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Abstract

Background and Aims While nitrogen (N) sup-
ply can enhance plant silicon (Si) accumulation, the
mechanisms by which different forms of N affect Si
mobilization in the rhizosphere are not well under-
stood. This study aims to elucidate how pH changes
induced by ammonium (NH,*) and nitrate (NO;7)
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affect Si availability in the rhizosphere, especially
under low phosphorus (P) conditions.

Methods White lupin (Lupinus albus) plants were
grown in non-fertilized low-P soil, supplied with a
low dose of N, either as NH4Jr or NO;~, with or with-
out supply of monosilicic acid. We measured Si levels
in various rhizosphere soil pools, along with different
plant and rhizosphere soil parameters.

Results  The addition of NH,* significantly lowered
rhizosphere pH and decreased both Si adsorbed to
pedogenic Fe/Mn oxides and amorphous phytogenic
Si, resulting in higher concentrations of plant available
Si in the white lupin rhizosphere. This led to greater Si
uptake and improved plant growth compared to both
the —-N and+NO;~ treatments. The supply of Si further
enhanced these effects, with NH4+ showing a consist-
ently different pattern of influence compared to NO;™.
Additionally, —-N white lupin plants accumulated more
P than those treated with N, while Si supply signifi-
cantly improved P acquisition across all treatments.
Conclusions Our study demonstrates that rhizos-
phere acidification induced by NH,* nutrition can
significantly enhance Si mobilization from the rhizo-
sphere soil in the absence of Si supply and reduce Si
adsorption when Si is applied. These findings may
have practical implications for improving both Si
mobilization in the rhizosphere and the effectiveness
of Si fertilizers.

Keywords Nitrogen forms - Rhizosphere -
Acidification - Silicon pools - Root-soil interactions
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Introduction

Silicon (Si) is the second most abundant element in
the Earth’s crust, constituting about 29% of the soil
mass. Despite this, Si is not universally recognized
as an essential mineral element for plants. However,
its beneficial effects, particularly in enhancing plant
resilience to various stresses, are well-documented
in the literature (for review see e.g., Coskun et al.
2019; Debona et al. 2017; Pavlovic et al. 2021). Sili-
con in soil is present in various fractions, including
mobile Si in the form of monosilicic acid which is the
only directly available Si fraction for plants’ uptake,
adsorbed Si (monosislic acid adsorbed on surface of
aluminium (Al) and iron (Fe)/manganese (Mn) oxides
and hydroxides), occluded Si in pedogenic Al and
Fe/Mn oxides and hydroxides, amorphous Si (bio-
genic and non-biogenic forms), crystalline Si (in the
primary or secondary silicates and quartz) (Cornelis
et al. 2010; Sauer et al. 2006). Plant availability of
Si in soil is governed by an equilibrium between Si
in soil solution, Si adsorbed on soil particles and Si
in soil solid phase (Cornelis et al. 2010; Georgiadis
et al. 2013; Haynes 2014; Sauer et al. 2006). Numer-
ous factors such as pH, temperature, microbial activ-
ity, the presence of cations, Al and Fe/Mn oxides and
hydroxides or organic compounds influence Si trans-
formation in soil and thus its availability for plants.
For instance, soil acidification leads to the enhanced
decay of clay minerals (e. g. kaolinite) as an impor-
tant soil Si pool (Nguyen et al. 2017).

On the other hand, plant roots can actively mod-
ify the chemical properties of the surrounding soil
(rhizosphere) through several processes, including
proton (H') extrusion and exudation of low molecular
weight compounds, such as organic acids (Neumann
and Ludewig 2023). While processes affecting Si
solubility have been extensively studied in the context
of pedogenesis or global biogeochemical Si cycling,
research on Si mobility, transformation, and avail-
ability specifically within the rhizosphere remains
limited. De Tombeur et al. (2020) concluded that
Western Australian native plants employing P-mobi-
lizing strategies such as carboxylate release, had sig-
nificantly higher leaf Si concentrations when grown
on older, low-P soils, despite these soils having very
low Si availability, compared to plants on younger,
P-rich soils. Furthermore, in vitro experiments
by de Tombeur et al. (2021), which used artificial
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carboxylates (oxalate, citrate, and malate) to extract Si
from old quartz-rich soils, pure clay minerals (chlo-
rite and kaolinite), and pure quartz (including mix-
tures with phytoliths), suggested that root-released
carboxylates under low P conditions can enhance the
mobilization of Si from various soil pools. However,
deciphering which are the main rhizosphere processes
involved in soil Si mobilization remains challenging
(Yu et al. 2024).

