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ABSTRACT

Achieving and sustaining global food security will become increasingly difficult as a changing
climate increases crop loss due to greater pest and pathogen activity. Nano-enabled agrichemical
delivery platforms offer a unique potential to manage pathogens and increase productivity with
reduced negative environmental consequences. Two greenhouse experiments were conducted to
assess the potential of in-house synthesized Cu;(POy),°3H,0 nanosheets and commercial CuO
nanoparticles (NP) to increase plant growth of tomato (Solanum lycopersicum) and suppress
Fusarium oxysporum f. sp. lycopersici infection. The particles were foliarly applied once (500
mg/L; 1-2 mL dose) to seedlings prior to 30 days of growth. In control plants not treated by
nanomaterials, Fusarium infection reduced plant growth by 62% across both experiments.
Amendment with Cu3(PO,),°3H,0 nanosheets or CuO nanoparticles significantly reduced disease
presence by an average of 31%, resulting in greater plant biomass. The time-dependent expression
of three genes integral to plant defense (pathogenesis-related genes transcriptional activator [PTIS],
polyphenol oxidase [PPO], and plant resistance protein 1A1 [PRP1A1]) was shown to be uniquely
modulated by nanoscale Cu amendment. Specifically, Cus3(PO4),°3H,0 nanosheets increased the
expression of all 3 genes in both experiments within the first 7 days of pathogen exposure, which
was prior to any phenotypic evidence of disease. CuO NP showed slower increases in the genes in
the plants harvested after 21 days. Importantly, these nanoscale Cu-induced changes in expression
correlated well with positive changes in disease suppression and plant growth. These results
highlight the importance of adequate nutrition in crop disease response and demonstrate the
potential of nanoscale platforms to more effectively deliver critical micronutrients at early stages

of plant development. The transcriptomic results provide important mechanistic insight into NP
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Cu-based disease suppression and can be used to further optimize this important approach in nano-

enabled precision agriculture.
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INTRODUCTION
The current global population is approximately 7.67 billion and is expected to increase to

nearly 9.8 billion by the year 2050, with developing nations contributing the bulk of that growth.
Consequently, achieving and maintaining global food security will necessitate increases in
agricultural productivity by at least 70%.!> 2 Unfortunately, significant negative pressure against
this goal will continue to build from a changing climate, including more frequent temperature and
drought extremes.® Similarly, increased activity of crop pests and pathogens due directly to an
altered climate are predicted to reduce rice, wheat and maize yields by up to 25%.* Further
complicating efforts to maintain food security comes from the need for sustainability during these
crop production increases, including minimal environmental impacts along with increased
efficiency of water and energy inputs. Importantly, a long recognized weakness in current
agricultural systems is the low efficiency of agrichemical delivery and utilization, with active
ingredient losses averaging 10-75% due to processes such as leaching, degradation, and
immobilization.> ¢ In response, growers often over apply these materials to maintain efficacy and
maximize yield. Consequently, there has been increasing interest in using nanotechnology to
address these inefficiencies through novel precision agricultural approaches, with much focus on
nano-formulations of traditional pesticides and fertilizers, nanosensors, and enhanced treatment of
produced waste and water.% 7

Important plant micronutrients such as Cu, Mn, and Zn are known for their low in planta
mobility and limited availability in neutral pH agricultural soils, making delivery of adequate
levels of these elements to crops a problem of significant interest. In fact, nanoscale oxide forms
of a number of essential plant micronutrients have been shown to positively impact plant defense
and nutrition, largely through more rapid dissolution and greater availability and/or activity, which

in turn led to enhanced metabolic function and growth.>- 8 Specifically, the nano-enabled delivery
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of Cu has been a topic of recent active research, largely because of its multi-functionality as a key
micronutrient for nutrition, a component of important plant defense pathways, and as a direct anti-
microbial agent.!% 11, 12. 13 Elmer and White demonstrated in both greenhouse and field trials that
one-time foliar application of CuO NP at 100-1000 mg/L to eggplant and tomato (1-2 ml per plant)
suppressed the progress of wilt disease symptoms caused by Verticillium dahliae and Fusarium
oxysporum f. sp. lycopersici, respectively, by up to 69%, increased root Cu by up to 32%, and
increased fresh weight by up to 64%.% Importantly, this dose of Cu had no impact on the pathogens
in an in vitro assay, suggesting that modulated innate plant defense as a function of Cu exposure
resulted in the observed positive impacts. In a subsequent greenhouse study with watermelon
infected by Fusarium oxysporum f. sp. niveum, Elmer et al. demonstrated that a foliar spray
application of NP CuO at 500 mg/L resulted in similar reduced disease and enhanced growth.!!
Importantly, transcriptomic analysis of root tissues at harvest showed significant upregulation of
polyphenol oxidase (PPO) and pathogenic related (PR1) genes when NP CuO and the pathogen
were both present, again suggesting modulated plant defense as the mechanism of action. It is
worth noting that significant concern now exists over the accumulation of Cu in terrestrial and
aquatic environments!# 13; as such, the potential of nano-enabled Cu formulations to significantly
lower overall application loads may confer additional benefits in terms of sustainability. For
example, in a previous study we demonstrated that “tuning” nanomaterial morphology and
composition could significantly impact element availability and plant response. Specifically, the
effective dose of Cu3(PO,4),*3H,0 nanosheets for disease control in Fusarium-infected watermelon
was nearly an order of magnitude less than that of irregularly shaped CuO nanoparticles.!?

