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* Background and Aims Turgor-driven plant cell growth depends on cell wall structure and mechanics.
Strengthening of cell walls on the basis of an association and interaction with silicon (Si) could lead to improved
nutrient uptake and optimized growth and metabolism in rice (Oryza sativa). However, the structural basis and
physiological mechanisms of nutrient uptake and metabolism optimization under Si assistance remain obscure.

* Methods Single-cell level biophysical measurements, including in situ non-invasive micro-testing (NMT) of
NH,* ion fluxes, atomic force microscopy (AFM) of cell walls, and electrolyte leakage and membrane potential, as
well as whole-cell proteomics using isobaric tags for relative and absolute quantification iTRAQ), were performed.
* Key Results The altered cell wall structure increases the uptake rate of the main nutrient NH,* in Si-accumulating
cells, whereas the rate is only half in Si-deprived counterparts.

* Conclusions Rigid cell walls enhanced by a wall-bound form of Si as the structural basis stabilize cell
membranes. This, in turn, optimizes nutrient uptake of the cells in the same growth phase without any requirement
for up-regulation of transmembrane ammonium transporters. Optimization of cellular nutrient acquisition
strategies can substantially improve performance in terms of growth, metabolism and stress resistance.

Key words: Nutrient uptake of NH,*, silicon (Si), cell wall-bound Si; iTRAQ, membrane stability, metabolism,

AFM, XPS, Oryza sativa

INTRODUCTION

Silicon (Si) is a beneficial nutrient of rice plants, and its de-
ficiency not only reduces stress resistance but also leads to
growth inhibition (Epstein, 1994). Rice has evolved unique
strategies to deposit large amounts of intra- or extracellular
silica (Savant et al., 1997) by taking up silicic acid using Si
transporters (Ma et al., 2006). In addition to silica, recent evi-
dence suggests that the cell wall in rice cells contains Si in a
bound form for cross-linking of hemicellulose polysaccharides
(He et al., 2013, 2015).

Adequate Si fertilization greatly increases rice yield and
improves grain quality, probably by enhancing biotic and abi-
otic stress resistance (Meharg and Meharg, 2015). Isa et al.
(2010) showed that supply of Si to the Isi/ (low-silicon) mu-
tant resulted in increased growth and accumulation of Si with
the formation of only a few silica bodies, suggesting that com-
plexation of Si with wall polysaccharides (He et al., 2015)
may play an important role in enhancing growth independ-
ently of silica deposition. Using the same low-Si rice mutant
Isil, Detmann et al. (2012) showed that Si increased grain
yield by an increase in nitrogen (N) use efficiency, and altered
primary metabolism by stimulating amino acid remobiliza-
tion. Moreover, Si may influence enzymes associated with
amino acid synthesis and carbon (C) metabolism (Lavinsky
et al., 2016; Sanglard et al., 2016). Nwugo and Huerta (2011)

investigated proteomic changes of rice leaves and showed that
Si plays a more active role in physiological processes than
previously proposed.

Irrespective of whether the form is present in inorganic silica
or organosilicon or both, no attempt has been made to eluci-
date the mechanisms underlying such responses, especially N
use efficiency, at the single-cell level. The aim of this study is
to explore the role of wall-bound Si in enhancing N uptake in
individual rice cells. In this context, we hypothesize that such
a role is achieved by stabilizing cell membranes to improve N
uptake rate without up-regulation of relevant transmembrane
transporter proteins. To test this hypothesis, we used a com-
bination of non-invasive micro-test technology (NMT) to de-
termine NH,* and NO3‘ ion fluxes, isobaric tags for relative
and absolute quantification (iTRAQ) to analyse whole-cell
proteomics, atomic force microscopy (AFM) to probe cell wall
mechanical responses to deformation, and electrolyte leak-
age and fluorescent staining to assess the membrane stability/
membrane potential of rice suspension cells in the same growth
phase. We demonstrate that wall-bound Si alters the rigidity of
the cell wall and hence the stability of membranes, promoting
individual cells to take up the main nutrient NH,* and optimiz-
ing growth/metabolism in the same growth phases without any
requirement for up-regulation of transmembrane ammonium
transporters.

© The Author(s) 2018. Published by Oxford University Press on behalf of the Annals of Botany Company.
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MATERIALS AND METHODS

Cell culture and cell wall isolation for AFM and XPS

Rice cells (Oryza sativa L. “Zhonghua 11’) were suspension-
cultured in the absence (—Si) and presence (+Si) of sodium sili-
cate (Na,SiO,) at 1.0 mm for 3 months as previously described
(Liu et al., 2013). The cells were subcultured at 5-d intervals
by using newly prepared nutrient solution to replace old liquid
medium. Isolations of the cell walls and lyophilized cell walls
for AFM and X-ray photoelectron spectroscopy (XPS) analyses
were based on previously reported methods (He et al., 2013,
2015). For analyses of Young’s modulus, Origin and SPSS soft-
ware was used.