Nitrogen (N) affects rhizosphere pH by balanc-
ing the cation:anion ratio, as it can be taken up in
the forms of either a cation (ammonium, NH,*) or
an anion (nitrate, NO;™). When plants take up more
NO;~ than NH,*, there is a net H* removal due to
the symport transport of NO;™ across the root plasma
membrane, which increases the rhizosphere pH. In
contrast, when plants take up NH,*, they release an
equivalent amount of H" into the rhizosphere to bal-
ance the excess positive charges, thereby decreasing
the rhizosphere pH. Consequently, the form of N can
affect plant P acquisition due to changes in rhizos-
phere pH, although the interactions between N form
and P supply in relation to rhizosphere pH are com-
plicated and not fully understood. Generally, NH,*
supply promotes the solubility of phosphates through
rhizosphere acidification (Hinsinger 2001). By con-
trast, P deficiency may either decrease, increase, or
have no effect on rhizosphere pH in NO;™-fed plants
(e.g., Dinkelaker et al. 1989; Neumann and Romheld
1999; Li et al. 2007; Tang et al. 2009). For legumes,
the situation is more complex because N, fixation
generally leads to rhizosphere acidification due to the
preferential uptake of cations over anions (Hinsinger
et al. 2003; Li et al. 2008a). White lupin (Lupinus
albus) is a legume species well adapted to infertile
soils; it is particularly effective in increasing P availa-
bility in the rhizosphere through the release of citrate
and H*, primarily from its proteoid roots (Dinkelaker
et al. 1989). Furthermore, the NH4+ form of N addi-
tionally enhances root H* release in white lupin under
P deficiency (Liu et al. 2016).

Long-term weathering of soil minerals is pro-
gressively depleting plant-available Si across large
areas of the world (Savant et al. 1996). In addition to
natural weathering, intensive agricultural practices
that involve growing high-yielding Si-accumulating
crops (e.g., cereals and sugarcane) significantly con-
tribute to Si depletion in the soil (Struyf et al. 2010;
Guntzer et al. 2012; Vandevenne et al. 2015; Tubana
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et al. 2016). Estimates indicate that harvesting rice
(Oryza sativa) and sugarcane (Saccharum spp.
hybrid) can remove nearly 1000 kg of Si per hectare
from the soil (Savant et al. 1997). The most com-
mon Si fertilizers are industrial by-products from the
steel industry, which may have potential hazardous
effects (Haynes 2014). In recent decades, maintain-
ing Si availability in agricultural soils has become
increasingly challenging even with the adoption of
sustainable practices like intercropping, cover crop-
ping, integrated crop-livestock systems, effective
nutrient management, and the incorporation of Si-
rich crop residues (e.g., rice straw and husks) into
the soil. However, the impact of applying NH,* and
NO;~ mineral fertilizers on Si availability is less
studied (Keeping et al. 2015), and there is virtually
no data available at the rhizosphere level.

Therefore, the objective of this study was to
investigate how N nutrition affects the availability
of Si in the rhizosphere and Si uptake by plants. We
hypothesized that the availability of Si in the rhizos-
phere soil could be further influenced by pH changes
induced by NH,* and NO;~ forms of N, in addition
to the root responses to low P conditions, such as car-
boxylate exudation. To test this hypothesis, we con-
ducted a soil rhizobox experiment using white lupin
as a model crop in pH-neutral, low-P soil. Addition-
ally, to elucidate the role of N nutrition in mobilizing
Si from various soil pools in the white lupin rhizos-
phere, both without and with Si fertilization, we per-
formed sequential extractions of soil Si using differ-
ent extractants.

Material and methods
Plant material and growth conditions

White lupin (Lupinus albus L., cv. Vesna) seeds
were surface sterilized with H,0O,, soaked in satu-
rated CaSO, for 24 h and then germinated between
two sheets of filter paper moistened with saturated
CaSO,. After germination, three uniform seedlings
were planted in each rhizobox (10x26x 1.4 cm; cus-
tom made black Plexiglas plates with removable front
cover) filled with 0.5 kg of dry soil. The experimen-
tal soil was rather pH-neutral (pH in H,O 6.7), clay
loam textured (sand 29%, silt 22%, clay 49%), and

low in organic matter content (C,, 0.58%), total N

(0.07%), total (257 mg kg‘l) and available (Olsen,;
6.5 mg kg™!) P; the detailed soil characteristics are
shown in Table S1.

The experiment design included three N treat-
ments: —N (control),+ NH, (30 mg N kg™! dry soil,
applied as NH,SO,) and+NO; (30 mg N kg™' dry
soil, applied as CaNO;), each without (-Si) or with
(+Si) addition of 150 mg Si kg_1 dry soil, with four
replicates (rhizoboxes with three plants) of each treat-
ment. Silicon was applied as monosilicic acid, freshly
prepared by passing Na,SiO; solution through a plas-
tic column filled with cation-exchange resin (Amber-
lite IR-120, H* form; Fluka, Buchs SG, Switzerland).
The soil was thoroughly mixed with the amendments
prior to filling the rhizoboxes and then watered to
70% of the field water capacity (FWC).

