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Abstract

Two copper nanomaterials (CuO nanoparticles [NPs] and Cu3(PO,),-3H,O nanosheets) and
CuSO, were applied to tomato (Solanum lycopersicum) leaves and elemental Cu movement from
the leaf surface through the cuticle and into the interior leaf tissue was monitored over 8 hours.
Two forms of nanoscale Cu were used to foliar treat tomato on a weekly basis in greenhouse and
field experiments in the presence of the pathogen Fusarium oxysporum f. sp. lycopersici. For
CuSQ,, Cu accumulation and retention in the cuticle was over 7-fold greater than the nanomaterials,
demonstrating that nanoscale morphology and composition mediate Cu accumulation in leaf tissue.
In the greenhouse, weekly foliar applications of the nanosheets and NPs increased seedling
biomass by 90.9% and 93.3%, respectively, as compared to diseased and ionic Cu controls. In the
field, Cu3(PQO,),-3H,0 nanosheets reduced disease progress by 26.0% and significantly increased
fruit yield by over 45.5% per plant relative to the other treatments in diseased soil. These findings
suggest that nanoscale nutrient chemical properties can be tuned to maximize and control
movement through the cuticle and that interactions at the seedling leaf biointerface can lead to

season long benefit for tomato growing in the presence of Fusarium spp.

Key words: Copper nanoparticle, tomato, Fusarium oxysporum f. sp. lycopersici, Foliar
application, Disease suppression

ACS Paragon Plus Environment

Page 2 of 32



Page 3 of 32 Journal of Agricultural and Food Chemistry

37  Graphical Abstract

Disease Suppression

%

Cu, (PO, 3H,0 Nanosheets

".

CuO nanoparticles

Fusarium oxysporum f. sp. Lycopersici
infected

38
39

ACS Paragon Plus Environment



40

41
42
43
44
45
46
47
48
49
50
51
52
53
54
55

56
57
58
59
60
61
62
63
64
65
66
67
68
69
70

Journal of Agricultural and Food Chemistry

INTRODUCTION

With the global population projected to reach 9.7 billion by 2050, agricultural production will
need to increase by 60% or more, making maintaining global food security among the most
significant challenges humanity will face.!-> Additional factors such as a changing climate and
decreasing acreage of arable land are complicating efforts to increase food production.*> We
highlighted in a recent review that annual increases in production yield for the vast majority of
crops have been steadily declining over the last 40 years.®” Plant pathogen activity and disease
also significantly reduce the marketable yield of most major crops.® The range of plant pathogens
is incredibly diverse, including disease agents such as viruses, bacteria, fungi, oomycetes and
nematodes, with most crops being impacted by multiple threats, often simultaneously .%-1° Global
losses to plant disease approach an estimated $40 billion annually,'! with decreases of 20-40% in
crop yield being typical.!? Importantly, these losses are occurring in spite of the extensive use of
pesticides in agriculture. The current level of pesticide use has raised concerns for both
environmental and public health.!3* The development of novel and sustainable strategies for
effective disease management are urgently needed and will play a central role in efforts to combat

food insecurity.

Interest in the use of nanotechnology in agriculture has increased significantly in the last 5
years.!>16 Much of this interest stems from the increased activity and tunability of nanomaterials
as a function of nanoscale size; given the above-described inefficiencies in agriculture, the use of
nanoscale platforms that afford greater control through precision agriculture could yield dramatic
improvements over current practices. For example, Lui and Lal (2014) reported that application of
the synthetic nanoscale hydroxyapatite (nHA) increased soybean growth rates and seed yield by
32.6% and 20.4%, respectively, as compared to amendment with a regular P fertilizer.!” Ye et al.
(2020) reported that 1 mg kg'! MgO nanoparticle (MgO NP)-treated Capsicum annuum seeds
exhibited improved resistance to salinity at early stages of development.!® Dimkpa et al. (2020)
reported that coating urea with low-dose nanoscale ZnO promoted the overall growth of wheat
and increased uptake of Zn was noted under drought stress.!® In two studies from our group, we
showed that foliar application of CuO nanoparticles (NPs) and Cu3(PO,),-3H,0 nanosheets could
improve the growth and yield of pathogen infested watermelon and tomato in both greenhouse and
field studies, with maximum disease rates being significantly reduced.?’-2! Importantly, the

mechanism of action appears to be related to enhanced nutritional status and activated defensive
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pathways by the time sensitive presence of additional Cu derived from nanoscale forms. We
specifically note that there is no evidence for direct antifungal activity of the foliar added Cu
against to soil-borne pathogens. Furthermore, Borgatta et al. (2018) showed that tuning material
properties such as morphology (sheets vs irregular) and composition (phosphate vs oxide) led to
equivalent efficacy at nearly 10-fold lower dose with infested watermelon. Ma et al. (2019)
reported similar findings in a greenhouse study with tomato and was able to correlate enhanced
resistance to disease with a time-dependent expression of key plant defense genes; again, this plant
molecular response was sensitive to material-specific nanoscale properties.?’->! The development
of sustainable nanoscale platforms for disease management will require a thorough understanding
of the relevant mechanisms of action, including critical chemical interactions between the

nanomaterial and the leaf biointerface.