Measurements of NH *, NO,~ and K* ion fluxes

Net NH,* fluxes were measured using NMT [NMT100
Series, YoungerUSA, Amherst, MA; Xuyue (Beijing) Sci.
& Tech. Co., Ltd, Beijing, China]. Prior to flux measure-
ments, the ion-selective microelectrodes were manufactured,
pre-pulled and silanized, and micropipettes (®1.5 = 0.5 pm,
XY-CGQ-02, YoungerUSA) were first filled with a backfill-
ing solution (NH,*, 100 mm NH,CI; NO3‘, 10 mMm KNO3;
K*, 100 mm KCI, pH 7.0) to a length of approx. 1.0 cm from
the tip, and then were front-filled with columns of selective
liquid ion-exchange cocktails (NH,*, XY-SJ-NH,; NO,,
XY-SJ-NO,; K*, XY-SJ-K). An Ag/AgCl wire microsen-
sor holder (YGO003-Y11, YoungerUSA) was inserted in the
back of the electrode, which makes electrical contact with
the electrolyte solution. YG003-Y 11 was used as the refer-
ence microsensor, and the microelectrodes were then cali-
brated at the start and end time of each test with cultural
media of different concentrations (NH *, NO,~ and K*: 0.05
and 0.5 mm). Only electrodes with Nernstian slopes >50 mm
per decade for NH,* and K* and <-50 mm per decade for
NO,™ were used.

Rice suspension cells (200 pL) were put in the middle
of glass coverslips pretreated with a poly-L-lysine (Sigma-
Aldrich, St Louis, MO, USA) solution in the measuring
chamber, and were equilibrated for 15 min and washed
twice with corresponding measuring solution. Three millili-
tres of measuring solution was slowly added to the chamber.
Ion fluxes were monitored in the following solutions: (1)
NH,*: 0.1 mm NH,Cl, 0.1 mm CaCl,, 0.1 % sucrose, pH
6.0 adjusted with HCI; (2) NO,™: 0.1 mm KNO,, 1 mm KCl,
0.1 mm CaClz, 0.1 % sucrose, pH 6.0 adjusted with HCI;
(3) K*: 0.1 mm KCI, 0.1 mm CaCl,, 0.1 mm MgCl,, 0.5 mm
NaCl, 0.3 mm MES, 0.2 mm Na,SO,, 0.1 % sucrose, pH 6.0
adjusted with HCI.

NMT was used to measure the concentration gradient of the
target ion by moving the microelectrode repeatedly from one
point to another perpendicular to cell surfaces with 10 pm of the
preset excursion between two points at a frequency of approx.
0.3 Hz. A continuous flux recording of more than 600 s was
conducted for each rice cell in measuring solutions. The calcu-
lation of ionic fluxes (pmol cm=2 s7!) was obtained by imFluxes
V2.0 (YoungerUSA) software and JCal V3.3 (Xuyue, Beijing,
China). SPSS software was used for data statistical analyses.
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Proteomics using iTRAQ

Total proteins were extracted according to Ma et al.
(2016a, b). A mixture of extracted proteins of +Si and —Si
cell samples (2 treatments x 2 biological replicate samples,
100 pg for each) was used as the reference (REF). Protein
digestion was performed by a filter aided sample preparation
(FASP) method (Wisniewski et al., 2009), and the result-
ing peptide mixtures were labelled with iTRAQ isobaric
tagging reagents according to the manufacturer’s instruc-
tions (Applied Biosystems, Carlsbad, CA, USA) (Ma et al.,
2016). After labelling and being multiplexed, samples were
dried in a vacuum centrifuge and then stored at —20 °C.

Experiments were carried out with an Easy nLC system
(Thermo Fisher Scientific, Waltham, MA, USA) that was
coupled to Q Exactive mass spectrometer (MS) (Thermo
Finnigan, San Jose, CA, USA). The Q Exactive MS output
RAW files were analysed via the MASCOT engine (Matrix
Science, London, UK; version 2.2) for protein identification,
and Proteome Discoverer (Thermo, version 1.3) was used for
quantification. Data were searched against a non-redundant
International Protein Index Oryza sativa sequence database
from uniprotOryzasativa.fasta. The MASCOT search results
were further processed using the programs BuildSummary,
Isobaric Labeling Multiple File Distiller and Identified Protein
iTRAQ Statistic Builder within the Proteomics Tools (version
3.05; details from the Research Center for Proteome Analysis,
www.proteomics.ac.cn). The program Build-Summary was
used for assembling protein identifications based on a target-
decoy search in shotgun proteomics. All reported data were at
the 99 % confidence level for protein identification as deter-
mined by a false discovery rate (FDR) of 1 % (Sandberg et al.,
2012; Ma et al., 2016a, b).

The programs Isobaric Labeling Multiple File Distiller and
Identified Protein iTRAQ Statistic Builder were used to calcu-
late protein ratios, in which sample REF was used as reference
based on the weighted average of the intensity of report ions
in each identified peptide. The final protein ratios were then
normalized by the median average protein ratio for unequal
mixes of the different labelled samples. Using the Proteome
Discoverer software (Thermo Scientific), protein quantification
was based on the signature peak areas and corrected according
to the Xcalibur Proteome Discoverer (Version 1.3 User Guide).
The iTRAQ ratios were selected for further statistical analysis
if they match the criteria of (1) being detected in both biological
replicates, and (2) having mean expression changes of >1.20
or <0.83 to the relative sample (Ma et al., 2016a, b). Mean ex-
pression changes of >1.20, <0.83 and 0.83-1.20 represent up-,
down- and un-regulation, respectively, of proteins between +Si
and —Si cells in this study.

