

0 0
SRR AR
AT AT

Pi concentration (mM)

050390726200-1 (ITPK3-1)
6 3

4

3

/o MRNA oxprossion

:::’n;}-’ SN J‘P;’. FCNCRURCY

Pi concentration (mM)

051090576100(ITPKS)

‘normalized by F-W.
by 18S ribosor

Relative mRNA expression

0

;?, PO

Pi concentration (mM)

050990518700(ITPK6)

mRNA oxprossi
ized by F.W. (8

3";’"‘0 O J}yo\sc»

Pi concentration (mM)

Pi concentration (mM)

0‘3:;#,».10-»‘59 jyoova :

A o
W
5

normalized by F.\

o N B o ®

mRNA expression
d by 18 ribosome mRNA

Pi concentration (mM)

050490661200(IPK1)
a

N w
/o MRNA oxprossion
d by 185 ribosome mRNA

=

EICYTACIIAY j},\,o‘,,‘,

concentration (mM)

050290523800 (IPK2)

ed by 188 ribosome mRNA

=
F
H
g

.5
.0
.5
.0
.5
0
.5
.0

12, (€) 5(d) (e)
ST 10 ¢ e w 2| 06fa
g3 8 a 29 2 5
L » S e 232 04
2 6 o3 abc S8
£9 4 SE 4 be &
TE 2E ST 02
=R H &= ¢ |—l-| [
b ¢ b b b b
ol ol ool
006 06 12 18 24 30 006 06 12 18 24 30 006 06 12 18 24 30
Lonconton (owconton (Lomconta)

Pi application (mM)

Pi application (mM)

Pi application (mM)



Data ma;

>osted on Authorea 18

(a): Normal Pi accumulation conditions

Zn2+

Cytosol \ / Triose-P

r G6P —>

g
F/
Triose-P = CO,, RuBP t§

Chloroplasts
3-PGA Rublsco
ZNADP;:“\DP+ activase

Rubisco Zn2+
3ATP 3ADP, 37/
Zn2+

2H,0 0, 4H* H

(b): Excess Pi accumulation conditions

Cytosol P o
pi Fi
P Triose-P ++» CO,, RUBP
N i
Chloroplasts : Q},
ZNADP'H Pi Rubisco
activase
Rubisco

©one Mo
g3 L
0, 4H* HoHY O He

10




Pi concentration

0.06 MM 0.6 mM 12mM 1.8mM 2.4mM 3.0mM
(n=3) (n=3) (n=4) (n=3) (n=3) (n=3)
; 2
Pi (mmol m) 0.450+0.018° 9.16+186% 260+571° 38.8+1.89® 615+130° 79.2+140°
i -1
Pi (umol g-*[FW]) 290+048% 57.0+202% 1143+16.2° 1931+18.7™ 2954+66.8° 365.4+32.4°
-2
Po (mmol m) 0180+0036° 233+119% 10.0+295° 7.40+576% 1487+545 17.2+39°
-1|
PO(mOIGFW]) 4 51+040° 149+912% 441+121° 363+271% 588+205° 75.0+200°

Table 1
Pi and Po concentrations in rice leaf blades. The different letters
differences between each Pi application (Tukey’s HSD test, p < 0.05).

11

indicate significant