The plant leaf surface is a widespread and highly unique hydrophobic surface in the
environment. The plant cuticle is a protective layer or film on leaves and other shoot tissues and
consists of lipid and hydrocarbon polymers a with wax covering; the primary function of this
structure is to limit water loss from the plant and to serve as an external protective barrier.?> For
example, it has been reported that leaf and cuticle thickness will affect the extent of damage after
Titanium (Ti) application in both normal and shade conditions.?? Also, plant leaf thickness is
sensitive to plant hormones; exogenous methyl jasmonate improved resistance to insect herbivory
more in a plant with a thicker cuticle, sunflower (Helianthus annuus), than in plants with a thinner
cuticle; tomato (Solanum lycopersicum) and soybean (Glycine max).?* The cuticle is perforated by
structures known as stomata that can open and close to facilitate gas exchange that drives
photosynthesis and regulates water loss.”> A number of studies have investigated foliar
applications of nanomaterials. For example, Arora et al. (2012) reported that foliar application of
25 mg kg'! AuNPs improved leaf number and internal redox status of treated Brassica juncea.?®
The foliar application of ZnO NP to coffee plants increased fresh root and leaf weight by 37% and
95%, respectively, when compared to controls.?” Similarly, the application of 500 mg kg'! sodium
tripolyphosphate (NasP;019, STP) NP to tomato increased fruit production by 207%.?® As noted
above, our group has published a number of studies demonstrating the efficacy of nanoscale foliar
Cu and Si amendments to increase disease tolerance and yield.?%-2!- 2° The cuticle is a bridge
between the outer environment and internal plant tissues, including vascular structures, and the

mechanisms by which NPs cross this unique hydrophobic surface will be critical to effects
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designed to improve plant growth and disease resistance in agriculture. Although a number of
studies have investigated and demonstrated the potential efficacy of the foliar application of
nanomaterials, few have sought to understand the pathway of entry from the leaf surface into the
plant, as well as the role of nanomaterial and cuticle properties in mediating that process of uptake

and conveyed plant benefit.

This study includes a mechanistic investigation of the transfer of nanoscale and ionic forms
of Cu from the tomato leaf surface to the cuticle and into interior leaf tissue over an 8-hour period.
In addition, greenhouse and field experiments were conducted to investigate the role of Cu sources
(nanoscale, ionic), morphology (irregular, nanosheet), and composition (oxide, phosphate) on the
efficacy of Cu to modulate plant nutrition and increase resistance to fungal infection. Importantly,
multiple applications were made to both greenhouse- and field-grown plants to maximize benefit.
At harvest, physiological parameters including disease progress, biomass and pigment content
were evaluated. The tissue content of essential nutrients and pathogen-related enzymes activities
were measured to characterize the underlying mechanism of plant response. These findings add to
our understanding of how nanoscale chemical interactions at the leaf biointerface control Cu
accumulation, modulate plant nutrition and stimulate resistance to Fusarium spp., and advance

efforts to sustainably employ nanotechnology in agriculture.

MATERIALS AND METHODS

Material Characterization. Nanoscale CuO (30 nm diameter; powder) was purchased from U.S.
Research Nanomaterials (Houston TX). Cu3(PO,),°3H,O nanosheets were synthesized and
characterized as reported previously.?? Copper chloride dihydrate, ammonium phosphate
monobasic, and diethylene glycol were obtained from Sigma Aldrich (St. Louis MO).3%-31 All
reagents were used as purchased. For all plant exposure experiments, the CuO nanoparticles (NP)
and Cuz(POy4),*3H,0 nanosheets were applied by mass concentration (mg L) but were adjusted
based on the actual amount of added Cu. Quantitative measurements using inductively coupled
plasma mass spectrometry verified that the stoichiometries of CuO and Cu;(PO,),°3H,0 materials

contain 85 + 6% and 44 + 4% mass percent of Cu, respectively. 20-2!
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Cuticle Cu Extraction. As noted above, the plant cuticle is a complex mixture of cutin,
polysaccharides, waxes, phenolic compounds, among other constituents. It is known that nitric
acid can dissolve the cuticle on the leaf surface;*?-33 as such, experiments were conducted to
measure the movement of foliar applied nanoscale and ionic Cu from the leaf surface through the
cuticle and into the leaf interior tissues. Specifically, after foliar application of nanoscale Cu (both
CuO NPs and Cu3(POy),°3H,0 nanosheets) and CuSO,, 35% nitric acid was used to extract and
isolate the cuticle over the course of 8 hours. Specifically, we isolated the following fractions over
time: (1) DI water (Millipore Milli-Q® water purification system) was used to wash the outer
surface of the leaf for 5 min, and the collected rinsate is denoted as the “surface attached” fraction;
(2) the rinsed leaves were then transferred into the 35% nitric acid for 15 min; we refer to the
collected nitric acid as the “cuticle” fraction; and (3) the rinsed- and cuticle-free leaf was then
digested in concentrated nitric acid to isolate the “interior leaf” accumulated Cu fraction (Figure
S1). Copper from outer surface washing and interior tissues was quantified using inductively
coupled plasma optical emission spectroscopy (ICP-OES) on a Thermo Fisher iCAP 6500
(Thermo Fisher Scientific, Waltham, MA); the cuticle fraction was measured by ICP with mass
spectrometry (ICP-MS) on an Agilent 7500ce (Agilent, Santa Clara, CA)(due to lower Cu content).
Importantly, the nutrient Mg is used as a biomarker to insure minimal whole leaf damage during
cuticle removal; specifically, presence of Mg in the cuticle fraction indicates significant leaf
damage and contamination of the cuticle fraction with interior leaf constituents (including Cu).
For this experiment, we foliar sprayed 50 mg L-! Cu3(PO4),*3H,0 nanosheets, 31.25 mg L' CuO
NPs, and 62.50 mg L-! CuSO, solution on tomato leaves of separate replicate plants, and collected
the tomato leaf fractions noted above at intervals of 2, 4, 6 and 8 h. In this experiment, we have 12

individual replicate plants at 4 time points, with three replications for each treatment.