In the current study, two separate greenhouse experiments were conducted to assess the

time-dependent transcriptional response of tomato upon infection with Fusarium oxysporum f. sp.
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lycopersici and treatment with different forms of nanoscale and ionic Cu. Additional measured
endpoints included biomass, disease progress, and elemental content as measured by inductively
coupled plasma optical emission spectroscopy (ICP-OES) or ICP mass spectrometry (ICP-MS).
For transcriptomic analysis, the expression of three genes integral to plant defense were evaluated;
pathogenesis-related genes transcriptional activator (PTI5)!, polyphenol oxidase (PPO)!7, and
plant resistance protein 1A1 (PRP1A1).'® The findings of this study demonstrate the enhanced
efficacy of nanoscale Cu at suppressing fungal disease progress and for enhancing plant growth.
In addition, the expression of key plant defense genes increased over time with infection, but was
significantly modulated as a function of not only Cu amendment but also Cu type. Importantly,
the changes in transcription correlated well with observed physiological and biochemical shifts in
the plants. Our findings increase our understanding of the mechanisms of action for nanomaterial
Cu-based disease suppression, including how chemical properties of particle dissolution,
composition and morphology control activity. This work also provides useful information for the
potential substitution of traditional fungicides or fertilizers, which are known to be associated with
significantly environmental problems, with more sustainable materials. More importantly, these
results can be used to further optimize this important approach in nano-enabled precision

agriculture.

MATERIAL AND METHODS

Analyte synthesis and characterization. The CuO and Cu;3(PO,), nanomaterials used in this
study were a part of a larger batches also used in Borgatta et al.! Briefly, Cu;(PO,),*3H,0
nanosheets were synthesized using a polyol method as described previously.'®2° Four mL of 2 M

CuCl,*2H,0 were added to 20 mL of diethylene glycol followed by heating at 140 °C under reflux
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for an hour. Four ml of a 3M NH4H,PO, solution was then rapidly injected and the solution was
allowed to sit for 5 h. Nanosheets were then isolated by centrifugation and were rinsed with ethanol
(2x) and water (1x), followed by drying overnight under vacuum. Commercial nanoscale CuO (30
nm diameter; powder) was purchased from U.S. Research Nanomaterials (Houston TX). Copper
chloride dihydrate, ammonium phosphate monobasic, and diethylene glycol were obtained from
Sigma Aldrich (St. Louis MO); all reagents were used as purchased. The X-ray diffraction pattern
and SEM micrographs of these materials are presented in the SI for clarity. In plant exposures, the
CuO and Cu3(PO4),°3H,0 nanomaterials were applied by mass concentration (mg/L). As was
previously described, the stoichiometries of CuO and Cuz(PO,),°3H,0 result in a 85 + 6% and 44
+ 4% mass percent of Cu, respectively (10). As such, each applied concentration of

Cu3(PO4),°3H,0 nanosheets had significantly less Cu than CuO nanoparticles.

Nanoparticle dissolution. Cu metal release from Cuz(PO,),°3H,O nanosheets and CuO
nanoparticles was evaluated in deionized water at pH 5.7 and 7.5, values that mimic the pH in
xylem and phloem sap in plants, respectively.?! The release of P from the nanosheets was also
determined. Cu;(PO4),*3H,0 nanosheets and CuO nanoparticles with the equivalent amounts of
Cu (0.69 mM) were prepared in 40 mL deionized water at the two different pH levels. The
suspensions were sonicated for 1 min in an ultrasonic bath and then shaken at 200 rpm at ambient
temperature. Samples were collected at 0.5, 1, 2, 4, 12, 24, 72, and 168 h. Three replicates were
used at each time point. Ultra-centrifugal filters were used to separate particulate nanomaterials
from the supernatant with the dissolved ions. The sampled supernatant was acidified with

concentrated HNOj prior to analysis by ICP-MS (Agilent 7500ce).
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Plant growth experiments. Two separate greenhouse experiments were conducted. For each,
seeds of tomato (Solanum lycopersicum L. cv Bonnie Best; Harris Seed Co., Rochester NY) were
germinated in 36 cell (5.66 x 4.93 x 5.66 cm) plastic liners (1 plant/cell) filled with soilless potting
mix (ProMix BX. Premier Hort Tech, Quakertown, PA, USA). After three weeks, the seedlings
were fertilized with 40 ml of Peter's soluble 20-10-20 (N-P-K) fertilizer (R.J. Peters, Inc.,
Allentown, PA). The pathogen inoculum was prepared as described previously.? Japanese millet
was autoclaved with distilled water (1:1, wt/wt) for 1 hour on two consecutive days and was seeded
with three agar plugs colonized with F. oxysporum f. sp, lycopersici Race 2. After culture growth
for 2 weeks at 22-25 °C, the millet was air-dried and ground in a mill. The inoculum was then hand
incorporated into potting mix Mix BX (without mycorrhizae; Premier Hort. Tech, Quakertown,

PA, USA) at 0.75 g millet inoculum/L potting mix prior to seedling addition.

Uniformly sized plants with 3-4 leaves were selected for NP exposure for each of the two
separate experiments. In experiment 1, the efficacy of Cus;(PO4),*3H,0 nanosheets (500 mg/L) to
suppress Fusarium infection was evaluated and there were four treatments; a. Untreated control,
no disease b. Cuz(PO,4),*3H,O nanosheets, no disease, c¢. Untreated control, Fusarium, and d.
Cu3(PO4),23H,0 nanosheets, Fusarium. For experiment 2, our in-house synthesized nanosheets
were compared against a commercially available CuO nanoparticles and there were 6 treatments:
a. Untreated control, no disease, b. NP CuO, no disease, c. Untreated control, Fusarium, d. NP
CuO, Fusarium, e. Cu3(PO4),°3H,0 nanosheets, no disease, and f. Cuz(PO4),*3H,0 nanosheets,
Fusarium.

