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Abstract 
Background and aims Iron (Fe) plaque which nor-
mally coats rice roots has a strong affinity for phos-
phorus (P), with a debated effect on plant P uptake. 
Furthermore, plant responses to P availability shape 
the rhizospheric environment, possibly affecting the 
rates of Fe plaque formation and dissolution. The role 
of Fe plaque to serve as a sink or source of available 
P may depend on root traits, themselves influenced by 
P availability. However, the underlying mechanism 
regulating these interactions remains unclear. In this 
study, we investigated the effects of P availability on 
root traits, Fe plaque dynamics and their implications 
for P uptake and rice plant growth.
Methods Plants were hydroponically grown for 
60 days under P-sufficiency or P-deficiency, with or 
without Fe plaque. Root traits, rhizosphere acidifica-
tion, and the rates of Fe plaque formation and dissolu-
tion were investigated and linked to differences in rice 
P content and growth.

Results P-deficient conditions stimulated root devel-
opment and promoted Fe plaque formation on the root 
surface compared to P-sufficient conditions. However, 
P limited plants exhibited a faster Fe plaque dissolu-
tion, along with increased net proton exudation. After 
60 d, P-deficient plants showed higher P uptake in 
the presence of Fe plaque, whereas the opposite was 
observed in P-sufficient plants, where Fe plaque lim-
ited plant P uptake.
Conclusions The role of Fe plaque in regulating P 
uptake highly depends on the dynamic nature of this 
Fe pool that is strictly linked to P availability and reg-
ulated by plant responses to P deficiency.

Keywords Root development · Aerenchyma · 
Radial oxygen loss · Fe(II) oxidation · Root-
associated Fe · Fe plaque dissolution · Proton 
exudation
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Introduction

Rice (Oryza sativa L.) is the major food crop for over 
half of the world’s population (Seck et al. 2012). It is 
commonly cultivated in flooded paddy fields, result-
ing in oxygen  (O2) depleted soils. The decreased 
redox potential causes the reductive dissolution of 
iron (Fe) (hydr)oxides, and the release of Fe(II) in 
soil porewater (Ponnamperuma 1972; Marschner 
2021). High concentrations of Fe(II) in porewater 
may be toxic to rice plants (Sahrawat 2005), which in 
turn have developed a series of adaptation strategies 
to cope with high Fe concentrations (Yoshida 1967). 
Indeed, rice plants respond to anoxic soil conditions 
by enhancing the longitudinal transport of  O2 from 
shoots to root tips, inducing the formation of aeren-
chyma, a specialized tissue comprising enlarged gas 
spaces that can supply the necessary  O2 for root res-
piration (Evans 2004). Some of the  O2 conveyed to 
the roots diffuses into the soil immediately adjacent 
to the root through radial oxygen loss (ROL), generat-
ing redox gradients in the rhizosphere (Colmer 2003). 
Here, Fe(II) can be rapidly re-oxidized and precipi-
tated as Fe(III) (oxyhydr)oxides on the root surface, 
resulting in the formation of Fe plaque (Armstrong 
1967; Hansel et al. 2001). Iron plaque shows chemi-
cal and physical properties similar to those of pedo-
genic Fe oxides present in soil, and therefore has a 
high capacity to retain various anions in the soil solu-
tion, including phosphorus (P), which is an essential 
plant macronutrient (Zhang et al. 1999; Hansel et al. 
2001; Seyfferth et al. 2010; Amaral et al. 2017).

The availability of P in paddy soils is strongly 
driven by redox conditions, although the higher soil 
solution P concentrations under reducing condi-
tions do not necessarily result in a higher plant P 
uptake (Martinengo et al. 2023). Previously, low P 
uptake by rice has been attributed to high P sorp-
tion capacity of newly formed Fe minerals near the 
root surface (Zhang et al. 2003; Kirk 2004; Veelen 
et  al. 2020). Despite these findings, the role of Fe 
plaque in controlling P plant uptake remains con-
troversial (Khan et  al. 2016), as previous studies 
have reported its role as both a barrier/sink (Liang 
et al. 2006) and a source of plant available P (Zhang 
et  al. 1999). These contrasting observations prob-
ably arise from studies overlooking the varying 
responses of rice plants to different P availabili-
ties, and/or neglecting the interaction between the 

temporal dynamics in Fe plaque formation/dissolu-
tion and plant P acquisition strategies.

The dynamics affecting P retention on Fe plaque 
minerals can be confounded by the ability of rice 
plants to alter the rhizosphere environment in 
response to nutrient deficiency (Zhang et al. 2004). 
Indeed, it is well acknowledged that many plant 
species can modify their root traits and architec-
ture as a function of changes in P availability, with 
a higher partitioning of photosynthates towards 
root growth under P deficiency (Richardson et  al. 
2009; Rose et  al. 2013). In rice plants, increased 
root development observed under low P availability 
is related to an increase in root aerenchyma forma-
tion to reduce the metabolic cost of this adaptation 
mechanism (Kirk and Van Du 1997; Lynch and 
Brown 2008). This leads to a consequent increase 
in  O2 release into the rhizosphere under P-limiting 
conditions (Fu et al. 2014).

