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Abstract Customized Cu3(PO4), and CuO nanosheets (NS) and commercial CuO
nanoparticles (NPs) were investigated for micronutrient delivery and suppression of soybean
sudden death syndrome. An ab initio thermodynamics approach modeled how material
morphology and matrix effects control nutrient release. Infection reduced biomass and
photosynthesis by 70.3% and 60%, respectively; foliar application of nanoscale Cu reversed this
damage. Disease-induced changes in antioxidant enzyme activity and fatty acid profile were
also alleviated by Cu-amendment. The transcription of two dozen defense- and health-related
genes correlate nanoscale Cu-enhanced innate disease response to reduced pathogenicity and
increased growth. Cu-based NS exhibited greater disease suppression than CuO NPs due to
greater leaf surface affinity and Cu dissolution as determined computationally and
experimentally. The findings highlight the importance and tunability of nanomaterial properties
such as morphology, composition, and dissolution. Early seedling foliar application of nanoscale

Cu to modulate nutrition and enhance immunity offer great potential for sustainable agriculture.
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Low use efficiency of fertilizers in agriculture confounds global food security, particularly
given the 60-70% increase in food production needed by 2050." Nearly 70% of applied fertilizers
are not used by crops, wasting energy and water, and causing environmental damage.? Novel
and sustainable food production strategies are sorely needed. Nano-enabled agrichemicals
have attracted attention as surface-modified and customized nanomaterials (NMs) could release
nutrients at controllable rates and activate plant defense systems to suppress disease.> * Given
the role of micronutrients in plant growth and disease defense, mechanistic investigation into
nanoscale micronutrient platforms is warranted.

Engineered nanoparticles (NPs) can enhance plant growth and suppress disease.®*
Although micronutrients are not basipetally translocated to root tissues, ° a split root experiment
demonstrated phloem-based CuO NP transport.6 Nanoscale micronutrients such as CuO, Fe,0s3,

and ZnO increased nutrient uptake” &

, and alleviated root and leaf damage caused by the
fungal pathogens.’® ™ "2 Importantly, disease suppression is through modulated plant nutrition
and not toxicity against the pathogen. Notably, material properties (shape, composition, etc.)
can be “tuned” to control activity. Borgatta et al. demonstrated that foliar exposure of
watermelon to Cu3(PO,), nanosheets (NS) at 10 mg/L suppressed Fusarium infection, whereas
CuO NPs exerted similar impacts at 250-1000 mg/L." This increased NS response was
correlated with more rapid upregulation of plant defense genes as a function of material
properties.™

Fusarium virguliforme (FV) is a root fungal pathogen that causes sudden death
syndrome (SDS) to soybean (Glycine max)." '® SDS is widespread in the United States and
has resulted in $3.06 billion in losses."” FV resides in the soil, infects roots, and colonizes xylem
and phloem elements. The export of toxins to the shoots, along with physically restricted water
and nutrient transport, compromises photosynthesis, growth, and vyield."® Early symptoms

include poor root development, foliar chlorosis/necrosis, and defoliation; however, symptoms

often intensify at flowering, followed by rapid mortality.” SDS Management has been difficult,
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although crop rotation and improved soil drainage offer some benefit.'” Given the disease

suppressive effect of nanoscale micronutrients'® '3

, investigation into this approach for SDS
was pursued.

Micronutrient delivery and SDS suppression was investigated with two types of Cu-
based nanosheets (NS), Cu3(PO4), NS and CuO NS, and commercial CuO NPs. Soybean
plants were grown in a greenhouse with or without FV infection that were foliar-amended with
Cu-NMs. Endpoints included phenotype, biomass, photosynthesis, nutrient content, fatty acid
profile, and the expression of defense-related genes. The materials were modeled with density
functional theory and thermodynamics to determine how morphology and solution properties
control dissolution. This study uses foliar Cu-based NMs to prevent crop damage from a root

fungal pathogen and highlights nano-enabled modulation of plant nutrition as a novel and

sustainable strategy for disease management.

Nanomaterial characterization and dissolution

Nanomaterial characterization data is in the supplementary information.”'* SEM shows
that Cu3(PO4), NS (exists as hydrated Cu3(PO4),-3H,0) and CuO NS possess sheet-like
morphology (Figure S1a and c); commercial CuO NPs had ill-defined shapes (Figure S1e).
The Cus(PO4), NS diffraction pattern is consistent with that of Hanawalt et. al (Figure S1b).°
The CuO NS and NPs were consistent with the tenorite crystal phase (Figure S1d and f). The
CuO NP pattern shows nanoparticle texture with (002) reflection appearing more intense, which
is consistent with preferential alignment on the zero-diffraction plate.?’ Since particle
morphology can directly determine dissolution and accumulation in plants', it is important to
differentiate shape and composition impacts on plant response.