Cell membrane stability and membrane potential measurements

Electrolyte leakage was used to assess cell membrane sta-
bility (Whitlow et al., 1992). Cells were washed with ultrahigh-
purity water three times. After drying on filter paper, approx.
0.1 g of cells (f. wt) were collected in each treatment (+Si/—
Si) and put into 30 mL water or 1-10 % polyethylene glycol
(PEG) solution to record the conductivity at 25 °C in real time.
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Also, the membrane stability was evaluated by changes of cell
membrane potential. Instable membranes, especially in the
presence of PEG-induced osmotic stress, can result in a de-
polarization of the cell membrane potential (Ober and Sharp,
2003), and DiBAC, (3) fluorescent dye can enter the depolar-
ized cell and bind to intracellular membranes to emit enhanced
fluorescence (Konrad and Hedrich, 2008; Sun et al., 2010).
The DiBAC, (3)-dependent fluorescence of rice suspension
cells was measured with a Leica SP8 confocal microscope
(Leica Microsystems GmbH, Wetzlar, Germany) and fluores-
cence intensity (average grey value) was measured with image
processing software (Adobe Systems; Leica Application Suite
Advanced Fluorescence; Leica Microsystems). SPSS software
was used for statistical analyses.

RESULTS

Uptake of ammonium (NH *) and nitrate (NO;™) in rice cells in the
absence and presence of Si

Cells of similar sizes were chosen to avoid different growth
phases (Supplementary Data, Fig. S1). Net ammonium (NH,*)
fluxes of rice suspension cells were measured using NMT
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(Fig. 1A). Cells cultivated in solutions with 1 mm silicic
acid (+Si) for 3 months exhibited a steady net NH,* influx
of 133 + 17 pmol cm™2 s7! (n = 8) during the testing period
(Fig. 1B). By contrast, a mean NH,* influx of 69 + 10 pmol
cm™2 s~ (n = 8) was observed in rice cells cultivated in solutions
without Si (-Si), almost half the value in +Si cells (Fig. 1C).
In addition, regardless of the absence or presence of Si, nitrate
(NO;") ions were all in efflux (Fig. 1D, E), suggesting that NH,*
is the main N source in rice (Fan ef al., 2016).

Effects of Si on the protein expression of rice suspension cells

As predicted, the total protein concentration [46 + 2 mg g~! f. wt
(n = 3)] of the +Si cells was greater than that [38 + 0.5 mg g
(n = 3)] of —Si cells (Fig. S2) due to a significant difference in
NH," influxes (Fig. 1). To understand the origin of the NH,* up-
take and protein synthesis optimization in the presence of Si in rice
suspension cells, we used iTRAQ to detect and identify 20 pro-
teins related to the cell wall (P1-P3), plasma membrane (P4-P6),
energy metabolism (P7-P13), stress/stimulus response (P14-P18)
and cell cycle (P19 and P20) (Table 1 and Fig. 2). Among these
function-known proteins, 13 down-regulated (P1-P4, P6, P9, P11,
P12 and P14--P18), four up-regulated (P7, P8, P10 and P13) and
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FiG. 1. NH,* fluxes. (A) Rice (Oryza sativa) suspension cells cultured in the absence (-Si) and presence (+Si) of 1.0 mum silicic acid for 3 months after transplant-
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ively. (B, D) Net and (C, E) mean fluxes of NH,* and NO,™ ions (mean + SD, n = 8), respectively. Different lower-case letters in C and E indicate a significant
difference at P < 0.05.
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TABLE 1. Twenty predicted proteins in rice (Oryza sativa L.) suspension cells by iTRAQ

Protein Gene Accession Name Enzyme activity Fold change
number (+Si/-Si)

Cell wall-related proteins

P1 OsJ_34867 BI9G8W3 Glycosidase Hydrolysing O-glycosyl compounds +P

P2 BGLU31 B7F7K7 Beta-glucosidase 31 B-1,4-p-glucanase +P

P3 OsI_22003 A2YA91 Sucrose synthase Provides UDP-glucose and fructose +P

Cell membrane-related proteins

P4 050120708600 Q5N9C8 TRAPP complexes Golgi vesicle transport +P

P5 AMTI1-1 Q7XQ12 Ammonium transporter 1 member I ~ Ammonium transporter activity -

P6 050420452000 Q7XQU7 Probable protein phosphatase 2C 41 [a protein]-serine/threonine phosphate + H,O +P

Energy metabolic process-related proteins

= [a protein]-serine/threonine + phosphate.