NP suspensions (500 mg/L) of CuO NP or Cu;(PO4),*3H,0 nanosheets were prepared in
DI water amended with a nonionic surfactant (Regulaid® 1 ml/L); this type of surfactant is typical

in commercial agrichemical formulations to facilitate retention to the leaves (often referred to as
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“stickers”). The CuO suspension was sonicated with probe sonicator for 2 min in an ice bath.
Because of concern over possible material breakage, the Cus(PO,4),3H,O nanosheets were
sonicated using a more gentle procedure, using a bath sonicator for 1 min. A “dip application” was
used for treatment; each plant was inverted into the suspension for approximately 5 seconds,
resulting in a dose of approximately 1.8 mL of suspension as measured by solution volume
difference before and after treatment. The plants were then inverted and allowed to drain until the
foliage had completely dried (1 hour) and were then transplanted into 10 cm diameter plastic pots
(350 ml) containing potting mix that was infested with Fusarium or not infested. We note that the
solutions were re-dispersed after treatment of 5 plants. The potted plants were arranged on
greenhouse benches in a randomized block design. Temperatures averaged 17-22 C° night and 19-
25 C° day for the 30-d growth period. Plants were rated for severity of fungal disease on a scale
of 1 to 5 where 1 = no disease, 2 = slightly stunted, 3 = stunted and or partially wilted, 4 =
completely wilted, and 5 = dead. Disease progress was determined by plotting the cumulative
ratings on replicate plants over time and then calculating the area-under-the-disease-progress curve
(AUDPC) using the trapezoid rule: AUDPC = X[Y; + Y;+1)]/2 X (t;+1) — t;), where Y; = the disease
rating at time #;. At harvest, the fresh shoot and root mass was separately measured and all tissues

were retained for nutrient or transcriptomic analysis as described below.

Tissue elemental analysis. Root and foliar tissues were analyzed for elemental composition as
described before. 10 Tissues were dried in an oven at 50°C, ground in a Wiley mill, and passed
through a 1 mm sieve. The ground samples (0.5 g) were added to 50 ml polypropylene digestion
tubes that were amended with 5 ml of concentrated nitric acid; the samples were heated at 115 °C

for 45 min using a hot block (DigiPREP System; SCP Science, Champlain, NY). After dilution,
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the content of Ca, Cu, Fe, K, Mg, Mn, P, and Zn was quantified using inductively coupled plasma
optical emission spectroscopy (ICP-OES) on an iCAP 6500 (Thermo Fisher Scientific, Waltham,

MA). Individual element concentrations were calculated as pg/g (tissue dry mass).

Nanoparticle imaging on leaf surfaces. Suspensions of 500 mg/L Cu3(PO4),*3H,0 nanosheets
or CuO nanoparticles were prepared in deionized water with the addition of several drops of
Regulaid nonionic surfactant. Tomato seedlings were dipped into the nano-suspension and air-
dried as described above. Leaf tissues amended with Cu3(PO,),°3H,O nanosheets or CuO
nanoparticles were sampled at Day 0 and Day 7 for analysis by electron microscopy. Specifically,
all samples were frozen in liquid nitrogen and then stored at -80°C until freeze-drying by a
lyophilizer. The samples were then mounted on carbon sticky tape and gold coated for 90 seconds
using an SPI-module sputter coater (Westchester, PA) with a discharge current of 18 mA and Ar
gas. Cu;3(POy),°3H,0 nanosheet and CuO nanoparticle distribution on the leaf surface was
observed using a Leo Supra V55 scanning electron microscope, with an accelerating voltage of 1
eV, and with a Thermo Scientific energy dispersive X-ray spectroscopy detector, with an

accelerating voltage of 20 eV.

Transcriptomic analysis. In all experiments, replicate plants across all the Cu-based nanomaterial
treatments were destructively harvested at three different time points during exposure; prior to
visual evidence of infection, at the onset of infection, and toward the end of the exposure period
when infection was at its most severe state. These time points correspond to 7, 14 and 21 d post
infection. At harvest, the plant tissues were washed clean of soil, wrapped in aluminum foil, and

submerged in liquid nitrogen and stored at -80°C prior to analysis for the expression of three genes

10
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important to plant defense; polyphenol oxidase (PPO), PTIS (a transcriptional regulator for
multiple defense genes) and PR1A1 (plant resistance protein). The total RNA from 100mg of
fresh root tissue was extracted with a Sigma-Aldrich Spectrum Plant Total RNA Kit (Sigma-
Aldrich, St. Louis, MO). Total RNA sample quality and quantity was evaluated by a Thermo
Scientific Nanodrop Lite Spectrophotometer (Thermo Fisher Scientific, Wilmington, DE) and gel
electrophoresis. Two-step reverse transcription was performed on 1 pg of the extracted RNA using
a Qiagen QuantiTect Reverse Transcription kit (Qiagen, Velno, The Netherlands) to synthesize
the complimentary DNA (cDNA). Reverse-transcription real-time PCR (RT-qPCR) was
performed with the Bio-Rad SsoAdvanced Universal SYBR Green Supermix (Bio-Rad, Hercules,
CA) in an optical 96 well plate with the Bio-Rad CFX96 Touch Real-Time PCR Detection System
(Bio-Rad). Briefly, the synthesized cDNA was diluted to 50 ng/uL using double distilled water.
One microliter of the diluted cDNA was used as template to run the qPCR. Specific primers for
each of the three selected gene transcripts were designed by Integrated DNA Technologies and the
working concentration of each primer was 10 pM. The thermal profile for RT-qPCR
amplifications was: 95 °C for 30 s; 95 °C for 15 s, 63 °C for 30 s, repeating 40 cycles; melting
curve from 65 °C to 95 °C. A dissociation-curve step was used to confirm presence of a single
amplicon in each reaction. Relative expression of each gene was estimated through 2-2A¢t method
using actin of S. [ycopersicum as the housekeeping gene. Gene expression was expressed relative

to control plants that were not infected with F. oxysporum.