Notwithstanding a higher formation of Fe plaque 
was previously attributed to to a higher  O2 release in 
the rhizosphere (Wu et  al. 2012), the effects of root 
modifications in response to P availability on Fe 
plaque formation, and the implications for P acquisi-
tion in rice plants are however still largely debated. 
Indeed, some studies have observed an increase in Fe 
plaque formation under low P availability (Liang et al. 
2006; Jiaofeng et al. 2022), but mechanisms underly-
ing this phenomenon are not yet clear. Some authors 
argue that this increase may be due to enhanced ROL, 
as reported by Fu et al. (2014). Others suggest that it 
may be related to an increase in root volume, as Kirk 
and Van Du (1997) did not find a significant differ-
ence in  O2 release per unit of root volume. Moreo-
ver, it remains unclear whether the high affinity of 
Fe plaque minerals for P combined with the higher 
amounts of root-associated Fe might emphasize their 
role as P sink under P limiting conditions, thereby 
hindering plant growth by impeding P acquisition.

Rice plants growing under P limited conditions are 
known to have the capability to activate strategies to 
access mineral-bound P forms through different rhizos-
pheric mechanisms (Kirk and Van Du 1997; Hoffland 
et al. 2006; Rose et al. 2013). Specifically, the exuda-
tion of protons  (H+) and low molecular weight organic 
acids (LMWOAs) from roots may promote the release 
of sparingly available soil P forms, such as P retained 
by metal oxides (Hinsinger 2001; Hoffland et al. 2006; 
Bhattacharyya et al. 2013; Santoro et al. 2022). Unlike 
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other plant species that rely on organic acids to solu-
bilize P by competing for adsorption sites (Hoffland 
et al. 2006; Bhattacharyya et al. 2013), proton exuda-
tion by rice plants is considered as the primary mecha-
nism by which these lowland plants release P from Fe 
minerals in response to P deficiency, especially consid-
ering their relatively low rates of organic acid exuda-
tion (Mori et al. 2016). Given the similarity between Fe 
plaque and Fe oxides present in soil (Hansel et al. 2001; 
Seyfferth et al. 2010; Amaral et al. 2017), these strate-
gies could be also effective in enhancing the uptake of 
P associated with Fe plaque, thereby converting this P 
pool from a P sink into a P source for the plant. The 
role of Fe plaque to serve as a sink or a source of plant 
available P and consequently regulate P uptake by rice 
plants, could therefore be viewed as a dynamic process 
influenced by the rates of both Fe plaque formation and 
dissolution as a function of P availability, although evi-
dence remains lacking.

Based on these considerations, we hypothesised 
that the response of rice plants to P deficiency could 
(a) induce a greater formation of root-associated Fe 
plaque as a result of an enhanced root development 
and ROL, but at the same time (b) favour Fe plaque 
dissolution (and the release of plaque-associated P) 
through increased proton exudation, thereby promot-
ing P uptake. As such, we therefore further hypoth-
esise that (c) the capability of Fe plaque to serve as 
either a P sink or a source of plant available P will 
be strongly influenced by the dynamic nature of this 
Fe pool, which is dependent on P availability (i.e., 
P source under low P availability vs. P sink under 
high P availability). We tested these hypotheses by 
growing rice plants in a hydroponic system under 
P-sufficient or P-deficient conditions. Plants were 
exposed to multiple Fe-plaque induction periods and 
analysed for differences in root traits, changes in the 
rates of Fe plaque formation and contents, and net 
proton exudation, and differences in P uptake over a 
62-d growth period.

Materials and methods

Plant cultivation and Fe plaque induction

To investigate the impact of P availability on the for-
mation and evolution of Fe plaque in rice (O. sativa 
cv. Selenio) and, consequently, on P uptake by rice, a 

hydroponic experiment was performed using a facto-
rial design in which plants were grown under either 
P-deficient (‒P) or P-sufficient (+ P) conditions for 
62 days. During this period, half of the plants for 
each treatment were exposed to Fe plaque forming 
conditions (+ Fe) while the other half served as a 
control group without Fe plaque induction (‒Fe). In 
detail, rice seeds were surface sterilised with  H2O2 
for 10 min, rinsed thoroughly with distilled water 
and germinated for three days in the dark at 20 °C. 
Afterwards, a total of sixteen seedlings of uniform 
size per treatment were transferred to plastic pots 
containing half-strength modified Yoshida solution 
(Yoshida et al. 1972) for the first two weeks and then 
shifted to full strength nutrient solution (day 0), that 
was replaced every 4 days. The modified Yoshida 
solution had the following macronutrient composi-
tion (mM):  NH4NO3, 1.43;  K2SO4, 0.51;  CaCl2, 1.0; 
 MgSO4, 1.65; and micronutrient composition (µM): 
 MnCl2, 9.1;  (NH4)6Mo7O24·2H2O, 0.52;  H3BO3, 
18.5;  ZnSO4·7H2O, 0.15;  CuSO4·5H2O, 0.16 and 
 FeCl3(EDTA), 35.8. The nutrient solution used for 
plants grown under P-deficient conditions contained 
10 µM  NaH2PO4, while that for plants grown under 
P-sufficient conditions contained 100 µM  NaH2PO4. 
The pH of the solution was adjusted to 6.0 by using 
diluted HCl or NaOH.