Greenhouse Experiment and Field Experiment. For the greenhouse and field experiments,
tomato (Solanum lycopersicum L. cv Bonnie Best [a commonly grown variety that is susceptible
to Fusarium wilt]; Harris Seed Co., Rochester NY) seeds were germinated in 36 cell (5.66 x 4.93
X 5.66 cm) plastic liners (1 plant per 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 Fusarium
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oxysporum f. sp. lycopersici pathogen inoculum was prepared as described previously.?* Briefly,
distilled water was added to Japanese millet (1:1, wt: wt) and the mixture was autoclaved for 1
hour on two consecutive days. Agar plugs were then seeded with F. oxysporum f. sp. lycopersici.
After culturing 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 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 both greenhouse and field
experiments. For both types of experiments, there were five treatments in both diseased and
healthy soils: 1) untreated control, 2) 50 mg L' Cu3(PO,),*3H,0 nanosheets, 3) 31.25 mg L' CuO
NPs, 4) 62.5 mg L' CuSO, solution; 5) 42.5 mg L' Na;(PO,) solution. Nanoscale suspensions of
Cu3(PO4),*3H,0 nanosheets or CuO nanoparticles were prepared in deionized (DI) water amended
with a nonionic surfactant (Regulaid® 1 mL L); this type of surfactant is typical in commercial
agrichemical formulations and facilitates material retention on the leaves.?’ The CuO suspension
was sonicated with probe sonicator for 2 min in an ice bath. Because of concern over possible
material breakage, the Cu;(PO,),°3H,0 nanosheets were sonicated using a gentler procedure; the
suspension was 500-watt bath sonicated via ultrasonic processor probe (Cole-Parmer, Vernon Hills,
IL) 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 immersion. The solutions were re-
dispersed after treatment of 11 plants for the greenhouse experiment and after 4 plants for the field
experiment (a function of different replicate numbers). The plants were then inverted and allowed
to dry for 1 hour. For the greenhouse experiment, the seedlings were transplanted into 10 cm
diameter plastic pots (350 mL) containing potting mix that was infested with Fusarium spp. or not
infested. A foliar application of the nanoparticles was made once per week during the 4-week
growth period.>* The tomato seedlings were arranged on greenhouse benches in a randomized
block design. Temperatures averaged 17-22 °C night and 19-25 °C day. Select replicate tomato
seedlings were harvested every 7 days for during the 28-day growth period (4 harvests). At harvest,
measured endpoints included biomass, phenotypic appearance, disease progress (AUDPC; see

below), and elemental content.
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For the field experiment, potted tomato seedlings were transplanted at the Connecticut
Agricultural Experiment Station Lockwood farm in Hamden, Connecticut. A plot distribution map
for the tomato seedlings by treatment is shown in Figure S2. Fertilizer (10-10-10, N-P-K) was
spread over a 0.9 m wide rows at a rate of 112 kg per ha. The rows were set 1.5 m apart, covered
in black plastic mulch and lined with irrigation drip tape. Plants were cultivated over the summer;
disease progress was monitored during the growth period and harvested tomato fruit mass was
recorded at day 83 and destructive harvest occurred on day 97. The measured endpoints included
phenotypic characteristics, biomass, disease progression (quantified via Area Under the Disease

Progress Curves, AUDPC, as described below), and the elemental composition of tomato tissues.

AUDPC Calculation. 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 from replicate plants
over time and then calculating the AUDPC using the trapezoid rule, where Y; = the disease rating

at time ¢;,

AUDPC = 2[Yl + Y(Z-H)]/2 X (t(iﬂ) - ti) (1)

Tissue Element Analysis. Root and shoot tissue from greenhouse and field experiments, as well
as fruits from the field studies, were dried in an oven at 50 °C, ground in a Wiley mill, and passed
through a 1 mm sieve. One tomato fruit from each field plot was randomly selected and assayed
to determine the concentration of Cu and other nutrients. Digestion of ground samples (0.5 g) was
done in 50 mL polypropylene digestion tubes with 5 mL of concentrated nitric acid at 115 °C for
45 min on a hot block (DigiPREP System; SCP Science, Champlain, NY). The content of Ca, Cu,
Fe, K, Mg, Mn, P, and Zn was determined by inductively coupled plasma optical emission
spectroscopy (ICP-OES) on a Thermo Fisher iCAP 6500 (Thermo Fisher Scientific, Waltham,
MA). Element content was expressed as ug g-' (dry weight) plant tissue. Yttrium (Yi) was used as
an internal standard and a sample of known concentration was analyzed every fifteen samples. The

Quality Control Standard (QCS) and Certified Reference Materials were purchased from SPEX
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CertiPrep (Metuchen, NJ) and included QCS 21 for Ca, Cu, Fe Mg, Mn and Zn, QCS 7 for K and

Single-Element of Phosphorus (P) Standard as certified reference materials.