Statistical analysis. Biomass, elemental composition, and transcriptomic data were analyzed
using one-way ANOV A with the four (experiment one) or six treatments (experiment two) as main

effects. Means were separated using Tukey’s Honestly Significant Difference Test at P < 0.05 or

11
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by T-test at P < 0.05. All analyses were performed using SYSTAT V.10 (Cranes Software

International Limited, Bangalore, Karnataka, India).

RESULTS AND DISCUSSION
Material Characterization.

The scanning electron micrographs and X-ray diffraction pattern are included in the
supplementary information for clarity (Figure S1 and S2). Briefly, the Cu3(PO,4),*3H,0 nanosheets
The SEM micrographs show a sheet-like shape with lateral dimensions ranging from 50-610 nm.
The crystal diffraction pattern is consistent with orthorombic Cuz(PO,4),*3H,0 previously reported
by Hanawalt et. al.?> The CuO nanoparticles had an irregular shape, and the crystal diffraction
pattern matched well with the tenorite structure.?* Additional characterization data can be found

in Borgatta et. al.!?

Nanomaterial Dissolution.

The dissolution of Cu?* ions from the irregular CuO NP and Cu;(POy),*3H,0 nanosheets
was measured in deionized water at pH 5.7 and 7.5 (Figure S3). The release of Cu?" from the
Cu3(POy4),*3H,0 nanosheets was rapid, with nearly 0.6 and 0.2 mg/L being released within 30
minutes at pH 5.7 and 7.5, respectively. In both instances, the rate of release had decreased
markedly and remained nearly constant by 20 hours, with final release amounts of 0.95 mg/L and
0.42 mg/L at the low and higher pH values, respectively. Given the starting concentration of 0.69
mM, these final values approximate 2.2% and 0.97% dissolution at pH 5.7 and 7.5, respectively.
Interestingly, the release of Cu?* from the amorphous metal oxide CuO was both slower and far

less extensive than from the phosphate containing nanosheets (Figure S3). At pH 7.5, only 0.025

12
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mg/L Cu was detected after 160 hours, corresponding to 0.057% dissolution of the CuO NPs. At
pH 5.7, 0.21 mg/L Cu was dissolved from the CuO particles after 160 hours, although the data
suggests that dissolution would continue for a longer period of time. Comparing across the particle
types, ion dissolution was 4.8- and 17.0 times greater for the Cu;(PO,),°3H,0 nanosheets at pH
5.7 and 7.5, respectively, compared to release from the commercial CuO NPs. The faster release
from the nanosheets is in agreement with that of our previous work!?, where we showed that ion
dissolution from Cuz(PQO,4); nanosheets was shown to be nearly 3 times as rapid as dissolution from
CuO nanoparticles in deionized water pH adjusted to 7.0. Importantly, that study correlated the
increased rate of ion dissolution with greater suppression of fungal infection in Citrullus lanatus
(watermelon). In the current study, the rate of P release was also measured from the nanosheets
(Figure S3); the data closely match that of Cu?* release from the same material. Release values for
P within the first 20 hours approached 90% of the final measured values, with greater release at
the lower pH. After 160 hours, P was detected at 0.58 mg/L and 0.40 mg/L in solution,

corresponding to 4.1% and 2.8% P dissolution from the nanosheets.

Disease Progress.

The ability of foliarly applied copper-based nanomaterials to suppress the root fungal
disease Fusarium oxysporum f. sp. lycopersici in tomato (Solanum lycopersicum L.) was
investigated using a seedling dipping method (Figure 1). For the first experiment, disease progress
ratings were taken 7, 14 and 21 days after treatment with 500 mg/L Cu3(PO,),*3H,0 nanosheets
prior to transplanting into infested medium. The total volume of applied solution is approximately
1.8 mL, yielding a foliar Cu3(PQO,),*3H,0 nanosheet dose of 0.9 mg or an elemental Cu dose of

0.4 mg/plant. Assessing disease progress involved calculating the area under the disease progress

13
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curve (AUDPC), with lower values representing less disease progression and plant damage. Figure
2a shows disease progress for the three harvests; at 7 d, no disease was evident in the control or
nanosheet-amended plants. By harvest 2 (14 d), disease was significant in the untreated controls
but the Cu3(PO,4),*3H,0 nanosheet-treated plants showed minimal signs of infection and were
statistically equivalent to non-infected controls, demonstrating that the nanosheets significantly
slowed the onset of disease. By harvest 3 (21 d), disease was also evident in the Cu3(PO,4),*3H,0
nanosheet-treated plants, although the level of infection was significantly less (32%) than untreated
infected controls. Figure 2b shows the AUDPC data normalized to the un-infected controls at each
harvest and then the data were pooled (time points were collapsed since all data was expressed
relative to 1.0). In this pooled data, Cu3(PO,),°3H,0 nanosheet-treated plants exhibited 42% less
disease than the Fusarium controls and were statistically equivalent to non-treated un-infected
controls. The data show that foliar application of Cu3(PO,4),*3H,0 delayed the disease onset until
the third harvesting period, indicating enhanced initial plant defense.

In the second experiment, commercial CuO NP were included for comparison. Disease
progress ratings were taken 7, 14, 21, and 28 days after transplanting into the infested medium
(Figure 3a). At harvest one, there was no evidence of disease in the 3 infected treatments but by
harvest 2, both the control and Cu;(PO,),*3H,0-nanosheet-treated plants showing significant
symptoms of infection. Importantly, the progress of disease upon nanosheet treatment was
significantly reduced (33-38%) compared to that of the infected controls, and in the CuO NP
treatment, there was no statistically significant evidence of disease at all. These findings align with
those of experiment 1, demonstrating that copper-based nanomaterials can significantly slow the
progress of disease. By harvest 3 and 4, disease had continued to progress in the controls, but at

both intervals, treatment with both CuO NPs and Cu;(PO,),°3H,0 nanosheets had significantly
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reduced disease progress by 22-33%, although there was no difference in efficacy between the two
types of Cu. Figure 3b shows the AUDPC data normalized to the uninfected control values at each
harvest and then pooled across all time points; again, it is clear that single foliar applications of
either type of Cu nanomaterial at the seedling stage significantly reduced Fusarium disease
progress during the following weeks of growth.