 Fe plaque induction was carried out twice during 
the growth period. On the 30th and 45th days after 
seeding (DAS), half of the plants for each P treatment 
were removed from the nutrient solution, and their 
roots were rinsed in deionised water and subsequently 
transferred to a 0.9 mM (as  FeCl2·7H2O) solu-
tion buffered at pH 5.5 (15 mM 2-(N-morpholino)
ethanesulfonic acid). Fe plaque induction was carried 
out in deionized water to avoid any possible forma-
tion of Fe precipitates with other elements present in 
the nutrient solution (Zhang et al. 1999; Liang et al. 
2006). Fe plaque on the root surfaces was allowed to 
form for 48 h. The plants were then transferred back 
to their respective P-deficient or P-sufficient nutri-
ent solutions, as described above (i.e., +P + Fe and 
‒P + Fe treatments). Plants not exposed to Fe plaque 
induction (i.e. +P ‒Fe and ‒P ‒Fe treatments) were 
treated in the same way, by replacing the ferrous solu-
tion with deionized water. To limit the oxidation of 
Fe(II) by external sources of  O2 other than ROL dur-
ing Fe plaque induction, the Fe(II) solution was previ-
ously flushed with  N2 and, after plant root insertion, 
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the containers were wrapped in foil and their mouths 
sealed with parafilm around the shoots to limit  O2 
diffusion. Separate containers with the Fe(II) solu-
tion but without plants were also included to account 
for any possible oxidation of Fe(II) not induced by 
ROL. The Fe(II) concentration in all the treatment 
was constantly monitored during the 48 h induction, 
more detailed information are reported in "Rate of Fe 
plaque formation and net proton release" section. A 
graphical summary of the experimental set-up and of 
the measurements conducted is provided in supple-
mentary material (Fig. S1).

Plant analyses

Plant samples were collected (four replicates for 
each treatment) at four different time points through-
out the experiment. They were first sampled at 30 
DAS in correspondence with the first Fe plaque 
induction period, then before (45 DAS) and after 
(48 DAS) the second Fe plaque induction period. 
The final plants were collected at 62 DAS. Plants 
that were sampled at 30 DAS were used to evalu-
ate the impact of P availability on root develop-
ment and morphology. In addition to determining 
root biomass, three plants from each treatment were 
imaged using a Nikon D3500 digital camera. Root 
traits including total root length (cm), surface area 
 (cm2), total root volume  (cm3), and number of root 
tips were quantified using saRIA software (Narisetti 
et  al. 2019). The root density (mg  cm−3) was esti-
mated as the ratio between the root biomass and the 
root volume. The development of root aerenchyma 
was assessed qualitatively on three roots per plant 
after sectioning 3 cm from the root tip and examined 
under a light microscope (Leitz Dialux 20 EB) with 
a 24 MP digital camera (Nikon D3500). At 62 DAS, 
plants were collected to evaluate the final dry bio-
mass (shoot + root) and P contents in all plant parts. 
The P concentration in root and shoot tissues was 
determined on dry plant material (50 mg) after sul-
furic-perchloric digestion and colorimetric quantifi-
cation of P in the extracts using the malachite green 
method (Ohno and Zibilske 1991). To evaluate the 
changes in Fe plaque contents during the growth 
period as a function of P availability, all root sam-
ples collected before and/or after Fe plaque induc-
tion were analysed for root-associated Fe. For each 
plant, the entire root system was first rinsed with 

deionized water and subsequently extracted with 0.1 
M acidic ammonium oxalate (Loeppert and Inskeep 
1996; Hossain et  al. 2009). Fe concentration in the 
extracts was quantified by atomic absorption spec-
troscopy (AAS, PerkinElmer AAnalyst 400, Nor-
walk, CT, USA).

Rate of Fe plaque formation and net proton release

The rate of Fe(II) oxidation for the P-sufficient + Fe 
and P-deficient + Fe treatments during the second 
induction period (45 DAS) was determined on four 
independent replicates for each treatment. During the 
48 h-induction period, small aliquots of the ferrous 
Fe solution were sampled every hour and the resid-
ual dissolved Fe(II) concentrations were quantified 
spectrophotometrically, immediately after sampling 
using the 1,10-phenanthroline method (Loeppert 
and Inskeep 1996). The decrease in the concentra-
tion of Fe(II) in the solution over time was related 
to the kinetics of Fe(II) oxidation that served as a 
proxy for the rate of Fe plaque formation by ROL, 
after accounting for the minimal Fe(II) oxidation in 
the absence of plants and assuming that plant uptake 
of dissolved Fe over this short period was negligi-
ble. Moreover, it was ensured that the precipitation 
of Fe minerals occurred only on the root surfaces as 
the solution remained clear and no precipitation of 
Fe (oxyhydr)oxides was observed on the container 
walls during the Fe plaque induction period. Under 
these experimental conditions, the rate of Fe(II) oxi-
dation by  O2 continuously released from the roots and 
at constant pH was described by a pseudo-first order 
rate expression with respect to Fe(II) according to the 
equation

