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SYNOPSIS: In this study, the engineered silica nanoparticles were prepared to possess the
different dissolution behaviors, to investigate their effects on the sustainable crop protection

against fungal disease.

ABSTRACT

Projected population increases over the next 30 years have elevated the need to develop novel
agricultural technologies to dramatically increase crop yield, particularly under conditions of high
pathogen pressure. In this study, silica nanoparticles (NPs) with tunable dissolution rates were
synthesized and applied to watermelon (Citrullus lanatus) to enhance plant growth while
mitigating development of the Fusarium wilt disease caused by Fusarium oxysporum f. sp. niveum.
The hydrolysis rates of the silica particles were controlled by the degree of condensation of or the
catalytic activity of aminosilane. The results demonstrate that the plants treated with fast dissolving
NPs maintained or increased biomass whereas the particle-free plants had a 34% decrease in
biomass. Further, a higher silicon concentration was measured in root parts when the plants were
treated with fast dissolving NPs, indicating effective silicic acid delivery. In a follow-up field study
over 2.5 months, the fast dissolving NP treatment enhanced fruit yield by 81.5% compared to
untreated plants. These findings indicate that the colloidal behavior of designed nanoparticles can
be critical to nanoparticle-plant interactions leading to disease suppression and plant health, as part

of a novel strategy for nano-enabled agriculture.
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Introduction
With a predicted global population of 10 billion by 2050, the need for innovative agricultural
production strategies is great. Meeting this increased food production demand will be confounded
by other factors, including decreasing water/arable land resources and global climate change.!™
Among these negative factors, the infection by fungal pathogens is particularly problematic, with
pathogenic activity limiting the productivity of a wide range of species such as rice, wheat, maize,
and soybean. It has been estimated that a variety of pathogens can cause up to 70% production
yield losses of those major crops.* Fusarium wilt is a fungal disease caused by host-specific strains
of a soil-borne pathogen called Fusarium oxysporum; there are strains that infect hundreds of
plants of economic importance, including both crop and ornamental species.” For example,
Fusarium wilt of watermelon (Citrullus lanatus) is a severe disease caused by F. oxysporum f. sp.
niveum (FON); importantly, this pathogen has increased in both incidence and severity due to the
loss of fumigants as a management strategy and to the popularity of highly susceptible seedless
cultivars.® The development of novel and sustainable approaches to effectively manage FON and
related fungal diseases is urgently needed for watermelon and many other crops.®

Nano-enabled techniques have received significant attention as a potential tool to replace or
complement the conventional methods of fungicides, biological control, and rotations with non-
susceptible crops.” Nanomaterials have demonstrated increased nutrient delivery efficiency and an
enhanced triggering of pathogen defense systems in a number of plant-pathogen systems, and the
silicon-based nanomaterials have been a topic of recent interest.®> !> The application of silicon-
based nanoparticles to plants has been shown to improve stress tolerance, resulting in enhanced
yield.!31 In fact, silicon is considered as a biostimulant by inducing resistance to abiotic stresses,

diseases, and pathogens.!” The precise mechanism of action is unclear, although it is known that
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silica can be deposited beneath the plant cuticle to form a cuticle-silica double layer. This enhanced
structural barrier can then mechanically impede penetration by insect pests and fungal pathogens,
essentially derailing the infection process.!® Silica treatment can also modulate host defense
mechanisms, including increasing plant defensive enzyme activity, altering plant hormones related
to the disease defense signaling pathways, or facilitating antimicrobial compound synthesis within
plant cells.!*?!

In spite of the agricultural applications of various nanomaterials, how the colloidal property
of the nanoparticles is related to their performance inside plants are very underexplored. One
advantage of using silica nanoparticles is that their hydrolysis rates can be tuned to vary their
dissolution behaviors. In this work, six different spherical silica nanoparticles were synthesized to
control intraplant delivery of silicic acid, and five of those were foliarly applied to watermelon
(Citrullus lanatus) to investigate the hypothesis that the fastest dissolving nanoparticle would have
the largest effect on fungal disease suppression (Fusarium wilt). Measured endpoints in the
greenhouse and field conditions include biomass/yield, disease progress, elemental/nutritional
content, and the gene expression levels of a number of plant defense and general metabolism-

related genes. This is among the first study to systematically investigate the effect of engineered

mesoporous silica nanoparticle dissolution behavior as a sustainable crop protection strategy.