There has been significant interest in the use of nanoscale materials to suppress crop
pathogens in agriculture® 2, often involving materials that are antimicrobial and act directly on the
agent of concern. For example, Graham et al. evaluated two different forms of nanoscale zinc
oxide for the direct control of Xanthomonas citri, the pathogen responsible for citrus canker.?* The
authors reported that the minimum inhibitory concentration was two-fold lower for nanoscale zinc
products than for traditional bactericides. Similarly, Strayer-Scherer et al. showed in both in vitro
assays and a greenhouse study that a number of copper nanomaterials were more effective at
reducing the growth and damage caused by Xanthomonas perforans, than were traditional
pesticides.!> Both Huang et al. and Liao et al. showed that nanoscale Mg had notable efficacy
against bacterial plant pathogens.'* 2° In addition, Hao et al demonstrated that several carbon-
based and metal oxide nanomaterials inhibited viral pathogen infection, including Turnip Mosaic
virus in tobacco and Podosphaera pannosa in rose.?% 2’

However, the current study is focused on suppressing fungal infection through modulation
of plant nutrition and plant defense.?® It is known that micronutrients such as Cu are critical to
plant defensive pathways, particularly in the roots for soil-borne pathogens?®-3°, but the availability
of these materials in soil is often low due to pH-induced precipitation®! and basipetal transport is
limited??, confounding the potential for foliar application.!? 28 Given the known enhanced activity

and greater in planta transport of materials at the nanoscale, a number of recent studies from our
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group and others have focused on nanoparticle micronutrients for enhanced nutrition and disease
suppression. By adapting a well-established strategy of foliar feeding with macronutrients®3, Elmer
and White demonstrated that foliarly applied nanoscale CuO, MnO, or ZnO in both greenhouse
and field studies all slowed the disease progress of Fusarium in tomato and Verticillium in eggplant
more effectively the corresponding bulk fertilizers.® Importantly, the authors reported that neither
the CuO nor MnO were inhibitory to the pathogen in an in vitro assay at the concentrations used
in the study. Similar nutritionally modulated disease suppression activity was reported in
greenhouse and field trials with nanoscale Cu in different forms for Fusarium wilt in watermelon
caused by F. oxysporum f. sp. niveum.'% ! Interestingly, Adisa et al. showed that in greenhouse
studies, nanoceria (50 mg/L), which is not a required nutrient, suppressed Fusarium infection in
tomato.’* Although the mechanism is not entirely clear, enhanced photosynthetic potential, as well

as increased catalase and PPO activity, were reported with Ce amendment.

Biomass

For the first experiment, the total root, shoot and plant biomass was recorded at destructive
harvests 7, 14, and 21 d after transplanting to infested media. At harvest 1, the root, shoot and total
biomass of the uninfected control and nanosheet groups were 1.8, 7.3, 9.11 g (wet mass) and 1.7,
7.4, and 9.0 g, respectively (Table S1). For the infected controls, these values were non-
significantly reduced at 1.3, 5.0 and 6.3g, respectively, but for the infected nanosheet-treated plants,
root, shoot and total we mass values were significantly reduced at 1.3, 4.1 and 5.4 g, respectively.
For the uninfected plants, the mass of each tissue and the total mass doubled by the second harvest
and increased marginally by the third harvest, with root, shoot and total mass values ranging from

5.1-8.9, 12.1-13.4, and 18.5-21.0 g, respectively. Upon fungal infection, the tissue and total
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biomass of the tomato were significantly reduced by 54-66% to values of 2.3-2.4, 3.9-4.2, and 6.3-
8.6 g, respectively; again, treatment with the nanosheets had no impact on plant biomass. By
harvest 3, reductions in plant mass for the untreated controls continued to worsen, with total plant
mass averaging only 6.7 g; importantly, the nanosheet treated plants had total biomass values of
13.7 g, demonstrating that Cu;(PO,),*3H,0 nanosheet significantly suppressed the negative effects
of disease. Figure 4A shows the total plant biomass of tomato at the three harvests, with the data
in each harvest being normalized to the non-infected controls at the first harvest. Reductions of
31-41% in total biomass with disease were evident in both control and Cu;3(PO,),*3H,0 nanosheet-
treated plants by the second harvest, and at that point, amendment with the nanomaterial had no
effect. However, by the final harvest, infection reduced plant mass by 67% relative to the controls
but in the nanosheet-treated plants, the reduction with disease was reduced by only 34%, indicating
the level of infection was reduced by half with early Cu3(PO4),*3H,0 nanosheet treatment.

For experiment 2, the shoot, root, and total mass of select harvested plants was determined
7, 14, and 21 d after transplanting to infested media. At harvest 1, the root, shoot and total biomass
of the plants was largely unaffected by infection or treatment, with root, shoot and total biomass
ranging from 1.9-3.2, 2.5-6.2, and 4.4-7.3 g, respectively (Table S2). By harvest 2, the average
root and shoot biomass for the infected controls were significantly reduced; values in the untreated
uninfected controls were 3.9, 10.9 and 14.7 g, respectively, but the infected plant values were 2.9,
4.8, and 7.8 g, respectively. The biomass of plants in the CuO NPs and Cu;(PO,),°3H,0 nanosheet
treatments were statistically equivalent and more importantly, were not affected by disease; values
for the roots, shoots and total mass ranged from 3.8-5.2, 6.6-9.8, and 10.4-15.1 g, respectively. At
the third harvest, biomass of the infected plants was unchanged from harvest two (3.0, 4.6, and 7.6

g for roots, shoots, and total mass, respectively) as compared to 5.5, 11.9, and 17.1 g for the un-
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infected controls, respectively. Similarly, the biomass of the Cu;(PO,),°3H,0 nanosheet-treated
plants had not increased at harvest 3 but for the CuO NPs-treated plants, the biomass had continued
to increase significantly, regardless of disease, with values ranging from 5.3-7.3, 9.9-15.1, and
15.2-22.4 g for roots, shoots, and total mass, respectively.