The plants were grown for three weeks under con-
trolled environmental conditions in a growth chamber
with a light/dark regime of 16/8 h, photon flux density
of 300 pmol m~2 s~! at plant height provided by led
panels (Apollo 8, Cidly Co., Ltd., Shenzhen, China),
temperature of 26+2 °C and relative air humidity
of about 70%. During the entire experimental period
the plants were irrigated according to weight loss to
achieve 70% FWC, and the rhizobox positions were
changed randomly.

Plant harvest and rhizosphere soil sampling

The plants were harvested three weeks after planting.
At harvest, the plants were carefully removed from
the rhizoboxes, the intact roots were shaken gently
to remove excess soil; the soil remaining adhered to
the root surface, referred to as rhizosphere soil (Kos-
tic et al. 2017), was carefully collected. Soil samples
were air dried and thoroughly ground prior to analy-
ses. Shoots were separated, dried at 68 °C for 48 h,
and their dry weight was recorded.

Determination of N, P, Si and Mn in leaves

Dry plant material (0.2 g) was digested with 3 ml of
concentrated HNO; and 2 ml of H,0, in a microwave
oven (Ethos Easy, Milestone Srl, Sorisole, Italy) for
1 h. For P analysis, the samples were transferred in
volumetric plastic flasks and adjusted to 25 ml with
deionized H,O. For Si determination, the samples
were transferred into 25 ml plastic flasks, diluted
with 15 ml deionized H,0, 1 ml concentrated HF
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was added, and the samples were then left overnight;
after addition of 2.5 ml 2% (w/v) H;BO;, the flask
volume was adjusted to 25 ml with deionized H,O.
Concentrations of P, Si and Mn were determined by
inductively coupled plasma mass spectrometry (ICP-
MS; Agilent 8900 ICP-QQQ, Agilent Technologies,
Inc., Santa Clara, CA, USA), after a final dilution of
the samples of 1:20 (v/v) with deionized H,0O. The
concentrations of N were determined by direct com-
bustion of the dried leaf samples (5-6 mg) in a Vario
Microcube CHNS analyser (Elementar Analysensys-
teme GmbH, Hanau, Germany).

Determination of pH, NO;, NH, and available P in
soil

The soil pH was measured in H,O (soil:solution ratio
of 1:2.5). The dry soil samples were extracted by 2 M
KCl for 30 min shaking (soil:solution ratio of 1:10)
and the concentrations of NH," and NO;~ were deter-
mined by HI-4101 Ammonia Combination Ion Selec-
tive Electrode (ISE) and HI-4113 Nitrate Combina-
tion ISE (Hanna Instruments Ltd., Leighton Buzzard,
UK), respectively. Available P was extracted with
0.5 M NaHCO; (soil:solution ratio of 1:20) by 30 min
shaking and the P concentration was determined by
colorimetric molybdenum blue method at 580 nm.

Determination of soil Si fractions

Soil Si fractions were determined by four subsequent
extraction steps; 1 g of dry soil sample was placed in
a 50 mL centrifuge tube and extracted sequentially
using different extractant for each step. The following
Si fractions were separated: 1) mobile Si [extracted
with 0.01 M CaCl,, according to Haysom and Chap-
man (1975)], representing plant available Si, mainly in
the form of monosilicic acid; 2) adsorbed Si [extracted
with 0.01 M acetic acid, according to Snyder (2001)],
representing monosilicic acid adsorbed to the surfaces
of soil minerals (Georgiadis et al. 2013); 3) occluded Si
[extracted with 0.2 M NH,-oxalate buffer, according to
Schwertmann (1964)], representing Si in pedogenic Al
and Fe/Mn oxides/hydroxides (Georgiadis et al. 2013);
4) amorphous Si, including phytogenic (biogenic) and
mineralogenic (pedogenic) Si sub-fractions [extracted
with 1% NaCO,, according to DeMaster (1981)].
Briefly, the mobile Si fraction was extracted with
10 ml 0.01 M CaCl, (soil:solution ratio of 1:10) by