P7 AMY1.4 P27934 Alpha-amylase isozyme 3E Endohydrolysis of (1->4)-alpha-p-glucosidic +V
linkages

P8 AMY1.3 P27933 Alpha-amylase isozyme 3D +Y

P9 0s08g0120600 Q6YPF1 Fructose-bisphosphate aldolase D-Fructose 1,6-bisphosphate = glycerone +P
phosphate + D-glyceraldehyde 3-phosphate

P10 0sJ_29149 B9G3A0 Enolase 2-Phospho-D-glycerate +V
= phosphoenolpyruvate + H,O

P11 PPDK 082032 Pyruvate, phosphate dikinase ATP + pyruvate + phosphate = AMP + +P
phosphoenolpyruvate + diphosphate

P12 ADH2 Q4RI1ES8 Alcohol dehydrogenase 2 An alcohol + NAD* = an aldehyde +P
or ketone + NADH

P13 GDH2 A2XW22 Glutamate dehydrogenase 2, 2-oxoglutarate + NH, + NAD(P)H +V

mitochondrial = L-glutamate + H,O + NAD(P)*

Response to stimulus

P14 GRXC8 QODAE4 Glutaredoxin-C8 electron carrier activity, protein disulfide +P
oxidoreductase activity

P15 GSTUI QI10CE7 Probable glutathione S-transferase RX + glutathione = HX + R-S-glutathione +P

GSTU1

P16 LOC_Os10g38489 QIFUE3 Glutathione S-transferase GSTU6 transferase activity +P

P17 PDIL1-4 Q671X6 Protein disulfide isomerase-like 1-4 Catalyses the rearrangement +P
of —S—S— bonds in proteins

P18 0s07g0638300 POC5C9 1-Cys peroxiredoxin A 2 R’-SH + ROOH = R’-S-S-R” + H,0 + ROH +P

Cell cycle

P19 LOC_0s10g30580 Q7XEl6 Cell division cycle protein 48 Cell division;cell cycle -

P20 LOC_0s03g05730 QI10RPO -

The ‘+ indicates there is significant difference, and the ‘~* indicates there is no statistically significant difference between the +Si and —Si cell. YUp-regulated

for +Si cells, P"down-regulated for +Si cells.

three unregulated (i.e. not affected by Si treatment) (P5, P19 and
P20) proteins were identified for +Si cells, whereas 13 up-regu-
lated, four down-regulated and three unregulated proteins were
identified for the —Si cells (Table 1 and Fig. 2). Others included
17 unregulated but function-known membrane-related proteins
(Table S1), and 57 Si-regulated proteins including 20 function-
unknown and 37 unanalysable, function-decentralized proteins
(Table S2).

Morphological and mechanical properties of cell walls in the
absence and presence of Si

Cell walls isolated from rice suspension cells cultivated in the
absence and presence of 1 mm silicic acid for 3 months were
analysed using both AFM and XPS (Fig. 3). AFM peak force
error images show that the cellulose microfibrils of +Si cell walls
are much denser than those of —Si cell walls, which contain
many broken and shorter fibrils that are randomly deposited on
cell surfaces (Fig. 3A). Regarding Si supply, a clear skeleton of
cellulose microfibrils with an increased diameter was seen under
AFM based on height measurements (Fig. 3C). Accordingly, the

average Young’s moduli of cell walls in the presence and absence
of Si were 26.2 + 3.8 GPa (n = 10) and 22.5 + 3.4 GPa (n = 10)
(Fig. 3B), respectively, measured by AFM force curves. In add-
ition, the Si 2p core-level XPS spectra of +Si cell walls exhibit a
clear peak at 101.3 £ 0.3 eV (n = 10), compared to —Si cell walls
(Fig. 3D), suggesting the presence of a possible organosilicon
component within the cell wall rather than deposition of inor-
ganic silica at cell surfaces (He et al., 2013).

Effects of Si on cell membrane stability

Cell membrane stability was first assessed by measuring the
time that is needed for electrolyte leakage to reach equilibrium,
by monitoring real-time conductivity (Fig. 4A, B). Time differ-
ences (Ar) between +Si and —Si cells were 400 = 90 min (n = 3)
and 110 = 30 min (n = 3), under the solution conditions of pure
water (Fig. 4A) and 1 % PEG solutions (Fig. 4B), respectively.
Second, the change in cell membrane potential can be used to
evaluate the membrane stability based on DiBAC, (3)-depend-
ent fluorescence (Fig. 4C). Figure 4D shows that the fluores-
cence intensity of —Si cells was significantly greater than that of
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+Si cells in the absence and presence of osmotic stress (hypo-
tonicity, pure water; hypertonicity, 1 % PEG). After shifting to
extreme stress of 10 % PEG, the significant difference between
+Si and -Si cells vanished (Fig. 4D), either due to complete
depolarization of the cells, or because most cells (>70 %) were
close to death regardless of the absence and presence of Si
(Figs S3 and S4). These results based on two different methods
indicate that cell membrane stability can be improved signifi-
cantly by Si-accumulating cell walls, compared to Si-deprived
ones. Consistent with the above results, a mean K* efflux of
39.3 + 8.2 pmol cm™2 s7! (n = 8) was observed in -Si cells,
whereas a very low efflux of 4.8 + 3.7 pmol cm= s7! (n = 8) was
exhibited in +Si cells (Fig. 5).