Plant Defense Enzyme Activity and Protein Content For the greenhouse experiments, the
activity of phenylalanine ammonia lyase (PAL), peroxidase (POD) and polyphenol oxidase (PPO),
as well as the total protein content, was determined the root tissue of tomato seedlings from the
different treatments. One gram of fresh tomato root tissue was ground with a mortar and pestle in
liquid nitrogen. The resulting powder was macerated in 4 ml of ice-cold 50 mM potassium
phosphate buffer (pH 6.8) containing 1 % polyvinylpyrrolidone (PVP), 1 mM ethylene diamine
tetra-acetate (EDTA). The homogenates were centrifuged at 8,000 rpm at 4 °C for 30 min. The
supernatants (crude enzyme extract) were immediately used for determination of POD, PPO and
PAL enzyme activities and total protein determination. In each case, three replicates were analyzed

using a SpectraMax M2 Microplate Reader (Molecular Devices, LLC, San Jose, CA).

The total protein content of the samples was quantified according to the method described by
Bradford (1976).3¢ Sample protein content was expressed as equivalent microgram bovine serum
albumin (BSA) per 0.1 ml sample protein (ug mL") as determined from a standard curve of BSA

versus absorbance.

PAL activity (EC 4.3.1.24) was measured by the method of Mori et al. (2001) with modifications.
37 A reaction mixture was prepared by adding 0.4 mL of 100 mM Tris-HCl buffer (pH 8.8) and 0.2
ml of 40 mM phenylalanine to 0.2 ml of enzyme extract. Conversion of L-phenylalanine to
cinnamic acid at 37 °C was measured at 290 nm by reading the extract every 30 s for 5.5 min after

the start of the reaction. The enzyme activity was calculated employing a molar extinction

coefficient of 10,900 M! cm'!.

The activity of POD (EC 1.11.1.7) was determined by the method described by Choudhary (2011)
with some modification.?® First, 25 uL of the crude-extract preparation was added to 2 mL of a
solution containing 50 mM potassium phosphate buffer (pH 6.8), 1 % guaiacol and 1 % hydrogen
peroxide. The absorbance readings were taken at 436 nm in every 30 s for 5 min. The enzyme

activity was calculated employing molar extinction coefficient of 26.6 mM-!' cm.
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The activity of PPO (EC 1.10.3.2) was determined by the method of Cavalcanti et al. (2007) with
some modification.’® The reaction mixture contained 50 pl of the crude extract, 3 ml of a solution
containing 100 mM potassium phosphate buffer (pH 6.8) and 25 mM catechol. The increase in
absorbance at 410 nm was measured for 10 min at 30 °C. A value of 1, 300 M"! cm! was employed

for the molar extinction coefficient of o-Quinone.

Pigment Analysis. Chlorophyll content was determined by the method of Stober and Lichtenthaler,
with modification. 4° Briefly, 50 mg of fresh tissue was harvested, cut into pieces (<1 cm) and
added to 15 mL centrifuge tubes amended with 10 mL of 95% ethanol. The tubes were kept in the
dark for 3-5 d, and the chlorophyll content was measured by SpectraMax M2 Microplate Reader
(Molecular Devices, LLC, San Jose, CA). For three replicates per treatment, the concentration of

chlorophyll a (Chl a), chlorophyll b (Chl ) and total chlorophyll were determined by the following

equations:
Chl @ =13.36A¢642— 5.19A¢486 (2);
Chl b =27.43A¢s56— 8.12A¢64 3);
Total chlorophyll = Chl @ + Chl b (4).

Statistical Analysis. Biomass, elemental content, and physiological indices were analyzed using
one-way ANOVA with the three (greenhouse experiment) and five (field experiment) replications
as main effects. All data except the cuticle experiment are expressed on a dry weight basis; because
of the difficulty in drying nitric acid washed leaves, fresh mass was used for results in the cuticle
isolation work. Means were separated using Duncan’s Significant Difference Test at p < 0.05. All

analyses were performed using SPSS 25 (IBM, USA).

RESULT AND DISCUSSION

Cuticle Isolation Experiment.
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The Cu content in three leaf fractions was determined; the Cu content of the surface wash
fraction ranged from 21.57 to 39.20 mg kg! for the different Cu sources. Interestingly, the amount
of Cu varied significantly as a function of form; the (Cu3(PO,),°3H,0 nanosheets yielded the
greatest Cu content at 39.20 mg kg™!, followed by CuSO, at 27.71 mg kg! and CuO NP at 21.57
mg kg'! at 2 h (Figure 1-a). As for the surface wash and tissue fractions at 2 h, the cuticle Cu
content ranged from 10.61-17.41 mg kg! and did not vary as a function of Cu source. The Cu
content of the interior leaf fraction at 2 h was quite low, ranging from 2.02 to 2.22 mg kg'! and
similar to the cuticle, did not vary as a function of Cu type. Over the next 6 h in the surface wash
fraction, the amount of Cu decreased steadily and significantly over time for all Cu types, with
reductions ranging from 89-99% (Figure 1a). Specifically, by 8 h the amount of Cu in the surface
fraction had declined to 0.31, 0.88 and 3.14 mg kg'! for Cu3(PO,),*3H,0 nanosheets, CuO NP,
and CuSOQy, respectively (significantly different p<0.05).