@ Springer

shaking for 16 h. After centrifugation at 2000x g for
5 min, the supernatant was used for Si analysis (step
1) and the residue was washed with deionized H,O
and subsequently dried at 65 °C. The whole residue
from the step 1 was extracted with 10 ml 0.01 M ace-
tic acid as described above and the supernatant was
used for determination of adsorbed Si fraction (step
2). The soil residue from the step 2 was washed and
dried as described above, extracted with 50 ml 0.2 M
NH,-oxalate buffer solution (pH 3) for 1 h in darkness,
centrifuged, and the supernatant was used for deter-
mination of occluded Si fraction (step 3). The residue
from the step 3, previously washed and dried, was used
for determination of two amorphous Si fractions, i.e.
phytogenic (biogenic) Si fraction and pedogenic (min-
eralogenic) Si fraction. The time-course extraction
method by DeMaster (1981) is based on the difference
between the rapid dissolution of biogenic Si (within the
first 2 h of the extraction) and slower release of Si from
clay minerals at a constant rate over the whole extrac-
tion time. Dry soil residue from the step 3 (30 mg) was
incubated for 5 h with 40 ml 1% NaCOj; at 85 °C in
shaker bath and 1 ml aliquot of the extraction solution
was sampled and analysed at 1, 2, 3, 4 and 5 h. Prior to
Si measurement the aliquot was neutralized with 9 mL
of 0.02 M HCI. The concentrations of Si extracted over
time (mg g~!) were plotted against extraction time and
the linear intercept at time O was extrapolated, repre-
senting the biogenic Si fraction. The concentration dif-
ference from time O to 5 h represented pedogenic Si.

Statistical analyses

Data were subjected to two-way ANOVA and differ-
ences between treatment means were compared by a
posteriori Tukey’s test at significance level of 0.05,
using the statistical software Statistica 6 (StatSoft,
Inc., Tulsa, OK, USA).

The multivariate structure of the collected data
was analysed by Principal Component Analy-
sis (PCA) by PC-ORD7 software (MjM Software
Design, Gleneden Beach, USA), using correlation
cross-product matrix, Euclidean distance and no rota-
tion. Correlation cross-product matrix was centred
and standardized (relativized by standard deviate),
what brought all the analysed variables to an equal
footing. The number of significant ordination axes to
be interpreted was determined after Monte Carlo ran-
domization test (999 runs).
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Fig. 1 Effect of N and Si nutrition on shoot growth of white
lupin (Lupinus albus). Plants were grown in the rhizoboxes for
four weeks in the control (-N),+NH,, and+NOj; treatments,
each without (-Si) or with (+ Si) supply of monosilicic acid.
Open bars, —Si; filled bars, + Si. Data are means+SD (n=4).
Statistically significant differences among the treatment means
are denoted by different letter (Tukey’s test following two-way
ANOVA; P <0.05). The visual effects of N and Si nutrition on
white lupin plants are illustrated in Fig. S1

Results
Plant parameters

The addition of N (both forms) significantly
enhanced shoot growth in white lupin grown in
soil without Si fertilization (Fig. 1, S1). However,
the addition of NH,* form led to a 42% increase in
shoot biomass accumulation compared to the plants
supplied with NO;™. Additionally, amendment of
Si significantly increased shoot dry biomass in the
control plants (-N) by 24% but did not affect plant
growth in N-supplied plants. The leaf N concentra-
tions were significantly higher in N-fed plants, with
the increase being more pronounced in those receiv-
ing NH,* (Fig. 2a). However, the application of Si
had no impact on leaf N concentrations.
Interestingly, N supply significantly reduced leaf P
concentrations by 50% in lupin plants grown without
Si. In contrast, Si supply increased leaf P concentra-
tions by 33% in the control (-N) plants but had no
effect on N-fed plants (Fig. 2b). Consequently, the
leaf N:P ratio was approximately 1.5 times higher
in N-fed plants compared to control plants without
N, while Si application had no effect on this ratio
(Fig. 3a). Leaf Si concentrations increased signifi-
cantly with N addition, showing about a 1.5-fold

increase in NH,*-fed plants and a 1.2-fold increase
in NO5-fed plants (Fig. 2c). Even in the Si supplied
plants, the addition of NH4Jr further increased leaf Si
concentrations by 50% compared to both the control
(-N) and NOj™ treatments. Leaf Mn concentrations
also increased significantly with N addition, being
2.2 times higher in NH,*-fed plants and 1.7 times
higher in NO;™-fed plants (Fig. 2d). On the other
hand, the supply of Si significantly reduced leaf Mn
concentrations in all N treatments.