The normalized biomass data are shown in Figure 4B; here, all data was expressed relative
to the total plant mass of the uninfected, untreated controls at the 7-d harvest. At harvest 1, there
was a trend for reduced total biomass with infection in the control and two Cu treatments, although
the reduction was statistically significant for the Cus(POy),°3H,0O nanosheet-treated plants. At
harvest 2, disease had reduced the biomass of infected control plants by 47%; however, the CuO
NPs and Cu;3(PO4),°3H,0 treated plants had biomass that was statistically equivalent to their
respective un-infected controls. These findings align with the disease data from this experiment
and again demonstrate the efficacy of Cu-based nanomaterials at slowing the onset of disease early
stage upon foliar treatment. By the third harvest, infection had reduced plant biomass by 57% and
the benefit of Cu3(PO,4),*3H,0 nanosheet treatment had been lost, with these plants having
biomass that was 49% that of the controls. However, the CuO NPs treated plants had statistically
equivalent biomass to the uninfected controls.

It is clear that the slowed onset of disease afforded by early life stage nanoscale Cu
amendment clearly resulted in enhanced growth; these findings are supported by a number of
recent studies in the literature. Elmer and White reported that a nanoscale CuO (same material as
the current study) foliar application to seedlings increased tomato biomass by 33% upon infection
by F. oxysporum f. sp lycopersici and increased eggplant biomass by 34% upon infection with V.
dahlia.® Borgatta et al. reported that Fusarium infection reduced watermelon biomass by 80%, but

that both commercial CuO NPs and Cu3(PO,4),*3H,0 nanosheets increased watermelon growth by
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up to 100%; notably, the nanosheets were effective at a 10-fold lower dose than the commercial
CuO nanoparticles and this effect seemed to be related to differences in chemical composition, as
well as perhaps morphological differences, that resulted in faster dissolution.'® Elmer at al.
reported that in six of eight greenhouse experiments, foliar application of CuO nanoparticles at
500 mg/L (1-2 mL total volume) increased watermelon growth, including 39-53% more fruit in
two field studies conducted in 2016 and 2017.!" In previous studies, it is notable that single
applications of these nanomaterials at the seedling stage provides life cycle-long positive impacts
on growth and disease. Interestingly, Borgatta et al. were able to correlate greater Cu?* dissolution
from the nanosheets with enhanced disease suppression and growth in fungus-infected
watermelon.!? Although the dissolution data was confirmed in the current study, the relationship
between more rapid ion release from the nanosheets relative to commercial CuO nanoparticles and
disease suppression or plant biomass was less definitive than observed in our previous study. The
reasons for this difference are not entirely clear but could be related to different species of both
the fungal pathogen and the host crop. Notably, additional investigations on seed treatments and

multiple applications during growth are currently underway.

Elemental analysis.

The elemental content of harvested root and shoot tissues was determined by ICP-OES or
ICP-MS. In experiment 1, there were few consistent trends in the levels of the 14 measured
elements as a function of treatment or harvest time (Table S3). The concentration of Cu in the roots
of harvested plants did not vary significantly by treatment or harvest time and ranged from 10-45
mg/kg. However, the Cu shoot of Cu3(PO,4),*3H,0 nanosheet treated plants was expectedly higher

(given the foliar application), with levels at the first harvest being 160-180 mg/kg as compared to
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8-10 mg/kg in the control plants. In the treated plants, there was a time-dependent decrease in Cu
levels to the third harvest, when concentrations ranged from 16-57 mg/kg. This decrease in content
is likely a function of growth dilution (new biomass not directly exposed to the nanosheets). The
root Cu content for the plants did not differ significantly across harvests or with treatment. The
average Cu content of all plants, regardless of disease or harvest, not receiving foliar Cu
amendment was 23.6 mg/kg (£2.78); the value for Cu3(PO,4),*3H,0 nanosheet-amended plants
was 31.3 mg/Kg (£4.70). Although there is a trend of increased root Cu content, the values are not
significantly different. It is also interesting to note that disease, regardless of Cu treatment, tended
to increase Zn, Mn and P content (10-60%) in the roots and shoots of the tomato plants.

In experiment 2, the same elements were analyzed and the overall trend was consistent;
although some elements did vary across treatments, there were few consistent or discernable
patterns in the data (Tables S4-S8). Similar to experiment 1, the concentration of Cu in the roots
of all plants ranged from 10-30 mg/Kg. As expected, the Cu shoot content of plants receiving foliar
Cu amendment was greater than the controls, ranging from 40-100 mg/kg, depending on the
treatment and as in experiment 1, this amount decreased with time (to 10-30 mg/kg) with growth
dilution. Interestingly, at the first harvest, the amount of Cu in the shoots of plants receiving the
Cus3(POy4), nanosheets (averaging 107 mg/kg) was significantly greater than that of the plants
exposed to CuO NPs (45.9 mg/k). Importantly, Cu3(PO,), nanosheets yield higher Cu
concentration in the roots despite the fact that when expressed as elemental Cu, the CuO treated
plants received twice as much Cu as the Cu3(PO,), nanosheets. Although reason for the different
foliar Cu levels are not known, we anticipate that the flake-like shape of Cus(PO,), nanosheets
likely enhances binding to the leaf surfaces, while composition-dependent differences in

dissolution rate and subsequent Cu?" ion uptake between Cus(POy4), and CuO also likely play a
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role. Also, similar to the first experiment, there were time-dependent increases in Zn and Mn
content, although the trends were weaker in the second trial. Conversely, the results for P content
in the plants across the two experiments is more definitive (Figure S4). Regardless of Cu treatment,
the P content in both root and shoot tissues was significantly increased upon Fusarium infection.
Interestingly, this effect was qualitatively time dependent, with infected plants having 2.14 times
more P in their tissues by the final harvest of both experiments.