Experimental Methods

Synthesis of Spherical Silica Nanoparticles and Rapid Dissolution Particles For the six types of
silica nanoparticles used in this work were synthesized using a reverse microemulsion method.?
The dissolution rate of the nanoparticles prepared only with tetracthyl orthosilicate (TEOS)
without any further modification was considered as the standard rate (ctLSiO: particle), and the

other particles exhibited more or less rapid dissolution as a function of slight modifications or
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additional treatments during synthesis. First, in an Erlenmeyer flask, 152 mL of cyclohexane, 36
mL of 1-hexanol and 38.52 g of Triton x-100 were added and mixed by stirring. Then, 9.6 mL of
water was added dropwise with continuous stirring, followed by 2 mL of TEOS added dropwise.
After an hour of stirring, 2 mL of concentrated NH4OH (28 — 30%) was added. The solution was
stirred for 24 hours at room temperature. After 20 — 24 hours, ethanol was added to break the
microemulsion, and the suspension was then centrifuged for 20 minutes at 65,400 relative
centrifugal force (RCF) to obtain silica pellets. The pellets were re-dispersed in ethanol with
sonication and the centrifugation step was repeated 4 times. The final pellets were dispersed in
99% ethanol after filtration (GHP membrane 0.25 um syringe filters). For nanoparticles containing
(3-aminopropyl)triethoxysilane (APS) and N-[3-(trimethoxysilyl)propyl]ethylenediamine (NPD)
a small molar amount of APS or NPD (3.3 molar % to TEOS) was added 5 minutes prior to TEOS
addition (apsSiO2 and nppSiO; particles, respectively). Additional information for preparing other
particles, such as liquid phase calcination (ctLSi02 (T) and ctLSi02 (Q) particles) and surface

functionalization (aspmSi102) to tune the dissolution rate, can be found in Supporting Information.

Fusarium oxysporum f. sp. niveum (FON) inoculation FON was i1solated from infected watermelon
seeds in 2011 and has been stored as monosporic cultures on silica gel at 4 °C. For the current
work, potting soil (ProMiX BX (Premier Hort Tech, Quakertown, PA)) was infested with millet
inoculum at 0.75 g/L potting soil prior to planting with watermelon seedlings. The detailed
preparation on Japanese millet has been described previously.? Briefly, autoclaved millet was
colonized by FON for 10 days, air dried, and ground in a coffee mill. Watermelon seeds (Sugar
Baby) (Harris Seed Co., Rochester, NY) susceptible to FON were germinated in potting mix and

fertilized once 3 weeks after the germination with 40 mL of Peter’s soluble 20—10—20 (N—P—K)
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fertilizer (R. J. Peters Inc., Allentown, PA). When the plants reached the three- to four-leaf stage,
seedlings of uniform size of approximately 10 cm height were selected for foliar nanoparticle

exposure.

Nanoparticle Foliar Application The concentration of the ct.SiO> suspension was prepared at
1500 mg/L in DI water. It was assumed that this concentration was solely the concentration of
Si02. Then, the concentrations of the other NP suspensions were adjusted to obtain the SiO»
concentration of 1500 mg/L. for each suspension. The adjustment was based on the mass
percentage of TEOS added during preparation out of the whole amount of precursor molecules. It
was assumed that the calcination didn’t affect the amount of SiO; within the particles. Additionally,
a nonionic surfactant (1 ml/L) (Regulaid®, Kalo Inc., Overland Park, KS) was added to aid
dispersion. The suspensions were sonicated for 2 min using a probe sonicator (Fisher Scientific,
FB505) to achieve a stable dispersion. The plant was inverted, and the shoot system was immersed
into a suspension for 5 seconds to allow for maximum coverage of foliar tissue. Thus, the aerial
part of each plant was exposed directly to a SiO2 suspension of 1500 mg/L. The root part was not
exposed to the suspensions. After immersion, the plant was inverted and dried for an hour prior to
transplanting for greenhouse growth or field cultivation. Based on a previous research, in which
3-4 leaves of tomato seedlings were treated the same way as in this study, in this foliar application
each plant sample retains around 1.8 mL of the suspension.! Assuming that the watermelon
seedlings have comparable size to the tomato seedlings, it was speculated that each plant was
exposed to about 2.7 mg of SiO> during treatment. Nanoparticle-free control plant was immersed
in water containing only the Regulaid surfactant. For the soluble silicate controls, a potassium

silicate solution was used (AgSil™ 21, PQ corporation, PA. K>O : SiO; : HoO = 12.7 % : 26.5% :
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60.8% by weights) to obtain the SiO> concentration of 1500 mg/L in DI water with the surfactant.