DISCUSSION

Mechanisms of ammonium uptake optimization

The possible mechanisms to promote uptake of NH,* ions by
Si bound to the cell wall include accelerated cell division in
the cell cycle (i.e. in different growth phases for +Si and —Si
cells), enhanced expression/synthesis of ammonium transport-
ers in cell membrane, or wall-stabilized cell membranes with
improved ammonium transport efficiency.

Cell division/cell cycle proteins. We selected cells with almost
the same sizes for NMT measurements (Fig. S1) to rule out the

effects of cell division/cell cycle, and it has been demonstrated
that about 60 % of rice cells through suspension culture were in
G1 phase (Lendvai et al., 2002; Lee et al., 2004). Although we
did not isolate and sort all cells in the same phase of the cell-
cycle dynamics for iTRAQ measurements, two unregulated pro-
teins (P19 and P20) (Table 1) were identified, and they are cell
division/cell cycle molecules that are highly conserved from
yeast to plants to animals and essential for the survival of any
eukaryotic cell (Morreale et al., 2009). In particular, cell div-
ision cycle protein 48 (P20, Cdc48p) exhibits important roles in
cell cycle processes, such as membrane fusion (Latterich et al.,
1995), endoplasmic reticulum-associated degradation (ERAD)
(Rabinovich et al., 2002) and spindle disassembly at the end of
mitosis (Cao et al., 2003). Other proteins, such as plant cyclins
(Lee et al., 2003; Nelissen et al., 2016), are functionally im-
portant in the G2/early M phase for CycAl;1 and late M phase
for CycB2;1 and CycB2;2 (Umeda et al., 1999), but we did
not detect them, probably due to their very low concentrations.
Moreover, HAL3 (Sun et al., 2009) proteins are also involved
in the control of cell cycle progression, particularly in the G1/S
transition. However, they are light-regulated proteins and sus-
pension-cultured cells are in darkness, so it is reasonable that
OsHAL3 was not detectable and identified by iTRAQ.

Finally, cell-plate formation is an important phase of plant
cell mitosis in M phase. Si could accelerate the regeneration
of the rice cell wall by crosslinking of wall components (He
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et al., 2015), suggesting that this organosilicon component
may accelerate cell-cycle progression in rice. In our previous
study, after a long-term culture (over 100-150 d), compared
to a time period of 90 d in the present study, +Si and —Si cells
may have been in different phases of the cell cycle (He et al.,
2013). Brzezinski et al. (1990) also showed that Si deprivation
halted the progression of cells through the cell cycle in marine
diatoms. A very recent study has shown that Si promotes cyto-
kinin biosynthesis and delays senescence in Arabidopsis and
Sorghum (Markovich et al., 2017), suggesting that Si may ac-
celerate the cell cycle. However, there was no difference in the
cell cycle proteins between the treatments in the present study.
Therefore, the results do not support this hypothesis that orga-
nosilicon promotes rice cell cycle progression exactly.

Ammonium transporters. We identified the ammonium trans-
porter protein AMT1;1 (P5), which was unregulated by Si (0.83 <
fold change = 1.14 < 1.20) (Table 1 and Fig. 2). Membrane pro-
teins of the AMT1 and AMT?2 subfamilies represent the major
pathways for ammonium transport in plants (Loqué and von
Wirén, 2004; Yuan et al., 2007). Ammonium uptake from solu-
tion in rice is mainly regulated by three ammonium transporters,

and their corresponding genes, OsAMT1I;1, 1;2 and 1;3 (Oryza
sativa ammonium transporter), have been isolated and examined
(Sonodaetal.,2003): OsAMT1I; 1 is more constitutively expressed
in a concentration-dependent manner and thus may serve as a
key ammonium transport in both roots and shoots, whereas
OsAMTI;2 and 1,3 are low-affinity transporters (Sonoda et al.,
2003) with quite low expression levels (Fig. S5). Ammonium in-
flux studies on a T-DNA insertion line in AMT1; 1 of Arabidopsis
thaliana revealed that in N-deficient roots, AtAMTI;1 confers
approx. 30 % of the total ammonium uptake capacity (Loqué
et al., 2006). Therefore, AMT]1;1 proteins serve as a major trans-
porter for high-affinity ammonium uptake in rice, and this wall-
bound form of Si in rice suspended cells does not promote the
expression of AMT1;1 to enhance the uptake of NH,* ions.

Enhanced cell membrane stability after Si crosslinking. Well-
organized wall polysaccharide networks maintain resistance to
the extreme tension (several hundred MPa) on the relatively
thin cell wall generated by the turgor pressure within the solute-
filled cell (Hofte, 2001; Geitmann and Ortega, 2009). The lack
of Si results in wall defects (Fig. 3A) with thinner cellulose
microfibrils (Fig. 3C), and decreases the mechanical strength
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(Fig. 3B) against turgor pressure. However, we could not deter-
mine whether Si affects the basic unit of cellulose or probably
affects the connection between microfibrils through interfering
with the hemicellulose. The wall defects may induce membrane
deformation, and thus lead to depolarization. Membrane pro-
teins in the deformed cell membrane, such as transmembrane
ammonium transporters, may fuse together to form oligomers
and aggregates aided by the instability and tension inherent
with the high curvature of membranes (McMahon and Gallop,
2005). In such cases, transport efficiency would decrease.