Given that the proposed mode of action for Cu-induced disease suppression is related to
improved crop nutrition, an assessment of element/nutritional content is important. Our current
interest in using foliarly applied nanoscale Cu to treat root disease arose from the work of Wang
et al., where increased root Cu was detected after foliar application of nanoparticle CuO in maize
and most importantly, this was not observed with non-nanoscale forms of the element.3> However,
work to date has been mixed with regard to the detection of enhanced Cu in the roots of exposed
plants after foliar application. Elmer and White did detect increased root Cu in tomato and eggplant
treated with nanoscale CuO and this enhanced level of Cu correlated well with less disease and
increased biomass in both greenhouse and field trials.® Similarly, Elmer et al. reported significantly
increased Cu in the roots of treated watermelon plants from a greenhouse experiment but did note
that in field trials, the harvested fruit had Cu concentrations that were equivalent to the untreated
controls.!! Conversely, Borgatta et al. did not detect increased Cu in the roots of treated
watermelon!?; these findings align with those of our current study, although the non-statistically
significant trend did suggest potential increased root Cu. The reasons for this variability in our
studies is unclear but could be a function of plant species, extent of infection, growth conditions,
timing of application or other unforeseen factors. As such, more in-depth molecular analysis such

as that below will likely be necessary to elucidate key mechanisms of action. With regard to shoot
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Cu data, the significantly greater element content for the Cu;3(POy4),*3H,0 nanosheets when
compared to CuO nanoparticles is particularly interesting. When adjusted for elemental Cu, the
nanosheets led to about a 4-fold increase in residual Cu on or in the shoots. Clearly additional work
is needed to determine the distribution of this additional Cu on or in the shoot system but it is
apparent that the excess levels did not correlate with increased suppression of disease or transfer
to the root tissues. Borgatta et al. reported no difference in the shoot content of Cu for watermelon
treated with these two materials'?, although in that study tissues were only analyzed at the end of
the growth period. However, one finding from that study clearly implicated particle morphology
and composition as key factors in the observed plant and pathogen response; the findings of the
current study seem to support that conclusion. In looking at the other elements in the root and
shoot tissues, there appeared to be few consistent trends in the data as a function of treatment.
Clearly, plant metabolic function as a consequence of disease and of nutritional amendment are

complex processes and more detailed study will be necessary to understand these processes.

Nanoparticle imaging on leaf surfaces.

Figure 5 shows SEM images of Cu3(POy),°3H,0 nanosheets and CuO nanoparticles on the
surface of tomato leaves; with samples collected on the day of exposure and 7 days after initial
application. There were no overt qualitative differences in the nanomaterial amount or distribution
on the leaf surfaces between 0 and 7 days after application. The Cu3(PO4),3H,0 nanosheets
appear to dry in aggregates that lay flat on the leaf surface, while the CuO nanoparticles seem to
be more sparsely distributed across the leaf surface. For both nanomaterials, the particles were
observed close to or even in contact with structures such as stomata and trichomes (Figure 5).

Given that the actual mechanism of particle entry into the leaf is currently unknown, these images
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are instructive but not conclusive. Additional SEM images with associated EDS analysis can be

found in the SI (Figure S5 and Figure S6).

Transcriptomics.

Gene expression analysis was conducted on the root tissues of plants from the two
experiments to investigate the impact of disease and of Cu nanomaterial amendment on the
transcription of three genes integral to plant defense; PPO, PTIS, and PRIAI. In the first
experiment, the expression of these genes was evaluated at 7 and 14 d after transplanting into
infested soil (Figure 6A). The transcription of PPO, PTI5, and PR1A1 in the two sets of uninfected
plants, both no treatment and amendment with nanosheets, showed relatively consistent levels of
expression across the two time points. Similarly, in the Fusarium-infected controls, PPO
expression was unchanged over the two sampling periods and not significantly different from the
controls. The expression of PR1A1 was increased by 7-fold at the first harvest, although levels
decreased to 5-fold that of controls in the second harvest. Alternatively, the expression of PTIS
was unchanged at the first harvest but by 14 d post transplanting to infested media, the value had
increased to 10-fold that of the non-infected controls. Notably, Cu3(PO,4),*3H,O nanosheet
treatment increased the expression of PPO, PTIS, and PR1AT1 by 10-40 fold in Fusarium-infected
plants. It is important to note that this significant increase in the expression of plant defense genes
occurred prior to phenotypic evidence of disease and correlated well with increased biomass at the
later time points.