All silicon treatments were done only one time prior to cultivation.

Plant Greenhouse Experiments. The watermelon seedlings treated with the nanoparticles were
then transplanted into pots. Each treatment contained 24 individual plant replicates; 12 plants from
each treatment were transplanted into pathogen-free soil and the remaining 12 plants were
transferred into media infested with FON. The time-dependent effect of nanoparticles on plant
growth/biomass was determined by harvesting three replicate plants from each treatment on a
weekly basis for four weeks. For each harvested plant, total wet root and shoot biomass were

measured. The experiment was conducted for four weeks.

Field Experiments. Foliar-treated watermelon seedling were transplanted into the field at the
CAES Lockwood farm (Hamden, CT). The soil is a Cheshire fine sandy loam (Typic Dystrocrept)
(pH 6.1). The field was treated with 10-10-10 NPK fertilizer at the 112 kg/ Ha prior to planting.
Plants were set on raised beds mulched with 4 mil black plastic and aligned with drip irrigation
tape. Plots/plants were 3.6 m apart. There were ten plant replicates for each nanoparticle treatment
or control group; 5 individuals were grown in pathogen-free soil, and the other five plants grown
in the plots where 1 g of millet inoculum was thoroughly mixed into the soil at planting. During
growth, watermelon fruit were harvested from all plants at 42, 61, and 75 days of cultivation, and

the masses of the collected fruits were measured along with the disease progress during cultivation.

Results and Discussion

Silica Nanoparticle Preparation and Characterization
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Spherical silica nanoparticles were synthesized via reverse microemulsion. The base particles were
prepared only with tetracthylorthosilicate (TEOS), the main silicic acid precursor molecule, and
are designated as the control (ctLSi02). Two different particle types were further prepared by
treating ct.S102 in organic solvents at high temperatures;100 °C for toluene and 200 °C for
squalene: ctr.Si02 (T) and cTL.Si02 (Q). Another two particle types were prepared by incorporating
small molar amounts aminosilanes along with TEOS during reverse micro emulsion; apsSiOz: (3-
aminopropyl)triethoxysilane (APS), and nppSiO2: N-[3-(trimethoxysilyl)propyl]ethylenediamine
(NPD)). The last particle was similar to apsSiO2, but its surface was functionalized with
chlorotrimethylsilane (apsmSiO2). The detailed synthesis route and the characterization is in
Supporting Information. Upon foliar application, the nanoparticles could be transferred into the
plant through the stomata on the leaf surface. The TEM diameter results (Table 1 and Figure S1)
show that only a small population of the ApsSiO> and nppSiO2 were larger than 100 nm, still clearly
nanoscale. Thus, the particles’ physical characteristics are similar and all significantly smaller than
stomatal openings (typically in the micron range). The zeta potentials of the all particles in Table
1 ranged from - 36 mV to - 26 mV; it was assumed that these differences are negligible upon
interaction with the much more hydrophobic leaf surface. Overall, the characterization results
concluded that the different NPs exhibited equivalent interactions at the leaf surface, which enable
the investigation of the effect of dissolution rates on the plant disease resistance ability. During
synthesis, TEOS undergoes hydrolysis to form silicic acid (Si(OH4)), and these constituents are
polymerized and nucleated to form nanoparticles. The condensation reaction results in the
formation of siloxane bonds to form a silica network inside the nanoparticles. When the particles
are dispersed in aqueous media after synthesis, the direction of this reaction will be reversed as