Rhizosphere soil parameters

The rhizosphere pH of the control (-N) treatment with-
out Si decreased by 0.6 pH units compared to the ini-
tial soil pH (Fig. 4a; see Table S1). The addition of
NH,* lowered the rhizosphere pH by 0.5 pH units rela-
tive to the control (-N) treatment without Si (Fig. 4a)
and by 1.1 pH units compared to the initial soil pH
(see Table S1). In contrast, NO;~ caused a significant
increase in rhizosphere pH, rising by 0.4 pH units com-
pared to the control (-N) treatment without Si (Fig. 4a),
though it remained 0.2 pH units below the initial soil pH
(see Table S1). The addition of Si significantly increased
the rhizosphere pH by approximately 0.4 pH units
only in the control (-N) treatment, with no significant
changes observed in the NH,* and NO;~ treatments.
The addition of NH,* dramatically increased the
rhizosphere NH, " concentration by more than 15 times
compared to both the control (-N) and NO;™ treat-
ments, while the application of Si did not significantly
affect NH,* concentrations in any of the treatments
(Fig. 4b). The addition of NO;™ raised the rhizosphere
NOj;™ concentration by 2.3-fold compared to the con-
trol (Fig. 4c). Interestingly, the NO;~ concentration in
the rhizosphere also increased by 1.7-fold in the NH,*
treatment compared to the control (Fig. 4b). The sup-
ply of Si had no impact on the rhizosphere concentra-
tions of NH,* and NO;~ across all treatments.
Regardless of Si application, different Si fractions
in the rhizosphere soil were affected differently by N
nutrition (Fig. 5). The concentration of plant-available
Si (mobile Si fraction) increased by about 35% with
NH4Jr treatment (Fig. 5a). In contrary, the addition of
NOj;™ only slightly decreased this fraction compared to
the control (-N). The Si adsorbed onto inorganic soil
particle surfaces containing Fe/Mn oxides/hydroxides
(adsorbed Si fraction) significantly decreased with N
addition by 43% (Fig. 5b). However, Si associated with
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pedogenic Al and Fe/Mn oxides (occluded Si fraction)
in the rhizosphere soil did not change significantly
with N treatments (Fig. 5c). The concentration of
amorphous Si, originating from plant phytoliths (phy-
togenic Si fraction), significantly decreased with NH,*
treatment by 35% (Fig. 5d). Amorphous Si originated
from soil minerals (pedogenic Si fraction) remained
unchanged across all treatments (Fig. 5e). Application
of Si as monosilicic acid also influenced Si fractions
differently, increasing both mobile and adsorbed Si
fractions across all N treatments while showing no sig-
nificant effect on occluded and amorphous Si (phyto-
genic and pedogenic) fractions (Fig. Se). However, the
patterns observed were consistent with those in the —Si
treatments (Fig. 5).

Relations between plant and rhizosphere-soil
parameters

The addition of N showed varying effects on the deple-
tion of plant available Si in the rhizosphere (Table 1).
The bulk-to-rhizosphere gradient of plant available
(CaCl,-extracted) Si significantly increased by more
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than twofold with NH," treatment, regardless of Si
supply. In contrast, rhizosphere depletion of plant-
available Si decreased significantly with NO;™ supply,
showing reductions of 3.2 times in the —Si treatment
and 2.5 times in the + Si treatment. Addition of NH,*
also led to about a twofold increase in Si uptake by
white lupin plants compared to the control (—N) in
both —Si and +Si treatments. However, Si uptake did
not significantly differ between the NO;™-fed plants
and the control plants, regardless of Si supply.

In contrast to plant available Si, the depletion of
plant available P in the rhizosphere was independ-
ent of N nutrition and was approximately 7 times
lower with Si supply (Table 2). In the —Si treatment,
NH,*-fed white lupin plants exhibited a 20% higher P
uptake compared to the control, while no significant
differences were observed between the control (-N)
and NO;™-fed plants. However, the application of Si
significantly increased P uptake in the+Si plants,
regardless of N addition, following a similar pattern
to that observed in the —Si treatments.

The multivariate correlations in the experimental
data are visualized in Fig. 6. Nitrogen nutrition per
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Fig. 3 Effect of N forms on the N:P (a) and N:Si (b) ratios in
leaves of white lupin. Plants were grown in the rhizoboxes for
four weeks in the control (-N),+NH,, and+NO; treatments,
each without (-Si) or with (4 Si) supply of monosilicic acid.
Open bars, —Si; filled bars, + Si. Data are means +SD (n=4).
Statistically significant differences among the treatment means
are denoted by different letter (Tukey’s test following two-way
ANOVA; P<0.05)

se (without Si supply) was responsible for about 65%
of the total variation in —Si trials (Fig. 6a). Clearly,
the addition of NH," increased leaf Si concentrations
and the rhizosphere-soil mobile Si fraction, enhanced
plant growth (as shoot dry biomass) and increased the
leaf concentrations of N and Mn, while it decreased
soil pH, rhizosphere-soil adsorbed and phytogenic
fractions of Si, and leaf P concentration. Both N and
Si nutrition accounted for about 69% of the vari-
ability among the measured plant and soil parameters
(Fig. 6b). The effects of N forms are summarized
along the PC axis 1, while the second PC axis sepa-
rates —Si from + Si treatments.