Moreover, the membrane potential plays a key role in the trans-
port efficiency of voltage-gated channels (such as K* channels).
Voltage-gated channels are sensitive to changes in membrane
potential (membrane depolarization or hyperpolarization) and
the change in membrane potential does not influence the degree
of channel protein opening, but does control the opening fre-
quency (Alberts et al., 2010).

Following the Si crosslinking of the wall components, the
mechanical properties of the cell walls are improved (Fig. 3B).
This, in turn, will confer stability of cell membranes on
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individual cells (Fig. 4) and maintain intracellular ion homeo-
stasis. A significantly lower K* efflux did exist in +Si cells as
compared with —Si cells (Fig. 5). Due to the high conductivity
for K*, the membrane potential of resting cells is close to the
equilibrium potential of this cation (Konrad and Hedrich, 2008).
A negative membrane potential of about —120 mV will suppress
K* efflux in stabilized cell membranes. The results shown in
Figs 4 and 5 indicate that cell membranes of +Si cells are more
stable than those of —Si cells, and this is direct evidence of an
Si-induced enhanced resistance to turgor-related imbalances. In
this respect, Luyckx et al. (2017) have demonstrated an effect
of silica on bast fibre growth and a mechanical role in the re-
sistance to turgor pressure during elongation. This suggests that
both organosilicon and silica may have a similar role but with
different strengths in providing enhanced mechanical resist-
ance to turgor-driven expansion (Ma et al., 2016a, D).

Collectively, the rigid cell walls enhanced by a wall-bound
form of Si as the structural basis stabilize cell membranes.
This, in turn, optimizes NH,* uptake of the cells via improved
transport efficiency in the same growth phase without a require-
ment for up-regulation of the main transmembrane ammonium
transporter.

Over-expression of cell wall-related proteins (P1—P3) to strengthen
the cell wall of —Si cells

Walls of growing cells are extremely sophisticated dynamic
assembled networks consisting of cellulose, hemicellulose
and pectin polysaccharides, as well as protein compounds
(Frankova and Fry, 2013). The assembly and extension of the
wall is in part mediated by wall-associated enzymes, which
cleave, rearrange or cross-link polysaccharides (Hofte, 2001;
O’Neill et al., 2001).

Splitting and reconnecting chains of (oligo)polysaccharides
by enzymes catalysing cross-linking of wall components. We
identified three down-regulated wall proteins (P1, P2 and P3)
(Table 1). Glycosidase (P1) belongs to the glycosyl hydrolase
17 family and hydrolyses 1, 3-f-glucan polysaccharides found
in the cell wall matrix of plants (Thomas et al., 2000). These
isozymes include the endo-1, 3-f-glucanases (Subfamily A)
and the endo-1, 3; 1, 4-B-glucanases (Subfamily B) (Thomas
et al., 2000). 1, 3-B-Glucan (callose) is formed in vitro when
isolated plasma membranes are supplied with UDP-glucose
(Amor et al., 1995) and is synthesized in vivo when rapid new
cell-wall formation takes place (Verma and Gu, 1996). Callose
and other similar carbohydrates have been suggested to serve as
possible molecules in silica deposition in horsetail (Equisetum
arvense) (Law and Exley, 2011). However, this organosilicon
species in rice suspended cells is different from silica templated
by callose as proposed by Law and Exley (2011), and thus no
direct relationship can be made.

According to iTRAQ results in Table 1, a transport protein
particle (TRAPP, P4) complex for Golgi vesicle transport
(Rybak et al., 2014) was present and down-regulated in +Si
cells. It has been suggested that cell-plate vesicles may con-
tain a membrane-bound sucrose synthase (P3) providing UDP-
glucose for the synthesis of 1, 4-B-glucan chains of cellulose
(Amor et al., 1995) and subsequent strengthening of the newly
formed cell wall (Thomas et al., 2000). Sucrose synthase (P3),

Sheng et al. — Organosilicon optimizes ammonium uptake in rice cells

a glycosyltransferase (GT), catalyses the reversible reaction
(sucrose + UDP = UDPglucose + fructose) (Schmélzer et al.,
2016), and pH values of 5.5-7.5 promote the formation of
UDP-glucose through high free energy of hydrolysis of the su-
crose linkage at sometimes substantial rates in disrupted cells
(Amor et al., 1995). In contrast, synthesis of UDP-glucose via
UDP-glucose pyrophosphorylase requires two ATP equiva-
lents (Amor et al., 1995), and energy conservation could be
especially important for these Si-deprived cells. Moreover,
B-glucosidases (P2) are glycosyl hydrolases that hydrolyse the
[-O-glycosidic bond and are found to have high exoglucanase
activity, consistent with a role in cell wall growth and remodel-
ling (Opassiri et al., 2006).