shown in Scheme la. The bond between oxygen and silicon within the silica network is
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hydrolyzed, and the silicic acid, H4Si1O4, is released from the particle. This hydrolysis rate can be
affected by several parameters such as temperature, pH, ionic strength, and a particle’s
physical/chemical characteristics.”*?> For example, in alkaline condition, OH™ nucleophiles can
catalyze the bond breaking reaction, and a previous study showed that a more strained silica
network can induce a lower activation barrier for hydrolysis.?® Within the particles, not all TEOS
will be hydrolyzed and condensed to form four siloxane bonds per molecule: some molecules have
two or three bonds, and the remaining groups will exist as silanol groups. It has been suggested
that the rate-determining step for the dissolution kinetic of the silica nanoparticle is the breaking
of Si-O bond within the silica network.?” Thus, in this study it was hypothesized that varying the
number of siloxane bond would control the rate of silicic acid release rate from the particles. The
slowly dissolving particles (ctLSiO2 (T) and c1SiO02 (Q)) were obtained via liquid-phase
calcination to expedite siloxane bond formation?® and achieve a higher degree of condensation
(Scheme 1b). Conversely, the particles dissolving more rapidly were designed by adding a lower
molar amount of aminosilanes (APS or NPD) along with TEOS during synthesis (apsSiO2 and
neDS102). APS and NPD were chosen for two reasons. First, it was hypothesized that the
propylamine groups and ethylenediamine groups would remain within the particles, lowering the
overall degree of condensation as the groups cannot be hydrolyzed and condensed to form siloxane
bonds (Scheme Ic). Second, it is known that in aqueous media, the primary amine groups can
catalyze the hydrolysis reaction of siloxane bonds.?! Thus, it was expected that the synergistic
effects from the low condensation degree and catalytic hydrolysis would result in more rapid
particle dissolution. An additional strategy to delay the hydrolysis of the particles will be discussed
later and involves chlorotrimethylsilane (TMS) condensation on the APS-containing particles

(Scheme 1d, apsmSiO»).
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201  Table 1. Various physical/chemical properties of SiO> nanoparticles

Hydrodynamic  Zeta potentials ~ TEM diameters Surface area
diameters (nm)* (mV)? (nm)* (m?/g)
ApsS102 97.5+0.5 -23+1 56+ 16 51.3
NeDS10; 145+3 -38+1 57+ 36 59.8
ctLS102 749+04 -35+£2 53£8 64.2
crSi0; (T) 93.2+0.8 -28+3 49 £ 8 65.0
r.Si01 (Q) 109.8+ 0.9 23642 51+11 64.0
ApsMS102 118+2 -36+2 57+24 54.5
202 “The errors in the hydrodynamic diameters, zeta potentials, and TEM diameters represent the

203 standard deviation.

204

205  Scheme 1. Schematic descriptions of the silica networks in different silica nanoparticles. (a)
206  General hydrolysis, condensation, and siloxane bond formation within silica. (b) Liquid-phase
207  calcination for enhanced condensation. (¢) Condensed APS (left) and NPD (right) silanes in silica

208  nanoparticles. (d) The hydrophobic modification on silica nanoparticle surfaces.
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Dissolution Rates of the Silica Nanoparticles
As described previously, it was speculated that the aminosilane-containing nanoparticles would
degrade more rapidly than the other nanoparticle types. To investigate it, their physical changes
during incubation were compared to aminosilane-free particles. In distilled pure water, ct.S102
and apsSi02 were dispersed and their morphology and density changes were measured every 8
hours (Figure 1a and b). It was obvious that, compared to a small degree of density change at
ctS102, ApsSiO2 showed a much more aggressive change, including the formation of hollow
structures after only 8 hours. These results indicate active hydrolysis in the inner regions,
particularly for the larger silica. However, further incubation did not induce complete dissolution
of the particles: the shell of the apsSi0, nanoparticle remained intact even after 2 months of
incubation (data not shown).