In water, the dissolution of Cu?* from Cus(PO,), NS in the first hour was 60-fold greater
than CuO NPs and CuO NS (Figure S2a). lon release from the Cuz(PO,4), NS plateaued at 400

mg/L (72-hour); a similar pattern of Cu gradual release from CuO NPs and CuO NS was evident,
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although more was released from CuO NS (Figure S2a). Fumaric acid significantly altered Cu
release from Cu3(PO,), NS, which was 3-fold greater than in water during the first hour (Figure
S2b). The Cu release pattern in fumaric acid from the different Cu NMs was similar to water,
although the amounts were higher. Cu dissolution in sucrose was similar to water; Cu3(PO,). NS
released three times more ions than the other materials (Figure S2c¢). With proline, the rate of
Cu3(PO,)2 NS dissolution was increased, plateauing in the first hour at 9 mg/L; the other two
forms only released 0.08-0.39 mg/L Cu?*. CuO NP dissolution gradually increased over time but
similar to the other solutions, remained low. Release from CuO NS increased rapidly and
reached Cu3(PO,). NS levels by day 7 (Figure S2d). This pattern of CuO NS dissolution in the
proline solution was markedly different from the other solutions, indicating that both material
morphology and solution properties are important. Faster dissolution of Cus;(PO,4). NS agrees
with previous work.”™ ™ P release from Cus(PO4). NS in the proline solution was 3 mg/L, which
was 6-fold greater than in water, sucrose and fumaric acid (Figure S2e).

Cu?* release was modeled using a combined density functional theory (DFT) and
thermodynamics approach in which a Cu-OH unit is removed, in line with the mechanism
determined for complex metal oxides.?>* We hypothesize that the primary driving force for
different Cu®* release from the phosphate relative to the oxide is due to variable anions (O? or
PO43') in the lattice. To compare this anion effect, we model Cu?" release from Cu3(POy)2
(ICSD#1143)* and CuO (ICSD#16025)%. Starting positions and lattice constants were obtained
from the Inorganic Crystal Structure Database (ICSD). From the relaxed bulk structures, (001)
surfaces were cut and surface oxygens were protonated to maintain a charge balanced slab, as
is appropriate based on stoichiometry and the experimental conditions (Figure 1a and b). The
lattice effects are captured in AG,, which is the vacancy formation term calculated using
equation 5, where lower AG, indicates more favorable release. The energy of releasing Cu-OH,

including redox and hydration terms, is reported as AG (Figure 1c¢).
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AG1 = [ECu-OH vac + ECu(s) + EO(g) + EH(g)] - EPristine surface (5)

The hydrolysis of released Cu and ligand exchange reactions between dissolved Cu?* and
solution ions are accounted for to determine how media components influence dissolution (SI).
These terms are added to AGy to obtain AG,+media (Figure 1c). 2262

Cu dissolution was 60-fold greater from Cu3(PO,), than from CuO NP and NS. All CuO
Cu-OH surface units are equivalent, whereas Cu3(PO,), has four different surface Cu-OH
groups (equal molar quantities), labeled as Cu3(PQO4)-1 through -4, in different chemical
environments (Figure 1c). Cu3(PQO,).-1 is chemically similar to the Cu-OH unit in CuO, circled in
blue (Figure 1b), where an outermost Cu-OH group is removed. The phosphate material has a
AGy that is 1.13 eV lower, indicating it is energetically more favorable to remove Cu-OH from
Cu3(POy)2-1. Removal of Cu-OH for Cu3(PO,4),-4 was energetically unfavorable as this unit is
bound to phosphate that has a strong oxygen bond. Collectively, the modeling supports that Cu
release from Cu3(PO,). is thermodynamically favorable relative to CuO.

Dissolution experiments also showed media-dependent response where sucrose was
similar to water, while fumaric acid and proline differentially increased Cu dissolution. Sucrose
has the smallest effect on AG,: (AG+Sucrose), suggesting little impact on material dissolution.
Fumarate caused an early increase in Cu release, supported by a relatively favorable
AGrtFumarate. For proline ligation to Cu, a square pyramidal structure of this complex was
used,? resulting in the most energetically favorable AG,+media value, suggesting that proline
greatly impacts dissolution. This is consistent with the experimental findings where proline

increased dissolution by 1000-fold.

Response of infected soybean to Cu—-based NM
For FV-infected plants, foliar exposure to Cu-based NMs stimulated soybean growth

(Figure S3-5). However, there were no overt differences based on NMs type or dose. For the
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healthy treatments, seedling size was unaffected by Cu-based NMs treatments (Figure S3-5).
The root tissue in the FV control was severely infected by Fusarium as evident by black root rot;
interestingly, foliar application of Cu-based NMs reduced the amount of infected root tissue
(Figure S4-5).