Not surprisingly, the time-dependent decrease in Cu in the surface-wash fraction was
associated with time-dependent increases in the Cu content of the cuticle and interior leaf fractions
(Figure 1b, ¢). By 8 h, the Cu content in the cuticle had increased to 34.9, 10.7 and 255.7 mg kg!
for the Cu3(POy),°3H,0 nanosheets, CuO NP, and CuSO,, respectively (significantly different
p<0.05). This was also accompanied by Cu increases in the interior leaf fraction, where amounts
at 8 h were 4.38, 4.94 and 3.61 mg kg-! for the Cu3(PO4),°3H,0 nanosheets, CuO NP, and CuSO,,
respectively (significantly different p<0.05). The relative retention of Cu from ionic exposure in
the cuticle fraction relative to the two nanoscale treatments is notable. This is particularly evident
when the data for each fraction is normalized to the amount present in the cuticle fraction at 2
hours (Table 1). At 2, 4, 6 and 8 h, the relative amount of Cu present in the cuticle fraction is 1.0,
1.33, 1.60, and 2.01 for CuO NPs; the values for the Cu;(PO,),°3H,0 nanosheets are 1.0, 1.22,
1.67, and 0.85. However, for the ionic form, the relative amounts the cuticle at 2, 4, 6, and 8 h

were 1.0, 1.87, 15.77 and 24.10.

From the data, it is clear that Cu derived from nanoscale forms can pass more quickly through
the cuticle than the ionic sulfate form. In addition, it is also clear that more Cu moves through the
cuticle and into the leaf when the nanoscale foliar application is with Cu;3(PO4),*3H,0 nanosheets
as compared to CuO NPs. The foliar application of nanoparticles has been widely used in the

literature for a number of purposes, 2!:#! although the mechanisms of attachment and accumulation
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are largely unknown. For example, our group has shown previously and, in this report, (see below)
that nanoscale foliar applications of Cu can impact element content and pathogen activity in the
roots; the precise form of Cu as it accumulates in the leaves and is transported to the roots is
unknown. For a foliar exposure of 100 mg L' Ag, Zhang et al. (2018) demonstrated that the
transfer ratio for Ag NPs into leaf tissue was significantly greater than the ionic form in cucumber;
4 these findings align well with our current results with Cu. Moreover, Larue et al. (2014) reported
that TiO, NPs could be internalized inside lettuce leaves after foliar exposure of 12.5 mmol L-!
TiO, NPs, and importantly, the chemical form was not changed during this process.*! Additional
research is needed to clarify the precise mechanism of Cu movement through the various leaf
tissues, including the role and kinetics of particle transformation processes such as dissolution and

corona formation.

Greenhouse Experiment.

A 4-week greenhouse experiment was conducted to compare the disease suppression
efficacy of different Cu based nanomaterial treatments applied initially by dip application with
three subsequent weekly foliar spray applications. At four weeks, the presence of the fungal
pathogen in the soil decreased the growth of tomato by 53.3% (Figure 2a,3a). However, in the soil
infested with the pathogen, the nanoscale foliar treatments significantly reduced disease progress
as measured by AUDPC, with the two nanoscale treatments being the most effective (Figure S3a).
The ionic P and Cu treatments reduced disease progress by approximately 17% and 19%,
respectively; CuO NP applications reduced disease by approximately 40%. The Cu3(PO4),*3H,0
nanosheets were the most effective at suppressing disease, with infection being reduced by nearly
56%. Similarly, nanoscale amendments significantly increased plant biomass under diseased
conditions, with the two nanoscale treatments having the greatest benefit, with significant
increases of 91-93% than the diseased control (Figure 3a). Importantly, both nanoscale Cu
materials resulted in significantly greater plant biomass in the diseased condition than did
equivalent amendments of ionic Cu; in fact, the CuSO, treatment did not significantly increase
growth relative to diseased controls. Under the healthy conditions, the repeated nanoscale foliar

amendments had no impact on plant biomass (Figure 3b).
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Leaf and root samples were collected every 7 days and were subjected to elemental analysis
(Figure 4). The leaf Cu content of untreated shoots in the healthy plants ranged from 4.8 to 10.8
mg kg! (Figure 4d). Not surprisingly, weekly foliar treatments with Cu in different forms
significantly increased the leaf Cu content, with values being highest in the early weeks and then
decreasing from growth dilution. Interestingly, the trend for the untreated controls and the ionic P
treatment was reversed, although the overall levels were lower. There were some specific trends
and statistically significant differences in leaf Cu content as a function of treatment type over time.
At T1, the Cu content was statistically equivalent across the three Cu treatments, with values
ranging from 30-38 mg kg!; although nominally the Cu content from the Cuz(PO,),*3H,O
nanosheets was highest, with ionic Cu in the middle and the NP the lowest. By T4, the values
ranged from 17-22 mg kg!; here, the trend has reversed, with the nanoscale materials having lower
nominal amounts than the ionic Cu, although only CuO NPs were significantly reduced. In the
healthy plants, the Cu content of plant roots gradually increased over time across all treatments
but at harvest, the levels did not differ as a function of Cu treatment type (Figure 4c); at harvest,
root Cu content ranged from 20-30 mg kg™! across all treatments. However, the Na;PO, treatment

was significantly lower than the control and nanoscale Cu treatments.