Given the high hydrophobicity of the plant leaf surface, it was expected that the nanoparticles’
surface chemical hydrophilicity or hydrophobicity would be as important as size with regard to
reactions at the plant biointerface. The zeta potential values in Table 1 indicate that all particles

are negatively charged, regardless of the presence of the aminosilanes and the small amounts of

11
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chlorotrimethylsilane on the surface. This is particularly important as it implies that the majority
of the aminosilanes are located and condensed inside the particles, making the surface chemical
properties consistent across all particle types. Nitrogen adsorption-desorption measurements
confirm that all particles lack meso-porosity and are nearly non-porous structures with very similar
surface areas. The dissolution rates of each particle were further observed by the silicomolybdic
acid (SMA) spectrophotometric assay to quantify monomeric or oligomeric silicic acids released
from the nanoparticles.’? The concentration of the silicic acids was measured every five days for
a month upon incubation in simulated xylem sap.?* Simulated xylem sap was used as a simplified
model of natural xylem sap, an interior fluid in plants. As shown in the Figure 1c inset, the initial
silicic acid concentration found from the five suspensions was equivalent, indicating that there was
no significant difference in the amounts of dissolved silicic acids from all particles during the
suspension preparation. However, after five days, the apsSiO2 and nppSiO; reached their
equilibrium state in terms of hydrolysis, whereas ct1.Si102, cT.S102 (T), and c1LS10:2 (Q) released
only 46.6, 32.5, and 14.2 % of their silicic acid, respectively. apsSiO> showed a slightly faster
dissolution rate than nppSi10: during first five days (data not shown). The remaining three particles,
c1LS102, c11.S102 (T), and c1L.S102 (Q), continuously dissolved over the incubation period. It was
noted that four of the particles (apsSiO2, nppSiO2, c1LSi102, and c1LS10: (T)) released nearly
equivalent amounts of silicic acid to the media by the end of the incubation, confirming that the
dissolution behaviors of the particles can be controlled with the same total amount of released
silicic acid amount in the end. This consistency is particularly important for agricultural
applications given that having different total amounts delivered would be problematic and
confound use. As evident after one month of incubation, the silicic acid concentration from ct.SiO2

(Q) was still far lower. As such, c1.Si102 (Q) was excluded from the plant application studies and
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as an alternative, the surface of the apsSi02 was modified with a small amount of the hydrophobic
silane TMS (Scheme 1d). It was expected that this modification would delay water access to the
nanoparticle surface to slow hydrolysis and dissolution. In fact, as shown in Figure S2, apsmSiO2
showed a delayed silicic acid release relative to cr.S10:. This new particle type has the same molar
amount of aminosilane as ApsSiO2, but dissolves more slowly. Thus, the effect of a small amount
of nitrogen (or amine group) on the plant, regardless of the particles’ dissolution rates, can be
monitored as a function of plant responses. The molecular analysis with NMR experiment
suggested that the catalytic hydrolysis induced by amine groups in APS and NPD is the main

driving force for the faster silicic acid release (See Supporting Information).
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Figure 1. Silica nanoparticle dissolution experiments. TEM images of the nanoparticles, (a)
c1.Si102 and (b) apsSiO», after incubation in distilled water at room temperature at concentration
of 500 mg/L. (c) SMA assay of the silica suspensions in simulated xylem sap. (¢) SMA assay of
the five silica suspensions in simulated xylem sap at concentrations of 150 mg/L. The inset
represents the silicic acid concentrations right after dispersion. The results are the average of three

replicate suspensions, and the errors bar represent the standard deviation.
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Greenhouse Plant Experiment

Silicon application to the seedlings was conducted via a leaf immersion method (Figure S7).
Nanoparticle treatment to the plants were preceded by a silicate salt solution treatment as a control
in a separate experiment; here, plant response was equivalent to the untreated healthy/diseased
controls, suggesting the need of an alternative application method (Figure 2ab). In the experiment
with the particles, the plants applied with nanoparticle once prior to transplanting into FON-
infested potting mix or non-infested potting mix were cultivated in a greenhouse. Three replicate
plants in each treatment were destructively harvested each week for their biomass measurement;
no statistically significant differences were evident among healthy plants as a function of treatment
(Figure 2c). This result is not surprising as many studies have reported that silicon-based
amendments fail to promote growth in the absence of stress.'® However, under disease-stressed
conditions, plants treated with apsSiO2 and nppSiO2 showed significantly enhanced biomass
compared to the nanoparticle-free plants (Figure 2d). Specifically, compared to the nanoparticle-
free plants, apsSiOz-treated plants showed 50.0% increased biomass at week 4; similarly, 74.4%
enhanced biomass was observed from nepSiOz-treated plants at week 2. It is clear that plants
treated with other particles (ctLS102, ctLSiO2 (T), and apsmSiO2) did not show this growth
improvement. Interestingly, these plants and nanoparticle-free plants showed gradual decrease in
biomass compared to the values at week 1 as a result of Fusarium wilt. However, the biomass of
the plants treated with ApsSiO2 and nppSiO2 were maintained or enhanced. Although nppSiO2-
treated plants showed decreased biomass at week 4, we note that after 5 weeks, all plants had died,
regardless of particle treatments (not shown here). The watermelon seedlings in greenhouse
experiment were grown in small pots with potting soil that was infested with the pathogen. All