75 |
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Fig. 4 Effect of N forms on the pH (a) and concentrations
of NH,* (b) and NO;™ (¢) in the white lupin rhizosphere soil.
Plants were grown in the rhizoboxes for four weeks in the con-
trol (-N),+NH,, and+NOj treatments, each without (-Si) or
with (+Si) supply of monosilicic acid. Open bars, —Si; filled
bars, + Si. Data are means +SD (n=4). Statistically significant
differences among the treatment means are denoted by differ-
ent letter (Tukey’s test following two-way ANOVA; P <0.05)

Discussion

Very recently, Yu et al. (2024) reported that long-
term addition of N in low-P subtropical forest soil
affected Si pools in topsoil, especially plant available
Si extracted with CaCl,. Present study investigated
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how different forms of mineral N fertilizer (NH4"
vs. NOs") affect the mobilization of Si from various
soil pools at the rhizosphere level, under continuous
low-P conditions. We found that Si uptake by white
lupin, a model crop known for its very efficient P
acquisition under limited P conditions, was enhanced
by the addition of NH4" form of N (Table I; Fig. 2).
To differentiate between the effects of low-P and the
N-form on rhizosphere pH and thus Si availability,
we used pH-neutral (pH 6.7), low-P (total and plant
available P of 257 and 6.5 mg kg!, respectively)
soil, without P fertilization. To minimize poten-
tial negative impacts of high N supply on Si uptake

@ Springer

(e.g., downregulation of Lsil and Lsi2 transporters
at high N conditions, Wu et al. 2017) we applied a
low dose of N fertilizers, equivalent to approximately
40 kg N ha'. This amount of applied N also does not
alter the high N, fixation rate of lupine roots (Pal-
mason et al. 1992). Additionally, de Tombeur et al.
(2022) reported that N supply decreased leaf Si con-
centrations in durum wheat genotypes in proportion
to shoot biomass, which was attributed to a dilution
effect. Previous research on N and Si interactions has
primarily used NOs~ or NH4NOs fertilizers (Minden
et al. 2021; de Tombeur et al. 2022; Yu et al. 2024).
Consequently, these studies have not addressed the
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Table 1 Effect of N forms on the bulk-to-rhizosphere gradient
of plant available Si and Si uptake by white lupin plants. Plants
were grown in the rhizoboxes for four weeks in the control
(-N),+NH,, and+ NO; treatments, each without (-Si) or with

(+ Si) supply of monosilicic acid. Data are means +SD (n=4).
Statistically significant differences among the treatment means
are denoted by different letter (Tukey’s test following two-way
ANOVA; P<0.05)

Treatments Bulk-to-rhizosphere gradient of plant available Si uptake (mg plant™!)

Si (mg kg™h)

-Si +Si =Si +Si
Control (-N) 3.6+0.4b 3.0+0.1b 1.01+0.06a 2.03+0.30b
+NH, 8.1+£0.7¢c 7.2+0.4c 2.33+0.18¢c 4.09+0.46d
+NO; 1.1+0.2a 1.2+0.1a 1.32+0.15ab 1.95+0.13b

impact of NHa4*-induced rhizosphere acidification on
Si availability.

The rhizosphere pH may differ from the bulk soil
pH by up to two units, influenced by various plant
and soil factors, particularly the form of N supply,
which determines the cation:anion uptake ratio (Neu-
mann and Ludewig 2023). The experimental soil used
in this study was low in total N, with NO;™ being the
predominant form of inorganic N available to plants
(see Table S1). Despite high soil NO;/NH,* ratio
in the control treatment without N supply, the rhizo-
sphere pH was about 0.6 units lower than the initial
soil pH, likely due to N, fixation leading to enhanced
uptake of excess cations and net H* release by white
lupin roots (O’Sullivan et al. 2022). The addition of
NH,* further decreased the rhizosphere pH by 0.5
units compared to the control (-N) and by 1.1 units
relative to the initial soil pH. In contrast, the addition
of NO;™ increased the rhizosphere pH by 0.4 units,
although it remained 0.2 units lower than the initial
soil pH (Table S1; Fig. 4a). These findings are in
accordance with those of Sas et al. (2002), who dem-
onstrated that H* extrusion by P-deprived white lupin
roots was most pronounced with NH,* supply and
less pronounced with NO;™ supply.