where [Fe(II)]t and [Fe(II)]0 where the concentrations 
of Fe(II) at time t and at the beginning of the induc-
tion period, respectively, while k was the pseudo-
first order rate constant (in  h−1). Since we expected 
P availability to influence other root traits (including 
root surface area) in addition to ROL, the cumulative 
amount of Fe(III) precipitated on the root surfaces 
(in mmol Fe) over the first hours of Fe plaque induc-
tion, calculated as the difference between [Fe(II)]0 
and [Fe(II)]t was normalised on the basis of root sur-
face area (mmol Fe  m−2) and plotted against time, as 

(1)[Fe(II)]
t
= [Fe(II)]0 ⋅ e

−kt
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proposed by Kirk and Van Du (1997). Similarly, rate 
constants were also normalised for root surface area 
for comparison between treatments.

To quantify the capacity of rice roots to exude pro-
tons as a function of the different treatments, the pH 
of the growth solutions was monitored every 24 h in 
the 3 days preceding and succeeding each Fe induc-
tion event, by means of a pH-sensitive electrode 
(inoLab pH 7110, WTW GmbH, Weilheim, Ger-
many). The net  H+ release (mM) over time was cal-
culated from the decrease in pH with respect to the 
initial pH of the growth solution.

Statistical analyses

The statistical analyses were performed using the R 
version 4.1.1. Normality and data homoscedasticity 
were checked with Shapiro-Wilk and Levene tests, 
respectively. When necessary, data were transformed 
according to the data distribution. All the variables 
were tested for the analysis of variance (two-way 
ANOVA), followed by pair-wise post hoc analy-
ses (Student-Newman-Keuls test) to determine the 

difference among the mean value at p < 0.05. The 
ggplot2 package was used to plot all the figures.

Results

Plant growth, root traits and elemental composition

The root dry biomass measured at 30 DAS (Table 1) 
did not show significant differences between P-defi-
cient and P-sufficient plants. However, the root traits 
were strongly influenced by P treatment (p < 0.001), 
with P-deficient plants showing a 2 to 3-fold higher 
root volume, surface area, total length, and number 
of root tips compared to P-sufficient plants (Table 1). 
The root density was lower in the P-deficient plants, 
which is consistent with the higher development of 
aerenchyma as evidenced through the microscopic 
observation of the root sections (Fig. 1). Similarly, at 
the end of the growing period (62 DAS), the differ-
ences observed in the total dry biomass, were mainly 
attributed to differences in shoot biomass, as the root 
biomass was unaffected by both P and Fe treatments 
(Table 2). The shoot biomass at 62 DAS was highly 

Table 1  Root dry biomass and root traits after 30 days of growing in P-sufficient (+ P) and P-deficient (‒P) nutrient solution

Each value represents the mean of four replicates (± SE). Different letters indicate significant differences between treatments 
(p < 0.01)

Treatment Dry biomass Volume Density Surface area Total length Root tips
mg  plant−1 cm3  plant−1 mg  cm−3 cm2  plant−1  cm  plant−1 plant−1

+ P 20.1 ± 5.0 8.3 ± 2.4 b 2.4 ± 0.3 a 172 ± 56 b 296 ± 23 b 7.8 ± 3.9 b
‒ P 25.8 ± 4.4 24.3 ± 3.2 a 1.1 ± 0.0 b 432 ± 51 a 632 ± 24 a 12.5 ± 6.2 a

Fig. 1  Root sections of 
representative rice plants 
grown for 30 days in P-suf-
ficient (a) and P-deficient 
(b) nutrient solutions. Scale 
bar is 0.1 mm

a b
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dependent on P treatment (p < 0.01), Fe treatment 
(p < 0.01) and their interaction (p < 0.05; Table  2). 
Although P-sufficient plants showed a higher shoot 
biomass than P-deficient plants in the absence of 
Fe plaque, shoot growth in the former was strongly 
hindered when Fe plaque (P-sufficient + Fe) was pre-
sent, compared to plants grown without Fe plaque 
(P-sufficient–Fe). On the other hand, no significant 
differences were observed in P-depleted plants with 
or without Fe plaque (P-deficient + Fe vs. P-deficient 
–Fe; Table 2). These effects on plant growth resulted 
in significant differences on the root-to-shoot ratio 
(R/S), based on P treatment (p < 0.05), Fe treatment 
(p < 0.05) and their interaction (p < 0.05; Table  2). 
Particularly, P-sufficient plants showed a lower R/S 
ratio compared to P-deficient plants, and in the latter 
a decrease R/S in absence of Fe plaque was observed. 
Conversely, P-sufficient plants did not result in signif-
icant alteration of R/S when Fe plaque was induced, 
but the average R/S ratio was close to P-deficient 
plants with Fe plaque (Table 2).