plants were exposed to the pathogen, and as disease sets in, growth is limited. In addition, under
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289  the growth conditions of this specific experiment, the nutritional source for the plants was rather
290  limited, and the inoculum density of the pathogen was higher than what would be likely in the
291  field. This inoculum load was deliberate so as to ensure uniform infection. As a result, although
292 the plants were metabolically active and attempting to grow, they were unable to accumulate
293  significant biomass. Even in this severe condition, plants treated with apsSiO> and nppSi02 showed
294  improved growth with statistical significance. Even though these plants were not able to maintain
295 improved biomasses due to the severity of the infection, these phenomena were clearly particle
296  treatment-related results, highlighting that particle types with fast silicic acid release were the most
297  effective at stimulating growth in the presence of disease.
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Figure 2. Biomass of (a,c) healthy and (b,d) Fusarium-infected watermelon seedlings cultivated
in the greenhouse for 4 weeks. Each week, 3 replicates of each treatment were harvested, and
biomass was measured. The results in each experiment were normalized to compare among
treatments. The error bars represent the standard error. The statistical significance testing was
performed via a one-way ANOV A with Dunnett’s multiple comparisons test to compare effects of
the different treatments to the no particle treatments, within a same harvest time point. *p < 0.05,

%5 < 0.01.

Plant Tissue Elemental Analysis

The elemental content of individual plant tissues was determined across all treatments via ICP-
OES. The silicon concentration in the leaves were expectedly higher than the untreated controls,
as the detected silicon may include fractions of the element on the leaf surface that have not entered
the stoma (Figure S8). Furthermore, all plants treated with the nanoparticles/Si salt showed time-
dependent decrease in the concentration of silicon. Although the precise mechanism is unknown,
the time-dependent increase in silicon concentration in the leaves of untreated plants under
healthy/diseased conditions suggests the migration of Si sources to other tissues through stoma
can be a factor which induces the time-dependent decrease in silicon concentration for the plants
treated with silicon.

The ICP-OES analysis of root tissues (Figure 3) showed that all plants, regardless of the Si
treatment, in both healthy/diseased conditions had time-dependent increase in silicon
concentration; this differs from the above-ground tissue. This suggests that during the 4 weeks of
cultivation, the root tissues absorbed silicon from soil. Interestingly, only plants treated with the

rapid dissolution particles (apsSiO2 and nepSi02) had significantly greater silicon concentrations
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than untreated plants. Given that all plants were cultivated in the same media, differences in silicon
content can be directly related to the growth and metabolism of the root tissue as a function of
treatment. Thus, additional elements (Ca, Zn, and Mn) were investigated for the plants treated with
the nanoparticles; however, no relationship was evident between the type of the applied
nanoparticles and the content of these nutrients (Figure S9, S10, and S11). Furthermore, the
amounts of the five nanoparticles absorbed through stomata shouldn’t be different, as the particle
sizes are uniform and very similar. Thus, all plants were treated with the same mass dosage of SiO2
prior to cultivation, and the root Si concentration variation is likely to be caused by the amount of
silicic acid available from each particle, which directly related to the dissolution rates of the
particles. The increased silicon concentrations from the plants treated with apsSiO2 or nppSiO; are
clearly from the dissolved silicic acids as those two nanoparticles dissolve much more rapidly than
the other nanoparticles, and all plants were treated with the same mass dosage of SiO; prior to
cultivation. To prove the same dosage of silicon across the particle types, in Figure S12, the mass
percentages of silicon in each infested plant sample harvested each week are presented.
Interestingly, there were some modest differences in Si content across the different nanoparticle
types, although there appear to be no consistent trends or patterns. Furthermore, each plant
(biological replicate) should have its own silicon amount which should vary among plants and
each plant should have its own biological metabolism, which would be hard to distinguish.
However, it seems obvious, from much higher Si mass percentages of the nanoparticle-treated
plants than the control plants, that the nanoparticle uptake is a major driving force inducing a high
Si mass percentage, up to above 0.04%. Based on these outcomes, Figure S12a clearly shows that
different nanoparticle treatments didn’t result in varied uptake by the plants, indicating that all