FV infection reduced the shoot, root and nodule mass by 136, 60.6 and 93.4%,
respectively (Figure 2a-c). Three sequential foliar applications of Cu-based NMs alleviated
much of the FV-induced biomass reduction. CuO NS at 50 and 250 mg/L increased shoot
biomass by 60.3% compared to the FV control; values approached the healthy controls (Figure
2a). Foliar CuO NS increased the mass of FV-infected roots by 34.3%; root and nodule mass in
the diseased treatment was equivalent to healthy controls (Figure 2b-c). This alleviation of
pathogen damage occurred with foliar addition of 2-3 mg of Cu during the seedling stage.
Although an increasing trend of biomass was evident with Cu3(PO4), NS and CuO NP, the
effects were less robust than CuO NS. In the equivalent molar Cu treatments, trends for
increased biomass were evident but statistical significance was infrequent due to replicate
variability (Figure S6a-c). CuO NS significantly increased root biomass and had the largest
nominal values in the other tissues. For the healthy treatments, exposure to Cu-based NMs had
little impact on biomass (Figure S6d-f). In the ionic treatments, equivalent Cu?** as CuSO,
caused significant phytotoxicity (Figure S6d-f), whereas PO,* increased the biomass of FV-
infected shoots and nodules (Figure 2a and c).

FV infection decreased the net photosynthetic rate (Pn) by 43% (Figure 2d) but Cu-
based NMs at 50 and 250 mg/L alleviated this disease-induced reduction, restoring levels to
healthy controls. In equivalent molar Cu treatments, effects were similar to the concentration-
based data; disease-induced Pn and transpiration rate (Tr) reductions were alleviated (Figure
S7a-c). In the ionic treatments, Cu®* as CuSO, reduced Pn, Sc and Tr (Figure S7d-f) but PO,>
significantly increased photosynthetic efficiency (Pn, Tr) of infected plants, restoring levels to

healthy controls (Figure 2d and f).
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Tissue element content and distribution

Foliar amendment with Cu3(PO,4)2 NS, CuO NS and CuO NPs (50-250 mg/L) resulted in
shoot Cu content that was 5.1-24-, 10-54-, and 6.8-34-fold greater than unamended controls,
respectively (Figure 3a). CuO NS delivered 51.2-129% more Cu to shoots than the other two
NMs (Figure 3a), although none of the amendments affected root Cu content (Figure 3b). FV
infection increased shoot and root P content by 35.7 and 60.8%, respectively (Figure 3¢ and d),
although Cu3(PO4), NS did not impact the plant P content. In diseased roots, P levels were
higher than healthy control across all treatments. In healthy plants, Cu accumulation in shoots
and roots was similar to those with disease, including greater shoot Cu delivery with CuO NS
(Figure S8). The P content of plants was not altered by Cu amendment, (Figure S8) suggesting
that FV infection increases P accumulation in soybean. In the ionic treatments, high shoot Cu
was noted and led to toxicity; P content was largely unaffected by phosphate amendment
(Figure 3d). Additional nutritional elements were measured as a function of infection and
nanoscale Cu treatments (Table S$1-4); although some changes were evident as a function of
Fusarium and/or Cu presence, no consistent effects were discernable.

SEM shows both Cu3(PO,4), NS and CuO NS on the leaf surface after treatment with 250
mg/L NM at harvest (< 3.5 mg Cu delivered) (Figure 4b1-c1). Although a greater amount of
CuO NS appears to be retained on the surface, including by elemental mapping, Image J
analysis shows no statistical difference (Figure S$9). CuO NPs were not identified by EDS,
which suggests less affinity for the leaf surface due to different particle morphology (Figure 4s1).
No consistent pattern of spatial distribution was evident as a function of material type. Although
Figure 4a2-d2, S10 show no NMs around the trichomes, separate images do show particle

presence near these structures.

Enzymatic and molecular response



194 Peroxidase (POD) and polyphenol oxidase (PPO) are antioxidant enzymes involved in
195  plant response to stress.*® ' POD activity in FV-infected shoots and roots was 3.51- and 1.84-
196  fold that of healthy controls; root POD activity was nearly 10-fold greater than levels in the shoot
197  (Figure 5a and b). Cu-based NMs significantly decreased POD activity by 7-31.7% and 16.1-36%
198 in infected shoots and roots, respectively (Figure 5a and b), suggesting reduced disease
199  response due to enhanced innate resistance. CuO NS yielded the greatest reduction in POD
200  activity, aligning with the above data and suggesting that overall defense stimulation is tunable
201 as a function of material properties. A similar decreasing trend in POD activity was evident
202  across all treatments with equivalent molar Cu, with CuO NS resulting in the lowest level
203  (Figure S11a and b). PPO activity in FV-infected shoots was not significantly changed as
204  compared to the diseased shoot controls (Figure 5¢, S11¢). The changes in PPO activity in FV-
205 infected roots were similar to POD, although the treatment differences were of lesser magnitude
206  (Figure 5d, $11d). CuO NS yielded the greatest decrease in root PPO activity relative to the
207  other materials. For example, disease increased root PPO by 80%, but foliar CuO NS
208  completely alleviated stress associated with infection and yielded PPO levels that were 30%
209 less than the disease controls.