In the diseased plants, the trends in shoot Cu content over time were similar to the healthy
controls; treated plants had higher Cu content (22-45 mg kg-!) that decreased over time to 15-28
mg kg'! (Figure 4b); the untreated controls and P ionic control had much lower levels at T1 (< 5
mg kg'!) that increased over time to approximately 10 mg kg!. At T1, there were statistically
significant differences in Cu content as a function of treatment. The CuSO, treatment had the
highest Cu content at 44 mg kg!; the two nanoscale treatments had significantly less Cu, with the
nanosheets yielding 35 mg kg-'and the CuO NP yielding 23 mg kg'!. By T4, the Cu leaf content
of all treatments had decreased proportionately, with the ionic content being greater at
approximately 28 mg kg! and the two nanoscale treatments being lower at 15-20 mg kg-!. Similar
to the healthy controls, only CuO NPs was significantly reduced from the ionic Cu controls and
all Cu amended plants had significantly greater Cu content than the Cu-free controls. Similar to
the leaves, the trends in Cu content in the diseased roots tracked with the healthy treatments (Figure
4a). At T1, Curoot content ranged from 12-15 mg kg-! and did not differ significantly by treatment
type. At T4, there were also no statistically significant differences in root Cu content as a function

of treatment. However, there was a clear trend for increased root Cu content with the nanoscale
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foliar amendments. The root Cu content of the unamended controls, Cu3(PO,4),*3H,0 nanosheets,
CuO NPs, and CuSO, were 26, 30, 30 and 24 mg kg-!. With regard to the root and leaf content of
other elements (Figure S5), changes as a function of disease and/or treatment were modest. We
found that the presence of disease significantly increased leaf Fe content. Regarding treatments,
all nanoscale foliar applications increased root Fe content, Na;PO, significantly increased root K
and P content in diseased plants (relative to both untreated and treated plants), and CuSO,

significantly increased root Zn content (relative to both untreated and treated plants).

The amounts of total protein and plant defense enzymes was determined in the tomato
seedling roots at T4 (final harvest) as a function of disease condition and treatment (Figure 5). At
final harvest, the total protein content of healthy roots was 5.08 mg kg-!; the presence of Fusarium
spp. reduced protein content actually decreased this value by 13% (Figure 5a). In the healthy
treatments, foliar treatment with nanoscale CuO NP significantly increased root protein content by
46.5%:; the nanosheets significantly increased levels by 29.8%. In the diseased treatments, most
amendments had no impact on root protein content and did not alleviate the decreases induced by
disease. Only CuO NPs had a significant impact, further reducing protein content to 3.89 mg kg-'.
In the diseased soil, the presence of Fusarium spp. significantly increased root PAL and POD
activity by 2.2-, and 2.9-fold, respectively (Figure 5b, c). Disease increased the root PPO content
by 1.5-fold (Figure 5d). In the healthy condition, root PAL and POD levels were unaffected by
foliar treatments. Root PPO levels were significantly decreased by 21.2% in the CuO NP treatment
and were significantly increased by 17.5% in the CuSOy treatment. In the diseased plants, the Cu
nanoscale treatments significantly increased root PAL and POD content (Figure 5b-d). Specifically,
Cu3(PO4),23H,0 nanosheets increased PAL and POD content by 93.6% and 49.1% relative to the
diseased controls; for CuO NPs, the increases were 66.5% and 37.4%, respectively. Root PPO
content was generally decreased by nanoscale foliar treatment, although the value was only

statistically significantly for CuO NP (18% reduction).

The pigment content of tomato seedling leaves was measured at harvest as a function of
disease and treatment. The presence of Fusarium spp. decreased chlorophyll a, chlorophyll 5 and
carotenoid content by 48.4%, 29.3%, and 34.2%, respectively. In the healthy soil, pigment
production was largely unaffected by the foliar treatments. In the diseased plants, amendment with

the different forms of Cu generally increased chlorophyll and carotenoid content, in several cases
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nearly alleviating the decreases caused by disease. For example, Cu3(PO,),°3H,0 nanosheets and
CuO NPs increased carotenoid content by 29.6% and 38.2%; these levels are statistically
equivalent to the healthy controls (Figure 6¢). Similar, foliar exposure to CuO NP increased
chlorophyll b content by 30.0% to levels that were equivalent to the disease-free controls (Figure

6b).