nanoparticles interact with the plants in a similar way upon the foliar application. Figure S12b
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shows the Si mass percentage for the plants treated with Si salt solution, which showed no
difference from the control, proving that Si treatment in the nanomaterial form can be a more
efficient delivery strategy. In addition, to investigating the effect from NP treatment with the
improved weight during greenhouse experiments, the correlations between Si concentration in root
and shoot induced by NPs and the fresh weights were measured in Figure S13 and Figure S14.
Generally, due to limitations in plant experiments where unknown mechanisms and inherent
biological variability are present, the coefficient of determination values obtained were below 0.65.
However, some important trends were found. First, the infested plant samples showed stronger
correlation than the plants in healthy condition. This trend implies that the effect of silicon
treatment stands out more when the plants is under infection. Furthermore, both in shoot and root,
as time went by, the correlation becomes clearer, especially at week 4. As shown in Figure S8, the
measured silicon concentration in shoots decreased when the plants were treated with particles.
This occurred because the ICP measurement, especially in early cultivation periods, was likely to
involve the particle on the surface of the shoot. These adsorbed nanoparticles should decrease
during cultivation, and this was observed via ICP measurement. Thus, in week 4 the concentration
of Si in shoot should involve a higher percentage of the nanoparticles or dissolved silicon inside
the plants than the previous weeks, and the correlation in week 4 in Figure S13 between the silicon
concentration and the fresh weight was much closer than the other weeks, proving the effect of NP
treatment. Even though the correlation is weak, the same trend was observed in the root (Figure
S14). The investigation of the gene expression levels for the same plant samples was also
conducted (see Supporting Information, Figure S16), but no clear correlation between the
dissolution rates of the particles and the expression levels of the related genes were found. Given

this and the results from elemental analysis, it can be inferred that the enhanced disease resistance
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ability from the plants treated with fast dissolving particles may have been caused by improved
physical barrier formation: the higher amounts of silicon accumulated in the root parts resulted in
a more effective prevention of the fungi penetration from the soil to the plants. Importantly, this
was a nanoscale-specific phenomenon. Compared to the traditional method, where most of the
nutritional sources are absorbed through the root contacting soil, the foliar application method can
avoid nutrient fixation, be less affected by soil condition, and provide the plants with nutrients
more directly.® From the biomass and elemental analysis results, it can be argued that the
nanoparticles have some advantages over silicate solution form in terms of delivery. In foliar
application, the stomata should be a main route through which the nutrients can access. Due to the
high hydrophilicity of the silicic acid dissolved in water, the efficiency might be highly limited in
hydrophobic leaf surface. Compared to the silicic acid in solution, the nanoparticles can be
transferred to the plant media more efficiently through the stomata as a single nanoparticle can
carry a large amount of silicic acid as well as the weight of the nanoparticles can promote the

absorption.
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Figure 3. Root Si content of (a,c) healthy and (b,d) Fusarium-infected watermelon seedlings
cultivated in the greenhouse for 4 weeks. Each week, 3 replicates of each treatment were harvested,
and the root tissues were separated and prepared for ICP-OES analysis. The results in each
experiment were normalized to compare among treatments. The error bars represent the standard
error. The statistical significance testing was performed via a one-way ANOVA with Dunnett’s
multiple comparisons test to compare effects of the different treatments to the no particle

treatments, within a same harvest time point. *p < 0.05, ***p <0.001, ****p < 0.0001.