Table 2 Effect of N forms on the bulk-to-rhizosphere gradient
of plant available P and P uptake by white lupin plants. Plants
were grown in the rhizoboxes for four weeks in the control
(-N),+NH,, and+NO; treatments, each without (-Si) or with

In our experimental plant-soil system, white lupine
was continuously exposed to P deficiency, regard-
less of N nutrition, while maintaining critical leaf
P concentrations (2-3 mg P g! DW) necessary for
high levels of citrate exudation (Li et al. 2008a, b).
This allowed the plants to effectively mobilize P from
the rhizosphere soil (Table 2; Fig. 2b). Although the
addition of N did not significantly affect the deple-
tion of P in the rhizosphere soil (Table 2), NH,* sup-
ply notably increased both shoot dry biomass and P
uptake, thereby increasing leaf N:P ratio above 20
(Table 2; Fig. 1, S1, 2b; see also Yu et al. 2024).
Interestingly, the addition of Si significantly increased
leaf P concentration only in the control plants with-
out N supply (Fig. 2b), which can be attributed to Si-
enhanced citrate exudation (Kostic et al. 2017). How-
ever, Si supply significantly enhanced P uptake across
all treatments (see Table 2), potentially due to the
upregulation of phosphate transporter genes (PHTI)
by Si (Kostic et al. 2017). Consequently, the gradient
of available P between the bulk and the rhizosphere
soil decreased, suggesting that Si supply enhanced
the overall processes of P acquisition.

Mineral Si in soils exists in three main phases:
primary silicates (e.g., quartz, feldspars), secondary

(4 Si) supply of monosilicic acid. Data are means +SD (n=4).
Statistically significant differences among the treatment means
are denoted by different letter (Tukey’s test following two-way
ANOVA; P<0.05)

Treatments Bulk-to-rhizosphere gradient of plant available P (mg kg™') P uptake (mg plant™")

=Si +Si =Si +Si
Control (-N) 14+0.2a 0.23+0.03a 1.22+0.07a 1.89+0.09d
+NH, 1.5+0.1a 0.20+0.05a 1.49+0.07b 1.62+0.09¢
+NO;, 1.5+0.2a 0.21+0.02a 1.32+0.16a 1.63+0.05¢
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Fig. 6 Principal component
analysis (PCA) of the meas- ( a)
ured response of plant and
rhizosphere soil parameters
as affected by N forms (=Si)
(a), and by N forms and

Si supply (+/-Si) (b). The
share of the total variance
represented by each axis is
parenthesized; treatment
centroids are denoted by
crosses. The angles and

Soil NO3 .

lengths of the radiating
lines indicate the direction
and strength of relationships
of the measured parameters
with ordination scores. One
statistically significant PC
axis represents 64.5% of
the total variance (a); two
statistically significant

PC 2(18.1%)

PC axes represent 68.8%
of the total variance (b).
Control (-N), triangle

PC 1 (64.7%)

(green); + NH, treat-
ment, circle (red); + NO;
treatment, square (blue).
Open symbols, —Si; filled
symbols, + Si

O

PC 2 (23.4%)

silicates (e.g., clay minerals), and amorphous silica
(Sommer et al. 2006). A large portion of the amor-
phous silica in many soils is composed of bio-opal,
primarily in the form of phytoliths (Georgiadis et al.
2017). There is an equilibrium between Si in the soil
solution (mainly as monosilicic acid), Si adsorbed
onto soil particles (mostly Fe/Mn oxides and hydrox-
ides), and Si in the soil solid phase, which includes
both crystalline forms (e.g., quartz, feldspars, mica,
and secondary clay minerals) and amorphous forms

@ Springer

PC 1 (45.4%)

(including soil phytoliths). These various Si pools
can transform into one another depending on soil
conditions such as weathering, pH, and temperature.
At low pH, soil clay minerals can dissolve, releas-
ing Si into the soil solution; this released Si may then
be adsorbed onto mineral surfaces or precipitated as
amorphous Si (Sauer et al. 2006).

Carboxylates exuded by roots under low-P con-
ditions can further influence these processes (de
Tombeur et al. 2021). The release of citric acid
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(with three carboxyl groups) or malic acid (with
two carboxyl groups) can liberate Si adsorbed on
pedogenic Fe/Mn oxides and hydroxides, mak-
ing it available to plants as monosilicic acid (de
Tomberur et al. 2021; Yu et al. 2024). Additionally,
N supply can stimulate the exudation of organic
acids in response to increasing P limitation, which
can further enhance the availability of soil Si (Yu
et al. 2024).

In this study, we observed a significant increase
in leaf Si concentrations in N-fed white lupin plants
without Si supply (Fig. 2c), with the effect being
more pronounced in plants fed with NH,*. This
increase was attributed to the greater depletion of
plant available Si in the rhizosphere and subsequent
Si uptake by NH,*-fed plants (see Table 1). There-
fore, the observed high level of Si depletion in the
rhizosphere of white lupin fertilized with NH,* can
be explained by the combined effect of rhizosphere
acidification (Fig. 4a) and N-promoted exudation of
citrate (Yu et al. 2024). Consequently, the leaf Si:P
ratio increased with N supply, regardless of Si sup-
ply, with the highest values observed in the NH,*
treatments (—/+Si) due to rhizosphere acidification
(Figs. 3b, 4a).