The root P concentration and total root P content 
were higher in P-sufficient compared to P-deficient 
plants (p < 0.05), whereas the presence or absence of 
Fe plaque did not cause any significant differences in 
root P within the P treatments (Fig.  2). Conversely, 
both shoot P concentration and content showed a 
significant dependence on the P treatment (p < 0.001 
and p < 0.01, respectively), Fe treatment (p < 0.01 
and p < 0.001, respectively), and their interaction 
(p < 0.05 and p < 0.001, respectively). In all cases, 
P-sufficient plants accumulated more P in the shoot 
than P-deficient plants (Fig.  2). However, whereas 
under P-sufficient conditions the presence of Fe 

plaque on the roots strongly limited P uptake in com-
parison to plants without Fe plaque, the opposite was 
evident for plants grown under P-deficiency (Fig. 2). 
Consistently with shoot P accumulation, the differ-
ence in total P uptake between plants grown under 
P-sufficient and P-deficient conditions was much 
more evident in the absence rather than in the pres-
ence of Fe plaque (Fig. 2; p < 0.001).

Fe plaque formation and dissolution

The rate of Fe(II) oxidation during Fe plaque induc-
tion followed pseudo-first order kinetics with respect 
to Fe(II). Notably, the rate of Fe(II) oxidation was 
considerably faster in the presence of plants roots 
grown under P-deficient conditions and the rate con-
stant (k) was 8 times higher than that observed in 
the presence of P-sufficient plants (Fig. 3a; Table 3). 
Although P-deficient plants had a significantly larger 
total root surface area (Table 1), they still displayed a 
faster rate of Fe plaque formation when the cumula-
tive amount of Fe(III) precipitated on the root surface 
was normalised to root surface area (Fig. 3b). Simi-
larly, surface area-normalised rate constants were 2.5 
times faster for P-deficient with respect to P-sufficient 
plants (Table 3). Although initially P-sufficient plants 
showed higher amounts of precipitated Fe per unit 
root surface area compared to P-deficient plants, the 
differences were merely transient and soon reached 
similar values within 5 h of Fe plaque induction 
(Fig. 3b).

The amount of Fe plaque formed after the first Fe 
plaque induction period (on 30 DAS) was slightly 
higher for P-deficient than P-sufficient plants 

Table 2  Effect of P treatment and Fe plaque induction on root, shoot and total dry biomass, and root-to-shoot ratio (R/S) of P-suffi-
cient (+ P) and P-deficient (‒P) plants in the presence (+ Fe) or absence (–Fe) of Fe plaque, after 62 DAS

Each value represents the mean of four replicates (± SE). Lower-case letters indicate significant differences between Fe treatment 
within the same P treatment (p < 0.01), and upper-case letters indicate significant differences between P treatment within the same Fe 
treatment (p < 0.01)

Treatments Total DW Shoot DW Root DW R/S
(g−1 plant) (g−1 plant) (g−1 plant)

+ P
+ Fe 0.72 ± 0.12 b A 0.54 ± 0.08 b A 0.19 ± 0.06 0.35 ± 0.09 a B
– Fe 1.51 ± 0.03 a A 1.18 ± 0.04 a A 0.33 ± 0.01 0.28 ± 0.01 a B
‒ P
+ Fe 0.53 ± 0.10 a B 0.41 ± 0.01 a B 0.15 ± 0.03 0.38 ± 0.09 a A
– Fe 0.60 ± 0.11 a B 0.39 ± 0.06 a B 0.20 ± 0.04 0.50 ± 0.02 b A
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(Fig. 4). However, by 45 DAS most of the Fe plaque 
was redissolved for both treatments, even though 
P-deficient plants still showed significantly lower 

root-associated Fe concentrations than P-sufficient 
plants. After the second Fe plaque induction period 
(on 48 DAS), the quantity of root-associated Fe 

Fig. 2  P concentrations (a) 
and contents (b) in the roots 
and shoots of rice plants 
grown under P-sufficient 
(+ P) and P-deficient (‒P) 
conditions, in the presence 
(+ Fe) or absence (–Fe) of 
Fe plaque at 62 DAS. Each 
value represents the mean 
of four replicates (± SE). 
Lowercase letters above 
bars indicate significant 
differences between Fe 
treatment within the same 
P treatment (p < 0.01), 
uppercase letters above bars 
indicate significant differ-
ences between P treatment 
within the same Fe treat-
ment (p < 0.01). Upper-
case letters with brackets 
represent significant differ-
ences between P treatments 
when no interaction with 
Fe treatment was observed 
(p < 0.05)

Fig. 3  Fe(II) oxidation kinetics during the 48 h Fe plaque 
induction period approximated by a pseudo-first order reaction 
for plants grown for 45 d under P-sufficient (+ P) and P-defi-
cient (‒P) conditions, as well as for the control without plants 
(a), and the amount of precipitated Fe(III) with time over 

the first 10 h of Fe plaque induction normalized per unit root 
surface area (b). Values represent the mean of measurements 
on four independent replicates per treatment. For the sake of 
graph readability, SEs are not reported
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was significantly higher in P-deficient compared 
to P-sufficient plants (in line with the faster rate 
of Fe(II) oxidation). Over the following 15 d, the 
amount of Fe plaque on P-sufficient plants remained 
relatively unchanged, while in P-deficient plants, 
a substantial dissolution of Fe plaque occurred, 
resulting in no significant differences in Fe plaque 

contents between the two P treatments by 62 DAS. 
In all cases, no root-associated Fe plaque was 
detected in control roots of both P-deficient –Fe and 
P-sufficient –Fe plants.