Cu nanomaterials have been reported to enhance plant growth and suppress the disease in
the soil.** For example, single foliar applications of Cus(PO4),*3H,0 nanosheets or CuO NPs
significantly reduced tomato seedling disease presence by an average of 31% in F. oxysporum
infested soil; 2! a single < 2 mL amendment of a 500 mg L! root treatment with Cu3(POy),-3H,0
nanosheets increased biomass by nearly 261%.2° Our current findings with Cu;3(POy4),*3H,0
nanosheets and CuO NPs improving the tomato seedling resistance to the F. oxysporum aligns well
with this previous work. Similarly, our findings of positive nanoscale Cu impacts on protein and
pigment content, as well as oxidative enzyme activity, also agrees with the current literature.
Sathiyabama et al reported that copper chitosan nanoparticles stimulated finger millet growth and
increased the activities of the defensive enzymes PPO and POD, resulting in an induced resistance
to blast disease. * It has also been reported that CuO NPs biosynthetically prepared from Adiantum
lunulatum extract could significantly increase levels of PPO and PAL in Lens culinar when the
seeds were treated with 25 mg L-1.* In our previous work, we similarly reported that the plant
defense genes of watermelon and tomato seedlings could be induced by foliar application of
various Cu nanomaterials.?!> 2% It is interesting to note that the current study included 4 separate
foliar applications of the nanoscale forms of Cu but that this repeated application regime seems to
offer no greater benefit (as measured by any of the parameters noted above) than does the single
application early in the seedling life cycle. The reasons for this lack of a cumulative beneficial
effect are currently under study but the concept of a narrow physiological window where additional

Cu (in nanoscale form) exerts positive later season impact is quite intriguing.

Field Experiment.

A full life cycle field study was conducted to evaluate the efficacy of nanoscale foliar Cu
amendments to suppress disease and enhance tomato growth (Figure 2b). After 14 weeks of growth

in the field, the presence of the fungal pathogen in the soil decreased the tomato plant growth by
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62.5% and fruit yield was reduced by 48.2% (Figure 3c, d). However, in the diseased soil, the
nanoscale foliar treatments seemed to reduce disease progress as measured by AUDPC, with the
Cu3(PO4),-3H,0 nanosheets being the most effective (Figure S3b). Notably, the high degree of
variability in the diseased controls yielded a lack of statistical significance; this is not uncommon
in a field study. Nominally, the ionic Cu and P treatments reduced disease progress by 17.0% and
18.9%, respectively; foliar CuO NP applications reduced disease only by 6.9%. Conversely, foliar
amendment with Cu3(PO,),-3H,0 nanosheets reduced disease progress by 33.3%. Similarly, both
nanoscale amendments significantly increased total plant biomass under diseased conditions; the
nanosheets and CuO NPs increased growth by 45.6% and 35.8%, respectively, although again, a
high degree of variability confounded statistical significance. Notably, none of the treatments had
a significant impact on fruit yield. Under the healthy conditions, the repeated foliar amendments
had little impact on plant biomass. The potential exception was CuO NP, which non-significantly
increased the total biomass of healthy tomato plants by 25.8%; none of the treatments impacted

fruit yield.

Elemental analysis was conducted on the fruit harvested after 12 weeks, as well as on roots
and leaves of plants collected after 14 weeks of growth in the field (Figure 4e-g, Figure S5). The
fruit Cu content were unaffected by treatment regardless of disease presence. Not surprisingly, the
leaf Cu levels was increased but interestingly, only for the diseased plants. Similarly, in the roots
of healthy plants, the Cu content was unaffected by foliar treatment. However, all foliar treatments
increased root Cu content by 115.5% to 123.2% at harvest time. In the harvested fruit, the content
several nutrients were unaffected by either disease or treatment, including Ca, Fe, Mg, and Zn
(Figure S5). However, some statistically significant changes were noted. The Fe content of tomato
fruit from plants amended with CuO NP was significantly less in the diseased than healthy
condition, although neither value was significantly different from the untreated controls. Similarly,
the K content of fruit harvested from diseased plants amended with CuSO,4 was significantly
decreased relative to the healthy amended plants, as well as the unamended control plants. In the
healthy plants, amendment with Cu3(PO,),*3H,O nanosheets significantly decreased fruit Mn
content relative to unamended controls. Last, the P content of diseased plants amended with
Cu3(PO4),23H,0 nanosheets was reduced relative to untreated controls but was not significantly
different from the other treatments. The significance of these modest changes in edible tissue

nutrient content is not known, although any decreases in nutritional value with treatment or disease
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certainly warrant concern. For the root and leaf tissues (Figure S6), we found that the presence of
disease significantly increased root K, P, and Zn content, as well as leaf Zn content, and
significantly decreased leaf Mn content. With regard to treatment, nanoscale foliar applications
did result in some differences between healthy and diseased plants but importantly, these changes
were consistent with changes induced by disease in the absence of treatment and there were no

instances where foliar amendment alleviated a disease-induced change.

The current study is the first report on the use of nanoscale Cu materials to modulate crop
nutrition to increase resistance to disease at the field scale. Notably, these results do agree with the
greenhouse study in this paper and others,?' and also agree with published field data on the use of
foliar Cu nanomaterials on other crop species. For example, CuO NPs were more effective than
other metallic oxide nanoscale micronutrients on eggplant in the field, with single foliar
applications leading to a 21.1% increase eggplant plant biomass in Verticillium dahlia infested
soil;** both CuO NPs and Cu3(PO,),*3H,0 nanosheets decreased Fusarium spp. damage in field-
grown watermelon; 2° growth with Cu-chitosan NPs amendment increased maize biomass by 0.12
to 0.16% under Curvularia leaf spot infection; and Cu NPs increased soybean crop yield up to 16%
in comparison with the untreated soybean.*® Importantly, the fact that early life stage seedling
treatments or even seed treatments with nanoscale Cu offer life-cycle long benefits to field grown
crops is notable. For example, Cu—chitosan NPs treated tomato seedlings were 87% more resistant
to early blight and 61% more resistant to Fusarium spp. wilt treatments.*” Of interest in the current
field study, it is also clear that using multiple applications of the nanoscale amendments seemed
to offer no benefit beyond that of a well-time single application at the early seedling stage.
Moreover, our work matches well with the previous research demonstrating that the application of
nanoparticles has little impact on plant fruit content,*® 4> highlights the potential for foliar

application of nanoscale nutrients in modern agriculture.