210 In the healthy treatments, Cu-based NMs had either no impact or decreased POD
211  activity (Figure S11e and f). Some increases in PPO activity were evident in both shoots and
212 roots upon treatment with Cu-based NMs, although not all were statistically significant (Figure
213 811g and h). With ionic Cu, a 52.3% increase in shoot POD was evident as compared to the
214  FV control (Figure 5a), indicating that elevated Cu triggered antioxidant enzyme activity in
215 response to metal-induced stress. lonic Cu also elevated the shoot PPO levels by 83%; no
216  difference was evident in roots (Figure 5¢ and d). With phosphate, POD and PPO activity were
217  either decreased or unaffected in shoot and root tissues (Figure 5a-d).

218 Fatty acids are primary cell membranes and cutin wax components, functionally

219  providing structural barriers and contributing to resistance against stress.* 3* The fatty acid
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profile in soybean tissues was investigated as a function of FV-infection and nanomaterial
treatment. The total fatty acid content in the FV-infected shoot control was 50% less than the
healthy controls (Figure S12a-b). CuO NS at 250 mg/L increased the total fatty acid content by
60.6% in FV-infected shoots compared to diseased controls, restoring levels to that of healthy
plants (Figure S12a). The other Cu-based NMs also increased the total fatty acid content in FV-
infected shoots, although variability among replicates precluded statistical significance (Figure
S12a). Healthy shoots were unaffected by Cu-based NM treatments (Figure S12b). The total
shoot fatty acid content in healthy treatments was relatively higher as compared to the diseased
treated tissues. For example, the total shoot fatty acid content in the healthy treatments with
Cu3(PO4)2 NS and CuO NPs was significantly higher as compared to the corresponding
diseased plants. In roots, the fatty acid content in the diseased and healthy controls were
equivalent. However, foliar application Cu-based NMs elevated the total fatty acid content in the
diseased roots as compared to the corresponding healthy roots (Figure $12¢ and d). Similar to
infected shoots, the total fatty acid content in FV-infected roots was significantly increased by
the Cu-based NM treatments by 10-44% (Figure S12c), while no difference was found in the Cu
treated healthy roots (Figure S12d).

In plants under stress, unsaturated fatty acids (UFA) can be converted to saturated fatty
acids (SFA); * *®° therefore, the ratio of SFA to UFA was evaluated. The ratio of SFA/UFA in FV-
infected shoots was largely unchanged as compared to diseased shoot controls (Figure S13a);
however, 250 mg/L Cu3(PQO,4), NS and CuO NS did significantly increase in the SFA/UFA ratio in
the roots (Figure S13b), indicating that foliar sheet-ike Cu NMs amendment could trigger
conversion of unsaturated to saturated fatty acids in FV-infected roots. In the equivalent molar
Cu treatments, a common trend in shoots and roots was that the SFA/UFA ratio in the Cu-
diseased treatment was higher that the corresponding Cu healthy treatment (Figure S14a and
b), although the significance was weak due to replicate variability. For healthy treatments,

different types of Cu-based NMs had slight impacts on the SFA/UFA ratio in both shoots and

10
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roots (Figure S14c and d). Upon exposure to ionic Cu, the shoot SFA/UFA ratio was markedly
higher than other treatments, suggesting Cu-induced phytotoxicity (Figure S14c).

Plants can remodel membrane fluidity by releasing phytooxylipin and a-linolenic acid
(C18:3) in response to stress.** * Disease significantly reduced shoot a-linolenic acid (C18:3)
content by several fold; however, foliar treatment with 250 mg/L CuO NS increased C18:3
content by 150% compared to disease controls (Figure S12a). CuO NS and CuO NPs also
induced 11-92% increases in C18:3 content of treated shoots relative to diseased shoot controls.
In healthy plants, Cu-based NMs decreased the C18:3 content 16% (Figure S12b), indicating
that Cu-based NMs could induce membrane fluidity remodeling by stimulating C18:3 formation
under healthy and diseased conditions. Notably, CuO NS exerted greater impact than did the
other two NMs. In roots, changes in C18:3 induced by disease were largely reversed across all
Cu treatments (Figure S12c and d), demonstrating the potential of foliar application of these
materials to remodel root fatty acids profiles to strengthen plant defense. Treatment with 50 and
250 mg/L CuO NS increased the ratio of C18:3/(C18:0+C18:2) by 17% relative to the diseased
control; 50 mg/L CuO NPs also significantly increased this shoot ratio (Figure S15a).
Conversely, the root ratio in the CuO NS treatments was significantly lower relative to the
diseased control, indicating the alleviation of FV-induced stresses in the root system. The
equivalent molar Cu treatments exhibited similar trends in the C18:3/(C18:0+C18:2) ratio in FV-
infected shoots and roots (Figure S16a and b). In healthy plants, the shoot ratio was largely
unchanged, except with 250 mg/L CuO NS and 50 mg/L CuO NPs, which elevated the ratio by 7
and 11%, respectively (Figure S16c). Overall, foliar application of Cu-based NMs significantly
altered both total fatty acid content and composition in diseased plants.