Insoluble cellulose (1, 4-f-glucan) microfibrils are embed-
ded in soluble polysaccharides, such as xyloglucan and mixed-
linkage (1—3, 1—4)-B-p-glucan (MLG). Xyloglucan binds
non-covalently to cellulose to form a structural network that
can determine the physicochemical and mechanical properties
of the cell wall (Carpita and Gibeaut, 1993; Cosgrove, 2005).
Rice plants produce 1,3;1,4-B-glucan polysaccharides in the
cell wall that should have diverse roles in growth (Thomas
et al., 2000): breakdown of these polymers may provide sub-
stantial nutrition for wall growth and/or facilitate the access
of other hydrolases to their substrates (Fincher, 1989). An ex-
ample is the xyloglucan endotransglucosylase/hydrolase (XTH)
for seamlessly splitting and reconnecting chains of xyloglucan
by catalysing covalent cross-linking between cellulose and
xyloglucan-oligosaccharide, and between xyloglucan and xylo-
glucan-oligosaccharide (Shinohara et al., 2017). Our previous
observations have shown that Si may control the porosity of
the cell wall, as shown by the increased pore number and size
of cell walls of Si-starved, protoplast-derived cell cultures (He
et al., 2015).

Si crosslinking of wall components. Our previous results have
shown that most of the Si is in hemicellulose in rice cells, where
Si may covalently crosslink the hemicellulose polysaccharides
to form Si—-O-C or Si—C bonds (He et al., 2015) rather than
Si0, (He et al., 2013). This was also confirmed in the present
study by XPS (Fig. 3D). The Si 2p peak at 100.1-101.3 eV has
been considered to be due to an Si—~O—C or O-Si—C chemical
environment from simple chemical systems such as Si-organic
monolayers (Boukherroub et al., 2000), and silica (fully oxi-
dized silicon Si**) is at approx. 103.2 eV (He et al., 2013). The
hemicellulose-bound form of Si could improve the mechanical
properties (Fig. 3B) and regeneration of the cell wall (He et al.,
2015). Major hemicelluloses contain the xylans, xyloglucans,
mannans and MLGs (Scheller and Ulvskov, 2010). MLG is
restricted to Si-accumulating Poales and Equisetum (Fry et al.,
2008; Sgrensen et al., 2008; Currie and Perry, 2009), suggest-
ing that MLG may serve as a ligand that complexes with Si.
The present AFM results showed that the cellulose microfi-
brils of —Si cell walls contain many broken and shorter fibrils that
are randomly deposited on cell surfaces (Fig. 3A, C). Also, our
previous study provided evidence that obvious defects (holes)
were present on the protoplast-derived cell surfaces in —Si cells
(He et al., 2015). This suggests that the assembly of the cellulose
microfibrils with other wall components, such as hemicellulose
(which constitutes a hydrated matrix occupying the space be-
tween cellulose microfibrils) (Somerville et al., 2004; He et al.,
2015), is improved in +Si cells during cell wall formation.
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This cell wall-bound form of Si could crosslink cell wall
polysaccharides or other matrix-soluble molecules and sig-
nificantly improves the mechanical properties and regen-
eration of cell walls. However, up-regulating wall-related
proteins/enzymes (P1-P3) in Si-deprived cells may be
required for subsequent strengthening of the newly formed
cell wall by splitting and reconnecting chains of wall poly-
saccharides by catalysing cross-linking of the cellulose—hemi-
cellulose and hemicellulose—hemicellulose. This is consistent
with AFM results that the diameter of cellulose microfibrils
in Si-modified cells is greater than that in Si-limited cells
(Fig. 3C), and sucrose synthase (P3, Susy), a key enzyme for
cellulose synthesis, was up-regulated in —Si cells. Moreover,
Si may not exert a direct role in cross-linking cellulose fibrils
and their deposition/crystallization; the presence of Si may
only induce over-expression of sucrose synthase to promote
new cell wall formation because celluloses are not the ligands
for the formation of the Si—wall complexes (He et al., 2015).
Thus, Si-accumulating cells may take advantage of the for-
mation of Si-O-C or Si—C bonds that can partially substitute
C-0O-C bonds in polysaccharide chains, and it would be un-
necessary to up-regulate these three proteins.

Influence of Si on intracellular metabolism

Up-regulated, energy metabolic process-related proteins (P7,
P8, P10 and P13) in +Si cells. When the growth, organization
and remodelling of the cell wall are improved by wall-bound
Si, energy formation and utilization could be enhanced accord-
ingly inside +Si cells. Expectedly, two a-amylase proteins (P7
and P8) were up-regulated in +Si cells (Table 1). a-Amylase is
an endo-hydrolase and is considered to be one of the primary
enzymes responsible for starch degradation by hydrolysing the
1, 4-0-p-glucosidic linkages in plant cells (Majzlova et al.,
2013) to generate glucose for glycolysis, i.e. the Embden—
Meyerhof—Parnas (EMP) pathway (Fig. 2). Inside this pathway,
a key enzyme, enolase (P10) that catalyses the conversion of
2-phospho-D-glycerate to phosphoenolpyruvate (PEP), was up-
regulated in +Si cells (Table 1). At the whole-plant level, Zhu
et al. (2016) showed that Si-enhanced assimilate transport pro-
vides more energy storage in the root cells, which is beneficial
for stress tolerance.