Net proton release

 The net proton release by rice plants over time 
differed as a function of P availability, presence 
of Fe plaque as well as the plant growth stage 
(Fig.  5). In the 72 h before the first Fe plaque 
induction period, the net proton release was only 
influenced by the P treatment (p < 0.001), as 
no Fe treatment was yet applied. In particular, 
P-deficient plants showed significantly higher 
rates of  H+ exudation than P-sufficient plants 
throughout the monitoring period (Fig.  5a). 
After the first Fe plaque induction period, the 
kinetics of net  H+ release was influenced by the 
combined effects of both P and Fe treatments 
(p < 0.001). In the absence of Fe plaque, P-defi-
cient plants continued to exhibit higher values 
of  H+ exudation than P-sufficient plants, with 
rates very similar to those observed earlier. On 
the other hand, net  H+ release in solution in the 
presence of Fe plaque on the root surface, which 
was only observed after 48 h from induction, was 
not significantly different between P-sufficient 
and P-deficient plants. Moreover, the rates of 
 H+ release were much lower compared to those 
observed in the absence of Fe plaque, regard-
less of P availability (Fig.  5b). During the 72 h 
before the second Fe plaque induction,  H+ exu-
dation kinetics in the absence of Fe plaque fol-
lowed similar trends to those described previ-
ously, with significantly higher values observed 
for the P-deficient treatment in comparison to 
the P-sufficient treatment (Fig. 5c). However, in 
the presence of Fe plaque, the net release of  H+ 
by the roots was significantly higher in the P-suf-
ficient treatment. Similar results were observed 
immediately after the second Fe plaque induc-
tion period, with P-deficient plants showing the 
highest values of net  H+ release in the absence of 
Fe plaque and the lowest values in the presence 
of Fe plaque (Fig.  5d). During this period, the 
kinetics of  H+ release appeared to be faster com-
pared to the 72 h succeeding the first Fe plaque 
induction (Fig. 5b).

Table 3  Pseudo-first order rate constants (k) and root surface 
area normalized rate constants (k’) for Fe precipitation kinetics 
during the Fe plaque induction period as a function of P avail-
ability (curves are reported in Fig. 3)

Data represent the means (± SE) of measurements on three 
independent replicates per treatment, different letters indicate 
significant differences between treatments (p ≤ 0.05)

P treatment k  (h−1) R2 P k’  (h−1  m−2)

+ P 0.009 ± 0.001 b 0.9716 < 0.0001 0.518 b
‒ P 0.055 ± 0.002 a 0.9926 < 0.0001 1.280 a
Control 0.003 ± 0.001 b 0.8437 < 0.0001 –

Fig. 4  Changes in the Fe plaque content over time in P-suffi-
cient (+ P) and P-deficient (‒P) plants over the growth period 
(Root analysis carried out on 30, 45, 48 and 62 DAS). Yellow 
arrows in the top bar of the figure indicate the timing of Fe 
plaque induction. Oxalate-extractable Fe in –Fe control plants 
were under the detection limits and not included. Values rep-
resents the mean of four replicates (± SE). Different letters 
above bars indicate significant differences between treatment 
(p < 0.05)
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Discussion

Influence of P availability on rice root traits and Fe 
plaque dynamics

As expected, P-deficiency induced rice plants to 
modify their root morphology and traits. Specifically, 
P-limited plants significantly enhanced their root 
length, volume, surface area, and tips number com-
pared to plants grown under P-sufficient conditions, 
without affecting root dry weight. This response 
was accompanied by a greater development of aer-
enchyma as previously reported by Fu et  al. (2014). 
Aerenchyma develops in rice plants to facilitate the 

diffusion of  O2 from the shoot to the submerged roots 
and, under P limitation, the development of these 
tissues is further promoted to sustain the higher  O2 
requirements associated with a greater soil explo-
ration by the roots, without increasing the C cost 
of a higher root biomass (Lynch and Brown 2008). 
Increased  O2 transport to the root is crucial to support 
energy-dependent processes related to plant growth 
and nutrition under P limitation and indicates a rela-
tionship between P availability and  O2 dynamics in 
the root environment.