The expression of disease- and phytohormone-related genes in shoots and roots was
analyzed. Hierarchical clustering analyses and principal component analyses (PCA) were
performed to differentiate the impacts of Cu-based NMs in soybean (Figure 6a-d). CuO NS at

both doses significantly changed pathogenesis (PR)-related genes in shoots, which were

11
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markedly closer to the healthy control along PC1 (62.59%) (Figure 6b). PCA analysis for the
PR genes in roots indicates that indirect exposure to Cu-based NMs induced less change, with
treatments overlapping with the diseased control (Figure 6d). The relative expression of PR
genes in the diseased shoot control was either upregulated or equivalent to the healthy shoot
control (Figure S17a-f). However, exposure to Cu-based NMs downregulated PR genes in FV-
infected shoots when compared to the corresponding disease control, nearly restoring levels to
healthy controls (Figure S17a-d and f) and suggesting that foliar application of these materials
could significantly counteract FV-induced stress and modulate plant defense response. A slight
increase in NPR1 expression, which participates fungus-induced defense response,®” in FV-
infected shoots treated with Cu-based NMs (1.725 mM Cu) was evident (Figure S17g),
indicating that NPR1 was less sensitive than PR genes or that up-regulation of other similar
genes resulted in less need for NPR1. WRKY transcription factors modulate germination and
development, biotic and abiotic stress response, and defense against pathogen infection.?® 3% 4%
41 Upregulation of WRKY1 in the disease shoot control was evident (Figure S17h), and
Cu3(POy)2 NS treatment further up-regulated WRKY1 expression by 4-fold, which is consistent
with the PR findings from this treatment. Fan et al. (2017) demonstrated that WRKY and PR
overexpression enhanced soybean resistance to Phytophthora sojae.*? Leucine-rich repeat
(LRR) proteins can be activated upon fungal infection; significant upregulation of LRR in FV-
infected shoots was evident across all Cu NM treatments (Figure S17i). In infected roots,
similar trends in PR and disease-related gene expression were also found across all Cu-based
NM treatments (Figure S18).

Antioxidant enzymes are also involved in the response to pathogen-induced stress. In
the shoots, PPO-related gene expression in FV-infested plants was downregulated for nearly all
Cu-based NM, except for CuO NPs at 50 mg/L (Figure S17j-l). The expression of phenylalanine
ammonialyase (PAL) was downregulated for all treatments, except for Cuz(PQO,4), and CuO NPs

at 50 mg/L. In infected roots, there was significant upregulation (2-7-fold) of three antioxidant
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defense-related genes with Cu-based NMs foliar exposure (Figure S$18). Ma et al. (2019) also
reported time-dependent upregulation defense related antioxidant genes in Fusarium-(FOL)
infected tomato roots upon foliar exposure to Cu-based NMs; Cuz(PO4), NS increased PPO and
POD expression by 5-10 fold during the first 7 days of infection." The consistency across
studies highlights the efficacy of foliar nanoscale Cu amendment as a strategy to modulate
disease response, as well as the importance of particle properties at tuning that response.
Phytohormones are also sensitive indicators of abiotic and biotic stress.*>* FV infection
up-regulated most phytohormone-related genes in the shoots (Figure S$19). However, the
expression of auxin (AUX), gibberellin (GA2), cytokinin (CDHAG), salicylic acid (SAT)
biosynthesis and dormancy-associated protein (DAP) genes were all downregulated with Cu-
based NMs (Figure S19a, b, d, f and h). Although jasmonate O-methyltransferase (JAT)
expression in the diseased shoot was equivalent to the healthy control, Cu-based NMs
increased JAT levels by 100% (Figure $19c). CuO NS increased the expression of strigolacton
esterase (SLs) by 8-fold in diseased shoots; the other Cu NMs also induced upregulation to a
lesser extent (Figure S$19g). Abscisic acid (ABA) regulates aquaporin activity as abiotic stress
response;*® CuO NPs (1.725 mM Cu) increased ABA expression by 5-fold (Figure S19i).
Phytohormone-related gene expression in the roots was similar to the shoots, with up-regulation
in diseased tissue upon foliar nanoscale Cu (Figure S20). Root AUX was increased by 3-fold
with Cu amendment (Figure S20a); CuO NS and CuO NPs (50 mg/L) increased root GA2 by
13- and 20-fold, respectively (Figure S20b). Similar trends were evident with infected root BR1,
SAT, and DAP expression in upon Cu-based NMs treatment (Figure S20e, f and h). PCA
analysis indicates that phytohormone-related genes were significantly altered in FV-infected
shoots and roots (Figure S21). For example, CuO NS clearly separated in the diseased shoots
and roots along with y axis; a lesser effect was also evident with Cu3(PO4), NS (Figure S21b