Field Plant Experiment
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Based on success in the greenhouse, a similar experimental design was used in a field study
where plants were grown to obtain marketable fruit yield. Estimates of cumulative disease progress
presented as the area-under-the-disease-progress curve (AUDPC) were taken; the lower values
indicate less disease presence (see Supporting Information for the detail). All plants grown in non-
infested field soils were healthy and showed consistent cumulative AUDPC values without any
differences among the nanoscale Si and the untreated controls (Figure 4a). However, plants grown
in infested soil developed typical symptoms of Fusarium wilt. The plants that received silica
nanoparticle treatments as seedlings exhibited lower mean cumulative AUDPC values than those
of the untreated disease control plants, suggesting that silica nanoparticle treatment at the seedling
stage effectively suppressed Fusarium wilt in full life-cycle grown plants in the field (Figure 4b).
It is also clear that as the particle type dissolution rate decreased, the prevalence of disease
increased: Specifically, plants treated with ApsSiO2 and nppS102 showed 48.1 % and 37.3 % lower
AUDPC values, respectively, when compared to the untreated diseased plants with statistical
significance (Figure S15a). Although the other particles were statistically equivalent to the infected
untreated controls, the trend for the measured AUDPC followed the same pattern of dissolution
observed in the laboratory; the slower the release, the greater the observed disease. This
relationship may also explain the differences in fruit yield (Figure 4cd). Similar to the greenhouse
experiments, fruit yield in non-infested microplots was unaffected by treatment. However, for
diseased plants, nanoscale Si amendment resulted in increased crop yield with a larger number of
fruits and masses. Plants treated with apsSiO: yielded 81.5% more marketable fruit than the
untreated controls (Figure S15b). Although large replicate variability confounded statistical
analysis, the relationship between the dissolution rates of the particles and the product yield in the

data are notable given the single nanoscale application to seedlings 2.5 months prior to harvest.
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Furthermore, the trends in the data reinforce the contention that the fast-dissolving particles more

rapidly delivers silicic acid and conveys benefit under disease-stress conditions.
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Figure 4. Nanoparticle-treated watermelon plants cultivated in field. AUDPC of the watermelon

plants in (a) heathy and (b) Fusarium wilt infected conditions with two representative nanoparticle

treatments (apsSiO> and ct1.S102) and no particle treatment. Each sample condition had 5

replicates, and each week the cumulative disease progress was measured. The error bars represent

the standard error. The harvested fruit production yields from the same (c) healthy and (d)

Fusarium-infected plants with two representative nanoparticle treatments (apsSiO2 and c1.S102)

and no particle treatment. The fruits were harvested three times during cultivation, and the results
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were plotted as a number of fruits corresponding to each mass range (0-1 kg, 1-2 kg, 2-3 kg, 3-4
kg, 4-5 kg, 5-6 kg, and 6-7 kg). The AUDPC and the fruit production yields from all 5 different

particle treatments can be found in Supporting Information (Figure S15).

The responses from the plants upon the nanoparticle treatment can be summarized. All
greenhouse and field plant-nanoparticle interaction results suggest that the rapid delivery of silicic
acids in the form of nanoparticles can be considered highly promising method to enhance the plant
disease protection. The positive effects induced by the rapidly dissolving particles clearly
demonstrate the importance of providing a silicon source early in the infection process. When the
ICP-OES results and gene expression results are combined, it is suggested that the initial supply
of silicic acid is critical for enhancing disease resistance of plants by additional silicon deposition
reinforcing the cell wall integrity and effectively limited fungal penetration.®* It is also likely that
the presence of additional silicon stimulated innate plant defense systems and secondary metabolic
pathways that minimized fungal infection.*>*¢ In one recent study, contribution of applied silicon
to promote plant hormone salicylic acid , responsible for the activation of pathogenesis-related
genes was introduced.’” However, this phenomenon was not observed from the gene expression
experiment. Additional studies are needed to determine the precise mechanisms by which foliar
silica nanoparticles with specific surface chemistry enable increased disease tolerance, increased
biomass, and greater yield. The goal of the fertilizer is to deliver the desired sources to the plants
in efficient way. This study shows that in foliar application, in which the nutrients can be directly
absorbed to the plants, the materials in nanoscale form can be beneficial, as well as their dissolution

rates can be tuned to maximize their functionality.
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Supporting Information

The supporting information is available free of charge: Materials and methods for silica
nanoparticle synthesis, measuring disease progress, and gene expression analysis; Nanoparticle
characterization data; Solid state NMR analysis; Greenhouse experimental details; Field

experimental details; Gene expression analysis.
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