In experiment two, the expression of PPO, PTIS, and PR1A1 was determined in plants
harvested 7, 14, and 21 d after transplanting into infested or non-infested potting media and is

shown in Figure 6B. In the uninfected plants, the expression of PPO was unchanged across all time
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points and for the two Cu-based materials. However, the expression of PTI5 in the un-infected
plants increased significantly from harvest periods 1-3; the reasons for this are currently under
investigation. Conversely, in the uninfected controls, the expression of PR1A1 decreased across
the control and two Cu nanomaterial treatments. Importantly, similar to experiment 1, treatment
of the plants with Cu3(PO,),°3H,0 nanosheets significantly increased the expression levels (2.5 to
5-fold) of PPO, PTIS5, and PRI1AI at harvest 1. For PPO, the expression level decreased
significantly at the latter two harvests; for PTI5 and PR1A1, the levels upon treatment with
Cu3(P0O4),*3H,0 nanosheet were constant or of similar magnitude in the latter two harvests. CuO
exposure in the infected plants resulted in a time-dependent increase in expression of all three
genes. At harvest 1 and 2, levels were equivalent to and slightly increased from the untreated
control plants but at harvest 3, the expression was significantly greater for each of the genes (1.5
to 2.5-fold). These findings align with the results from the disease progress and biomass
determinations, indicating the copper nanomaterial exposure stimulated plant defensive response
which resulted in greater overall health and growth in the presence of the pathogen. Notably, in
the untreated but infected control plants, expression of the three genes tended to increase with
harvest time as well, although this reactive increase appears to be more delayed and did not
translate to significant level of disease suppression.

There is little work published on the transcriptomic response of pathogen-impacted plants
to nanoscale nutrients as a strategy to promote plant health. It has been known for decades that a
number of micronutrients are critical to plant defense and secondary metabolite pathways and that
supplying adequate levels of these nutrients to plants is difficult.!?> Given what is known about the
enhanced availability, reactivity, and in planta translocation of nanoscale materials, it is not

surprising that such amendments could positively impact plant metabolism and physiology,
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thereby reducing the negative impacts of pathogen infection.® In the current study, the transcription
of 3 genes critical to plant health and disease response; PPO, PTIS, and PR1A1, were all
significantly upregulated in the root tissue upon nanoscale Cu treatment. This early life stage influx
of Cu and the resulting molecular response led directly to increased growth and reduced disease
presence. These findings align well with Elmer et al., where the authors demonstrated up regulation
of PPO and PR1A1 in watermelon shoots that were infected with Fusarium but also treated with
foliar CuO NPs.!! The current study demonstrates the important time-dependent nature of this
response, both in terms of understanding the mechanisms of action but also for efforts at optimizing
management strategies. These findings could have far reaching impacts on agricultural systems.
Single nanoscale Cu applications to young plants could feasibly be used to initiate inherent
production of a cascade of host defense products to proactively protect plants and positively impact

crop yield under biotically or abiotically stressed conditions.

Conclusions.

In summary, in-house synthesized Cu3(POy),°3H,O nanosheets and commercial CuO
nanoparticles (NP) were applied to young tomato seedlings prior to subsequent growth in potting
media infested with the fungal pathogen Fusarium oxysporum f. sp. lycopersici in two greenhouse
studies. Although fungal infection reduced plant biomass by 62%, foliar nanoscale Cu treatment
at the seedling stage reduced disease severity by 31% and promoted overall plant biomass.
Importantly, both nanomaterials yielded a time-dependent transcriptional increase of a number of
plant defense genes, with the Cu;(PO,),°3H,0 nanosheets exerting that impact prior to any
phenotypic evidence of disease. The findings demonstrate that manipulation of crop nutrition with

required micronutrients in nanoscale form has significant potential as an effective and sustainable
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disease management strategy. A mechanistic understanding of these processes at the
transcriptomic level will be critical to optimizing this approach. Future work is focused on the
timing and potential of multiple nanoscale amendments, as well as on tuning the synthesis of these
materials with regard to morphology, physical characteristics or surface functionality to maximize
disease suppression activity. Such strategies have the potential to be an important tool in efforts to

achieving and maintaining global food security.
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Figure 2. Disease progress (AUDPC) of Fusarium infection in tomato at harvests taken 7, 14, or
21 d after transplanting to infested media (A; top) or across all harvests (B; bottom) as a function

of Cuz(PO4),*3H,0 nanosheet amendment. Within a harvest, bars with different letters are
significantly different (one-way ANOVA with a Student Newman-Keuls multiple comparison

test).
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Figure 3. Disease progress (AUDPC) of Fusarium infection in tomato at harvests taken 7, 14, 21

or 28 d after transplanting to infested media (A; top) or across all harvests (B; bottom) as a

function of CuO NP or Cuz(POy,),°3H,0 nanosheet amendment. For A, the capital letters are the

result of a t-test within each pair of treatments; infected vs non-infected. The lowercase letters
represent a One-way ANOVA across all 6 treatments within each harvest (also for B).
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Figure 4. A (top-) Impact of Fusarium infection and Cus(PO,4),*3H,0 nanosheet amendment on
the wet biomass of tomato harvested 7, 14, and 21 d after transplanting to infested media. Within
a harvest, bars with different letters are significantly different (One-way ANOVA with a Student
Newman-Keuls multiple comparison test). B (bottom)- Impact of Fusarium infection, CuO NPs
or Cuz(PO4),*3H,0 nanosheet amendment on the wet biomass of tomato harvested 7, 14, and 21
d after transplanting to infested media. Within a harvest, bars with different letters are
significantly different (One-way ANOVA with a Student Newman-Keuls multiple comparison
test).
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Figure 5. SEM micrographs showing the interaction between engineered nanomaterials and the
tomato leaf surface. The untreated control is shown next to Cu;(PO,),#3H,0 and CuO NP
treatment right after exposure (0 days) and after a 7-day incubation period. The nanomaterials
are circled in red for clarity.
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Figure 6. Relative transcriptional response of 3 plant defense genes (PPO, PTIS, PR1A1) in the roots of plants 7 or 14 (A, top row) or
7, 14, or 21 d (B, bottom row) after transplanting to Fusarium infested media as a function of nanosheets or CuO NPs treatment.
Across treatments (4 for A, 6 for B) but within a harvest (i.e., at a specific time point), bars with different letters are significantly
different (One-way ANOVA with a Student Newman-Keuls multiple comparison test).
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Nanoscale Cu properties differentially altered the expression of plant pathogenesis-related genes,
effectively suppressing disease and increasing growth.
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