and d).
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Engineered nanomaterials (ENMs) are known to alter the phytohormone network of
terrestrial plants. Foliar exposure to nanoscale Fe;O; and TiO, and carbon-based NMs
increased the cytokinin zeatin riboside content in Turnip mosaic virus infected-tobacco by 40-
100%; similar results were reported for BR content.*® Hao et al. also reported that ENMs
exposure inhibited Podosphaera pannosa infection in rose leaves by regulating phytohormone
activity.*” Although quantitative analysis of phytohormones has demonstrated their role in
disease defense, little has been reported on the transcription levels of these regulatory genes
upon infection and with Cu-based NMs. Our findings suggest that Cu-based NMs foliar
exposure at the seedling stage significantly alters the expression of growth-related
phytohormone genes, resulting in disease suppression and increased plant vigor over
subsequent weeks of growth.

The expression of Cu, Zn and Fe transporters was measured in FV-infected shoots and
roots (Figure S$22-23). Although disease did not significantly alter these genes, modest
upregulation was evident as a function of treatment. However, PCA analysis demonstrates little
impact of disease or treatment on metal transporters (Figure S$24); this data aligns with the
elemental analysis, which also showed modest changes with disease and treatment (Table S1-

4).

Conclusions

Foliar application of Cu-based NMs significantly suppressed FV infection in soybean as
determined by phenotype, physiological parameters, photosynthetic endpoints and the
transcription of several gene networks (Figure $25). CuO NS exhibited greater disease
suppression than the other NMs; this activity correlates directly with material structure and
dissolution, as determined experimentally and computationally. Elemental analysis shows that
CuO NS delivered more Cu to the tissues, highlighting the importance of NM morphology and

dissolution profile on leaf surface interactions and plant response. Fatty acid and molecular
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analyses indicate that Cu-based NMs, especially CuO NS, significantly alleviated FV-induced
stress. Upon Cu treatment, the transcription of pathogenesis-related genes in FV-infected plants
largely returned to healthy control levels, demonstrating the role nanoscale Cu in disease
response. The findings demonstrate that early seedling foliar application of small quantities of

nanoscale Cu offers great potential as a novel disease management strategy for soybean SDS.
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Methods

Cu-based nanomaterials CuO NPs (40 nm) were obtained from US Research
Nanomaterials Inc. (Houston, TX). All reagents were used without further purification. The
reagents obtained from Millipore Sigma were CuCl,-2H,0, LiOH-H,O, diethylene glycol, and
ammonium phosphate. Copper phosphate nanosheets were synthesized using previously
reported methods.™ ' Briefly, 20 mL of diethylene glycol was heated to 140 °C under reflux.
Four mL of 1.875 M aqueous CuCl,-2H,O was then added dropwise to the heated diethylene
glycol, and the solution was stirred for 45 min. The temperature was then increased to 180 °C
and 4 mL of 1.25 M ammonium phosphate solution was rapidly injected using a syringe. The
reaction continued for 5 hours more. The particles were then isolated using centrifugation (5000
rpm for 10 min, Thermo scientific Sorvall). The particles were rinsed with ethanol, re-suspended
using a vortex (VWR standard mini Vortex), and isolated using centrifugation (5000 rpm for
10min). The rinsing protocol was repeated with ethanol and water. The particles were then
allowed to dry overnight under vacuum. The hydrothermal synthesis of CuO nanosheets was
adapted from Su et al. Briefly, 8 mmol of CuCl,-2H,O was dissolved in 160 mL of nanopure

water (18.2 mQ, Thermo Fisher Barnstead systems).*® Twenty-four mmol of LiOH was then
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added to the solution. The reaction was stirred for 10 minutes, then transferred to an autoclave
(Parr instruments). The reaction was heated to 170 °C for 2 h. The reaction was then allowed to
cool to ambient temperature. The particles were then isolated, cleaned and dried as previously
described.

The materials were characterized by X-ray diffraction and scanning electron microscopy.
A Bruker D8 powder diffractometer was used to determine the diffraction patterns of
Cu3(P0Oy)2-3H,0 nanosheets, CuO nanosheets and CuO nanoparticles. To prepare each
sample the nanoparticles or nanosheets were pressed into vacuum grease on a zero-diffraction
silicon wafer (MTI corporation). Scanning electron microscopy was used to determine the
nanoparticle morphology. To prepare each sample, the nanoparticles were suspended in
ethanol and sonicated using a bath sonicator (Branson 2510). The nanoparticle suspensions
were then drop-casted on to silicon wafers. The samples were analyzed using a LEO Supra55
VP field-emission scanning electron microscope.