Due to enhanced ROL, in the presence of suf-
ficient amounts of dissolved Fe(II) as those typi-
cally found in the porewaters of anaerobic rice 

Fig. 5  Kinetics of net proton exudation over 72 h before  (a) 
and  after (b)  the first Fe plaque induction (30 DAS), and  
before  (c) and after (d)  the second Fe plaque induction (45 
DAS) in P-sufficient (+ P) and P-deficient (‒P) plants, with 
(+ Fe) or without Fe (–Fe) plaque induction. Values represent 
the mean of measurements on four independent replicates 

per treatment. For the sake of graph readability, SEs are not 
reported, while different letters indicate significant differences 
between treatments for each analysis time (p ≤ 0.001). Note the 
different range of values on the y-axis between the two induc-
tion periods
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paddy soils, P-deficient plants showed a faster pre-
cipitation of Fe(III) (oxyhydr)oxides on their root 
surfaces, resulting in significantly higher amounts 
of Fe plaque immediately following induction, 
compared to P-sufficient plants. This finding sup-
ports our initial hypothesis that changes in rice 
root traits in response to low P availability lead 
to an increase in Fe plaque formation on the root 
surface. Despite similar results being reported in 
other studies, the underlying factors that drive the 
increase in Fe plaque formation at low P supply 
remain controversial. In fact, previous research 
conducted by Kirk and Van Du (1997) investigated 
the changes in root architecture, porosity and  O2 
release in 30 d-old rice plants grown under P con-
centrations similar to those used in our experi-
ment, and observed a higher apparent rate of  O2 
release in P-limited compared to P-sufficient 
plants. Such an effect was entirely attributed to an 
increased root volume rather than to higher rates 
of  O2 release per unit of root volume. On the other 
hand, in line with our findings, Fu et  al. (2014) 
observed an increase in oxygenation capacity of 
rice roots under P-deficient conditions, which was 
associated to enhanced root aerenchyma devel-
opment. However, it is worth noting that these 
authors did not evaluate the consequences of this 
oxygenation on Fe plaque formation. Also, Wu 
et al. (2012) did not find a significant relationship 
between root volume and the degree of Fe plaque 
formation under similar growing conditions, but 
their study revealed a positive correlation between 
Fe plaque formation and the ROL when comparing 
different rice genotypes. Our results indicate that 
the higher rate of Fe(II) oxidation and Fe plaque 
formation under P-deficient conditions was not 
solely attributable to a larger total root surface area 
but, considering the values of root surface area-
normalized rate constants, also to higher ROL. 
Although we did not measure the rates of root  O2 
release directly, our study strongly supports the 
influence of ROL on the observed phenomena.

Despite the significantly higher amount of Fe pre-
cipitated on the root surfaces of P-deficient plants 
following the Fe plaque induction periods, the subse-
quent decrease in root-associated Fe over the entire 
growth period clearly indicated the dynamic nature 
of this Fe pool, and presumably any associated P. 
We speculate that the amount of Fe plaque present 

on the roots is likely determined by the interplay 
between the rates of formation and dissolution, both 
of which are notably influenced by P availability. In 
support of this, albeit the higher rates of Fe mineral 
precipitation on the root surfaces, P-deficient plants 
are capable of up-regulating strategies for the dis-
solution of Fe plaque. This adaptive response ena-
bles them to release the required P associated with 
the Fe plaque to cope with the limited P availability. 
Indeed, it is well known that P-deficient plants can 
acidify the rhizosphere via proton exudation to pro-
mote the dissolution of sparingly available P forms, 
as well as the release of P adsorbed onto Fe oxides 
(Kirk and Van Du 1997; Hinsinger 2001; Santoro 
et al. 2022). Given that Fe plaque is composed of Fe 
(oxy)hydroxide phases similar to those found in soil 
(Hansel et  al. 2001; Seyfferth et  al. 2010; Amaral 
et  al. 2017), we expect similar mechanisms to be 
more effective at the root surface. This observation 
would explain the faster decline of root-associated 
Fe over time in P-deficient compared to P-sufficient 
plants following Fe plaque induction, albeit differ-
ences in root elongation and architecture as a func-
tion of P availability could have also been partially 
responsible for the observed changes in the amount 
of root-associated Fe with time. Our second hypoth-
esis is nevertheless supported by the higher net  H+ 
release in P-deficient compared to P-sufficient plants 
in the absence of Fe plaque, and the significant con-
sumption of these protons during Fe plaque dissolu-
tion in the former when Fe plaque was present on 
the root surfaces (Fig.  5d). In fact, the dissolution 
of Fe oxide phases always involves a stoichiometric 
consumption of protons that explains the lower net 
 H+ exudation in P-deficient with respect to P-suffi-
cient plants in the presence of Fe plaque  (Schwert-
mann 1991). Therefore, assuming that root  H+ exu-
dation was only influenced by P availability but not 
by the presence or absence of Fe on the root surface, 
the lowest values of net  H+ release in solution under 
P-deficient conditions suggest that most of the pro-
tons released were used for Fe plaque dissolution. 
In contrast, the lack of significant differences in net 
 H+ release between + Fe and –Fe treatments under 
P-sufficient conditions suggest that Fe plaque disso-
lution mechanisms were not activated when P sup-
ply was sufficient. This finding is further confirmed 
by the smaller change in Fe plaque contents over 
time following each induction.
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The role of Fe plaque in regulating P uptake by rice 
plants