Improved energy generation/utilization in +Si cells should
also be of benefit to synthesis of amino acids and proteins by
releasing stored energy through the oxidation of acetyl-CoA
derived from starch/glucose and chemical energy in the form of
ATP in the tricarboxylic acid (TCA) cycle. This cycle provides
precursors of certain amino acids, such as o-ketoglutarate;
an up-regulated enzyme, glutamate dehydrogenase (P13) that
mediates the reductive amination of a-ketoglutarate to yield
glutamate (Tsai et al., 2016) was detected in +Si cells, con-
sistent with the results of both increases in uptake of NH,* ions
(Fig. 1A, B) and the total protein concentration in +Si cells
(Fig. S2) because glutamate is used by almost all plants in the
biosynthesis of proteins.

Compared with +Si cells, glycolytic energy generation
is limited in —Si cells, and thus up-regulation of proteins/
enzymes in fermentative pathways can compensate for energy
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insufficiency. In —Si cells, we detected an up-regulated alcohol
dehydrogenase (P12, ADH) that is an essential enzyme in the
alcohol fermentation pathway for the sustained production of
ATP under stress conditions (Umeda and Uchimiya, 1994) by
catalysing the reversible reaction from ethanol to acetaldehyde
(Table 1 and Fig. 2). Another up-regulated, energy-related pro-
tein, pyruvate orthophosphate dikinase (P11, PPDK) (catalys-
ing the reaction: pyruvate + ATP + Pi <> PEP + AMP + PPi
+ 2H*), was present in —Si cells (Table 1). Indeed, cytosolic
PPDK is involved in a metabolic response to various environ-
mental stresses and has been shown to function in the synthesis
of ATP from PEP (Moons et al., 1998).

Finally, an up-regulated protein, fructose-bisphosphate aldo-
lase (P9), was present in the glycolytic pathway in —Si cells
(Table 1 and Fig. 2), and it physically associates with vacu-
olar H*-ATPase (Lu et al., 2004) that is a primary-active proton
pump present in the endomembrane system and is responsible
for providing energy for transport of ions and metabolites as a
‘house-keeping’ and as a stress response enzyme (Sze et al.,
1999; Ratajczak, 2000). The electrochemical gradient gener-
ated by these H" pumps provides the driving force/energy for
the secondary transport of ions and metabolites (Sze et al.,
1992) as glycolytic energy generation is limited in —Si cells.

Down-regulated proteins for stimulus/stress responses
(P14-P18) in +Si cells. We detected five down-regulated
proteins for stress responses in +Si cells (Table 1). Of the
three detected proteins involved in the glutathione (GSH)
system, one is glutaredoxin (P14, GRX) that catalyses
the reduction of disulfides or glutathione mixed disulfides
(Lemaire, 2004) and scavenge reactive oxygen species (Lin
et al., 2014), and two (P15 and P16, GSTs) are glutathione
transferases involved in cellular detoxification by conjugat-
ing the tripeptide (y-Glu-Cys-Gly) glutathione (GSH) to a
wide variety of substrates (Jain et al., 2010). Two additional
proteins are protein disulfide isomerase (P17, PDI) as a cata-
lyst of disulfide bond formation and rearrangement (Satoh-
Cruz et al., 2010), and 1-cys peroxiredoxin (P18, 1-cysPrx)
as a novel antioxidant enzyme able to reduce phospholipid
hydroperoxides in vitro by using glutathione as a reductant
(Manevich et al., 2002). 1-Cys Prx has the peculiarity of
using its unique cysteine residue to accomplish the functions
of both peroxidatic and resolving cysteines when GSH is not
available (Pedrajas et al., 2016).

These analyses suggest that Si-deprived cells are likely to
confront local stress that induces the production of endobiotic
toxicants and reactive oxygen species, resulting in the up-reg-
ulation of these five proteins (P14-P18) to sequester them as
a stress response. This is consistent with an up-regulated pro-
tein Ser/Thr phosphatase 2C (P6, PP2C), which is shown to be
involved in sophisticated stress signalling (Schweighofer et al.,
2004; Xue et al., 2008), such as hyperosmotic stress, to cause
cell dehydration due to decreased turgor pressure and water loss
(Boudsocq and Lauriere, 2005). Indeed, Si-deprived cells are
more sensitive to both hyperosmotic and hypo-osmotic stress
than Si-accumulating cells (Figs S4 and S5), and Si crosslink-
ing of wall components withstands the effects of water loss and
provides cells with a mechanical defence against cell-shape
changes (Fig. S4B, C) and the formation of defects (Fig. 3A)
exacerbated by osmotic pressure changes.
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CONCLUSIONS

The combination of iTRAQ results (Table 1), wall mechanical
strength (Fig. 3) and membrane stability (Figs 4 and 5) supports
arole of Si bound to the cell wall in stabilizing cell membranes
with improved ammonium transport efficiency (Fig. 1) under
the same level of expression of AMTI;1 (P5). We demonstrate
that the rigid cell walls as the structural basis are able to with-
stand the enormous turgor pressure exerted by the solute inside
each rice cell to stabilize cell membranes and optimize nutrient
uptake of rice cells in the same growth phase, thereby support-
ing survival, growth and metabolism, especially when cells are
under osmotic stresses. Further analyses coupling proteomics
results with targeted quantitative PCR may provide an add-
itional level of understanding of the actions of Si.
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