Periodic DFT calculations were carried out using QUANTUM ESPRESSO suite*® along
with GBRV ultrasoft pseudopotentials.®® A planewave cutoff of 40 Ry and a charge density
cutoff of 320 Ry was selected. The reciprocal space was sampled using a 3x3x1 grid of k-points
for both CuO and Cu3(PO,),. Molecular calculations, including spin polarization effects, were
performed using DMol® software as implemented in BIOVIA Materials Studio package.®’
Dispersion effects were accounted for via Grimme correction scheme.*? This scheme has been
demonstrated to perform well in a variety of systems prior to the present study.®> DNP basis
sets were used alongside a global cutoff radius of 4.50 A. The molecular calculations were
performed in an implicitly solvated environment, with a dielectric constant of 78.54 for water.
The solvated environment feature was invoked through the COnductor-like Screening MOdel,
known as COSMO.***° Atoms in all calculations were relaxed to within 5 meV/atom, and used

the GGA-PBE exchange-correlation functional.®® Ligand exchange reactions that model the
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media effects and Figures depicting their presumptive products are all included in Figure S25A-

E.

Dissolution experiment Cu?* release from Cu3(P0O,)2 nanosheets, CuO nanosheets, and
CuO nanoparticles was evaluated in deionized water and in solutions containing sucrose,
fumaric acid or proline; these analytes represent the dominant sugar, organic acid and amino
acid in phloem sap, respectively (pH 7.5).>” The amounts of three Cu-based nanomaterials were
normalized by the equivalent molar Cu concentration (0.69 mM) and were separately prepared
in 40 mL deionized water, 65.89 mM sucrose, 4.16 mM fumaric acid, and 18.28 mM proline. All
suspensions were ultra-sonicated for 1 min and then shaken at 200 rpm at ambient temperature.
Samples were collected at 1, 6, 12, 24, 72 and 168 h. Three replicates were used in each
treatment at each time point. Centrifugal ultrafiltration devices (3000 dalton, UFC900396,
MilliporeSigma™Amicon™) were used to separate particulates from the filtrate with the
dissolved ions at 4000 rpm for 20 min. The collected filtrate was acidified by concentrated HNO;
prior to quantitation of Cu and P by ICP-MS (Agilent 7500ce) and ICP-OES (iCAP 6500) as

noted below.

Greenhouse experiment  The soybean cultivar ‘Seedranch’ (Seedranch, Odessa, FL) was
used to test the efficiency of Cu-based nanomaterials for disease suppression through
nutritional modulation. Soybean seeds were surface-sterilized with 70% (v/v) ethanol, rinsed
with deionized water several times, and air-dried on a paper towel prior to seeding. To facilitate
nodule formation, seeds were inoculated with Rhizobium. The F. virguliforme (lsolate Mont-1;
FV) inoculum was prepared as described by Elmer and White."” Briefly, F. virguliforme—
colonized semi-solid agar medium was seeded into Japanese millet, which was autoclaved with
deionized water (1:1 w/v) for 1 hour. The culture was allowed to grow for 2 weeks at 22-25 °C

and then the inoculated millet was air—dried and ground into fine powder before use. The

21



602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626

627

inoculum concentration was 2 g/L soilless potting mix (ProMix BX, Premier Hort Tech,
Quakertown, PA, USA). The soybean seeds were germinated in FV-amended potting mix;
seeds germinated in potting mix without the FV amendment were set as pathogen-free controls
(healthy treatments). Sterile millet was not added to the healthy treatments because it was
previously shown to have no effect on plant growth.® All plants were maintained under
greenhouse conditions (temperature: 25 °C; relative humidity: 74%; light period: 16/8, day/night).

Seven-day old soybean seedlings of uniform size were foliar-amended with different
concentrations of Cu-based nanomaterials (NMs) using a “plant dip” procedure described
previously.13 NM suspensions of Cu3(PO4)2'3H,O nanosheets, CuO nanosheets, and
commercial CuO nanoparticles (NPs) were prepared in deionized water amended with a
nonionic surfactant (Regulaid®, 1 ml/L) to facilitate solution retention on the leaves. The CuO
NP suspension was sonicated using a probe sonicator for 5 min in an ice bath. Because of
concern over material damage, Cu3(PO,4),'3H,O and CuO NS suspensions were sonicated
using a bath sonicator for 1 min. NM solution concentrations of 50 and 250 mg/L were used for
the foliar dip; in separate replicates, the concentration of Cu-based NMs was also normalized by
the same Cu molar concentration (the molar concentration of Cu in 250 mg/L Cu3(PO4),-3H,0 is
1.725 mM). lonic controls included CuSO,-5H,0 and NasPO,-12H,0 for Cu?* (1.725 mM) and
PO,* (1.125 mM), respectively. The healthy and diseased controls were foliar-treated with
deionized water amended with 1 mL/L nonionic surfactant. For foliar treatment, individual
soybean seedlings were inverted into the appropriate suspension for approximately 10 seconds,
then allowed to air-dry for approximately 60 min to avoid the possible contamination to the
substrates prior to transplanting into a plastic pot containing potting mix w/ or w/o FV. The
seedlings across all treatments were foliar-treated with the NM suspensions three times within a
7-day interval (Day 0, Day 7, Day 14). An estimate of total volume of 1.5 mL of NM suspension
was retained on each seedling, resulting in the delivery of approximately 0.75-3.75 mg of Cu