The importance of Fe plaque dynamics over time has 
been recently related to their role in regulating nutrient 
and/or contaminants availability for rice (Li et al. 2015; 
Zhou et  al. 2018; Limmer et  al. 2022). Nonetheless 
the majority of the previous hydroponic studies gener-
ally focused on a very short time frame (Zhang et al. 
1999; Liang et al. 2006; Liu et al. 2019) after a single 
Fe plaque induction period (Jiaofeng et al. 2022), thus 
failing to consider the effect of the temporal transfor-
mations in Fe plaque in relation to plant development. 
In this study we finally hypothesized that the different 
findings reported in literature regarding the role of Fe 
plaque in serving either as a sink or a source of P for 
rice acquisition, mainly arise from a lack of considera-
tion of the interdependence and temporal variation of 
various rhizosphere processes that regulate P availabil-
ity throughout the rice growth period. For example, the 
studies by Zhang et al. (1999), Liang et al. (2006), and 
Jiaofeng et  al. (2022) related a higher Fe plaque for-
mation to an inhibitory effect on plant P uptake, how-
ever the tested range of P concentrations (> 150 µM) 
were higher than the threshold (6 µM) above which P 
availability is considered to be sufficient for rice plants 
(Shahandeh et  al. 1995; Frossard et  al. 2000). With 
these experimental designs they were thus not able to 
appreciate the plant adaptation mechanisms (e.g. rhizo-
sphere acidification) on Fe plaque dissolution and P 
uptake under low P availability.

The results of our study suggest that the equilib-
rium between Fe plaque formation and dissolution 
depends on the availability of P in relation to plant 
requirements. Whereas the presence of Fe plaque 
resulted in a limitation of plant P uptake under P-suffi-
cient conditions over a growth period of 60 d, a higher 
P uptake was observed in the presence rather than in 
the absence of Fe plaque under P-deficient condi-
tions. By combining these findings with the enhanced 
Fe plaque dissolution observed at low P availability, 
we provide support for our third hypothesis. Indeed, 
Fe (oxyhydr)oxides on the root surface can strongly 
bind P (Zhang et  al. 1999; Liang et  al. 2006; Khan 
et al. 2016), and their dissolution facilitated by rhizo-
sphere acidification might have promoted the release 
and uptake of the bound P at rhizosphere level. Our 
results therefore confirm that Fe plaque can act as a 
barrier to plant P uptake under high P availability but 

serve as a P source under low P availability partially 
attenuating the nutrient deficiency.

Undoubtedly, the current study has only investigated 
plant responses on rhizospheric Fe and P interactions 
and did not evaluate the influence of microbially-driven 
processes that are known to play an important role in Fe 
redox cycling the rice rhizosphere. Furthermore, under 
field conditions it is likely during the oxidative precip-
itation of Fe minerals on the root surface, P retention 
does not only involve adsorption but also co-precipita-
tion that, depending of the P:Fe ratio and P forms may 
involve adsorption, precipitation and physical entrap-
ment within the newly formed particles (Voegelin et al. 
2013; Santoro et al. 2019). These mechanisms together 
could contribute to changes in the mineralogy of Fe 
plaque that are known to occur during the rice growing 
period (Maisch et al. 2019; Limmer et al. 2022), pos-
sibly affecting the rhizospheric P cycling and its avail-
ability for plant uptake. However, the current obser-
vations extend our understanding of the role that root 
traits play in driving Fe plaque formation and dissolu-
tion as a function of nutrient availability, considering a 
range of P concentrations in the nutrient solution very 
close to those present in paddy soil solutions, thereby 
providing mechanistic explanations for the interactions 
between P availability and Fe plaque dynamics.

Conclusions

Due to the high affinity of Fe (oxyhydr)oxides for P, Fe 
plaque generally associated with rice roots under anoxic 
soil conditions, can influence P uptake for sustaining 
growth. In this study we show that both Fe plaque for-
mation and dissolution during the early stages of plant 
growth, are influenced by root traits that are themselves 
regulated by P availability. Whereas P-deficiency leads 
to modifications in root morphology and traits that 
induce a faster rate and higher amount of Fe plaque 
formation, the dissolution of Fe plaque through mecha-
nisms induced by P starvation (i.e. rhizosphere acidi-
fication) is also enhanced, such that plaque-associated 
P can potentially serve as a nutrient source facilitating 
P uptake under limiting conditions. On the other hand, 
under P-sufficient conditions Fe plaque may serve as a P 
sink limiting plant uptake and growth to some extent, as 
plaque formation is not accompanied by its dissolution. 
This study therefore contributes to further understand-
ing the complex interactions between modifications in 
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rice root traits and temporal Fe plaque dynamics on root 
surfaces as a function of P availability, which deeply 
shape nutrient cycling in the rhizosphere, albeit fur-
ther investigations should also consider the active role 
of microbial communities associated with the roots in 
rhizospheric Fe cycling in paddy soils, which together 
with plant responses, may also play an important role in 
controlling P availability to rice plants.
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