The effects of Si dynamics in soil, especially in
response to N mineral fertilizers, have not been exten-
sively investigated (e.g., Keeping et al. 2015; Yu
et al. 2024), and there is lack of data on Si dynam-
ics specifically at the rhizosphere level. Our study
reveals that the addition of NH,* form of mineral N
fertilizer significantly affected specific Si fractions
in the rhizosphere soil, resulting in an approximately
35% increase in mobile (plant available) Si and reduc-
tions of 43% and 35% in adsorbed Si and amorphous
phytogenic Si, respectively (Fig. 5). Even in soil
that was fertilized with Si, there was a decrease in
adsorbed Si (17%) and phytogenic Si (33%), along
with a slight increase in mobile Si (8%). This trend
was further supported by the enhanced depletion
of mobile Si from bulk to rhizosphere soil, which
led to an increased Si uptake by white lupine plants
(Table 1). The increased mobilization of Si through
NH,* supply was followed by a dramatic rise in leaf
Mn concentration (Fig. 2d). Meunier et al. (2018)
found a positive correlation between soil Si extracted
with acetic acid and Mn, which suggests assession of

Si adsorbed on the surfaces of Fe/Mn and Al oxides/
(oxi)hydroxides (Hiemstra et al. 2007). Additionally,
increased leaf Mn levels have been used as a proxy for
rhizosphere carboxylate concentrations (Zhou et al.
2022). This implies that leaf Mn concentration may
also be a useful indicator of rhizosphere acidification
processes and the mobilization of Si. Our findings are
consistent with those of Keeping et al. (2015), who
reported increased Si uptake in sugarcane due to
NH,* fertilization. Although NO;~ fertilization also
caused a significant decrease in adsorbed Si (28% of
the control), it did not result in increased depletion
of Si in the rhizosphere or its uptake by white lupin
plants (Fig. 5b; Table 1).

Despite the enhanced Si depletion, NH,* ferti-
lization increased plant available Si, likely due to
enhanced dissolution of both adsorbed and phyto-
genic Si fractions (Table 1; Fig. 5b, d). The concen-
tration of Si in soil solution is significantly influenced
by the dissolution of Si from the solid phase, particu-
larly from amorphous phytogenic silica, which is sev-
eral times more soluble than quartz or other crystal-
line forms of Si (Fraysse et al. 2009, 2010; Tubana
et al. 2016). However, the dissolution of phytoliths in
soil is highly variable and these processes are not well
understood (Haynes 2014). Klotzbiicher et al. (2018)
reported that Si availability, extracted with acetate,
increased linearly with soil pH, attributing this to the
increased solubility of phytoliths with rising soil pH.
Our study did not confirm this observation; instead,
we found that increasing the rhizosphere pH from
NH,* to NO;~ led to decreased plant-available Si
and dissolution of phytogenic Si, resulting in lower
Si uptake (Fig. 4a, 5a, d; Table 1). In fact, the rela-
tionship between pH and the Si adsorption/desorption
processes varies within the dynamic environment of
the rhizosphere. Haynes and Zhou (2020) suggested
that Si adsorption increases with soil pH, resulting
in stronger retention of Si, while Si desorption from
soil particles is inversely related to soil pH. In sup-
port of this, Meunier et al. (2018) demonstrated a
positive correlation between soil pH and plant avail-
able Si, indicating that soil pH can serve as a proxy
for plant-available Si up to a pH of 7.5. Therefore,
reducing rhizosphere pH through NH,* treatment
could enhance the desorption of Si and decrease its
adsorption.
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The overall effect of adding NH,* to non-Si-fer-
tilized soil is clear (Fig. 6a): there is a decrease in
rhizosphere-soil pH and in the adsorbed and phyto-
genic fractions of soil Si, and an increase in the rhizo-
sphere-soil mobile Si fraction, indicating enhanced
Si dissolution (supported by the increased leaf accu-
mulation of Mn), which together led to higher leaf
Si accumulation. A similar pattern of NH," effects
is observed when Si is added (Fig. 6b), indicating
improved Si use efficiency. Therefore, modification of
the soil-rhizosphere pH by N nutrition is an important
component of the rhizosphere processes involved in
soil mobilization of Si.

In conclusion, our study reveals that additional
rhizosphere acidification induced by NH,* nutri-
tion can significantly enhance soil Si mobilization
in a legume-low-P soil system. We clearly show that
NH,* fertilization considerably lowers rhizosphere
pH, thereby increasing the dissolution of Si adsorbed
on Fe/Mn oxides and Si from amorphous phytogenic
pools. Moreover, NH4Jr enhances the efficacy of Si
fertilizers, likely by reducing the adsorption of mono-
silicic acid. These findings could have practical impli-
cations for improving both rhizosphere Si mobiliza-
tion and the effectiveness of Si fertilizers through the
low-dose application of NH,* fertilizers, particularly
in cereal-legume intercropping systems.
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