Agricultural Implications.

Taken together, the results from our greenhouse and field studies demonstrate the

significant potential for early life stage nanoscale Cu treatments to suppress soil fungal infection

and sustainably promote overall plant health and yield. However, some important questions remain.

What are the mechanisms by which foliar applied nanoscale Cu attaches to the leaf surface and
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gains entry into the interior leaf and vascular tissue? Can nanomaterial nutrients be synthesized or
tuned to optimize that process of leaf entry? The findings of the current study provide information
that will help to answer both of those questions. Our results clearly demonstrate that the form of
Cu greatly impacts the rate and extent to which the material is either retained by the cuticle or
transfers into the interior leaf tissue. Although the precise mechanisms remain unknown, it is clear
that nanoscale morphology (nanosheet vs irregular) will directly impact the rate and extent of
cuticular transfer. This process appears to be unrelated to Cu dissolution on the surface given that
the ionic treatment resulted in the greatest amount of element retention in the cuticle over 8 hours
of exposure. Importantly, these differential rates of leaf accumulation in young seedlings transfer
directly to particle specific effects that endure through the life cycle. These results suggest that
material properties may be further tuned to not only maximize accumulation but to also support
shoot-to-root translocation processes, including possibly inducing targeted corona formation (i.e.,
with carbohydrates for example) that could facilitate that process. The finding that multiple weekly
applications of such materials confer no additional benefit raises both practical and basic questions
that are worthy of future investigation. This suggestion of a relative narrow window of early life
stage opportunity for nutritional enhancement could also be used to guide the chemistry of
synthesized materials, either for foliar or potentially for seed treatments. The physiological basis
of this early life stage treatment effect is also an intriguing question. In summary, this study
contributes to a growing body of evidence indicating that nanoscale micronutrient amendments to
young seedlings can be a powerful approach in nano-enable agriculture to sustainably increase

food production.
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Figure 2-a. Tomato seedling phenotypic response after 4 weekly foliar nanoparticle amendments.

(Note: 1, Control; 2, Cu3(PO,4), nanosheets; 3, CuO nanoparticles; 4, CuSO, solution; 5, Na;(PO,) solution; “yellow brand” indicates seedlings
infested with the fungal pathogen Fusarium oxysporum f. sp. lycopersici.)
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Figure 2-b. The tomato-nanoparticle field experiment biomass in both diseased and healthy soil after the harvest.

(Note: 1, Control; 2, Cu3(POy), nanosheets; 3, CuO nanoparticles; 4, CuSQO, solution; 5, Na3(PO,) solution. “yellow number” indicates
seedlings infested with the fungal pathogen Fusarium oxysporum f. sp. lycopersici.) (one-way ANOVA with Duncan’s test at p <
0.05)).
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(Note: NS, nanosheets; NP, nanoparticles; Bars with different letters are significantly different,
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Figure 4. The Cu contents of the tomato seedlings root in diseased (a) and healthy (c) soil; and
Cu contents of the tomato seedlings leaf in diseased (b) and healthy (d) soil in the greenhouse
experiment, respectively; and The Cu contents of the tomato fruits (e), tomato plants leaf (f) and

root (g) in the field experiment.

(Note: NS, nanosheets; NP, nanoparticles; Bars with different letters are significantly different;
one-way ANOVA with Duncan’s test (p < 0.05), and values are mean + S.D. (standard deviation);
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(Note: NS, nanosheets; NP, nanoparticles; Bars with different letters are significantly different,
and values are mean + S.D. (standard deviation); one-way ANOVA with Duncan’s test (p < 0.05);
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Figure 6. The chlorophyll a (a), chlorophyll b (b), carotenoid (c)and total chlorophyll content (d)
of tomato shoots in both diseased and healthy soil in greenhouse experiment. Note: NS,

nanosheets; NP, nanoparticles; Bars with different letters are significantly different, and values are

mean + S.D. (standard deviation); one-way ANOV A with Duncan’s test (p < 0.05); fw, fresh
weight).
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732 Table

735 Table 1. Normalized cuticle content of Cu as a function of different treatments (CuO nanoparticles,
736 Cu;(POy),-3H,0 nanosheets and CuSO, solution) over time. For each Cu type, the data was normalized to
737 the amount of Cu in the cuticle at 2, 4, 6 and 8 h.
738
2h 4h 6h 8h
CuO nanoparticles 1.00 a 133 a 1.60 ¢ 2.01b
Cu;3(POy), 3H,0 nanosheets 1.00 a 1.22a 1.67b 0.85¢

Solubilized CuSO, 1.00 a 1.87 a 158 a 24.1a

739

740  Note, different letters are significantly different; one-way ANOVA with Duncan’s test (p < 0.05)

741

742

743
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