NM per application. All seedlings were randomly arranged on greenhouse bench and were
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watered with the same volume of tap water each day. After 40 days, phenotypic images of both
soybean shoots and roots were taken to qualitatively evaluate the FV-induced damages to plant
tissues as a function of different types of Cu-based NMs. In addition, fresh biomass (n=5) was
recorded across all the treatments at harvest. All plant tissues were stored at -80 °C until further
analysis. Seedlings across all the treatments were separate into shoots (leaves and stems) and
roots. Then, the individual shoot and root parts were ground into fine powder in liquid nitrogen
using a set of autoclaved mortar and pestle, which were clean with ethanol between samples to
avoid the possible DNA or RNA contaminations. The ground tissues were used for the
measurements of element content, antioxidant enzymes activity, fatty acids profile, and

transcriptomic analysis.

Photosynthesis measurement

Prior to harvest, the photosynthetic efficiency of soybean leaves was measured across
all treatments. A leaf in the same position on each seedling was selected to measure
photosynthesis rate (Pn), stomatal conductance (Sc) and transpiration rate (Tr) using LI-
6400XT Portable Photosynthesis System (LI-COR Biosciences). For instrument conditions, the
CO; in reference chamber was fixed at 400 ymoles; the relative humidity was between 50—-65%;
the light intensity was 750 pmoles; and the flow was 200 pmoles. The instrument was re-

calibrated every fifteen samples in order to obtain stable readings.

Element measurement

Fresh soybean shoot and root tissues across all the treatments (n=4) were separately
ground into a fine powder in liquid nitrogen. A portion of ground tissues was transferred into a
50 mL digestion tube for freeze-drying in a lyophilizer (FreeZone 2.5 Liter-50C, Labconco,
Kansas City, MO). The weight of freeze-dried shoot tissues across all the treatments ranged

from 100 to 200 mg; and the root dry weight ranged from 20-50 mg. The shoot and root tissues
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were separately digested using a two-step protocol prior to elemental analysis. Briefly, freeze-
dried tissues amended with 3 mL of concentrated HNO; were heated at 115 °C for 40 min on a
heat block (DigiPREP System; SCP Science, Champlain, NY). The digest was cooled down at
ambient temperature and 0.5 mL of H,O, was added prior to another 20 min of digestion at
115 °C. The content of both macro- and micronutrients was measured using inductively coupled
plasma optical emission spectroscopy (ICP-OES; iCAP 6500; Thermo Fisher Scientific,
Waltham, MA). In addition, the root Cu content was measured by inductively coupled plasma
mass spectrometry (ICP-MS, Agilent Technologies 7500ce, Santa Clara, CA, USA). Individual

elemental concentrations were calculated as mg/kg dry weight.

Nanomaterial imaging on leaf surfaces

Representative soybean leaf tissues from the 250 mg/L NM treatments and the
equivalent molar Cu concentration treatment were sampled after the third dosing. All the tissues
were frozen in liquid nitrogen and freeze-dried by a lyophilizer. The samples were mounted onto
carbon sticky tape and gold coated for 90 seconds using an SPI sputter coater (Westchester,
PA) with a discharge current of 18 mM using argon gas. The distribution of Cu3(PO,)2-3H,0
nanosheets, CuO nanosheets, and commercial CuO NPs on soybean leaf tissues was observed
using a Leo Supra V55 scanning electron microscope (SEM), with an accelerating voltage of 1
eV, and with a Thermo Scientific energy dispersive X-ray spectroscopy detector (EDS) at an

accelerating voltage of 20 eV.

Antioxidant enzyme content
Peroxidase (POD) and polyphenol oxidase (PPO) activity were measured in soybean

roots and shoots across all treatments (n=4) as described in Ma et al.*®

The enzymes were
extracted in 50 mM phosphate (pH7.0) amended with 1% (w/v) polyvinylpyrrolidone. For POD

measurement, 50 uL of root enzyme extract or 100 pL of shoot enzyme extract was mixed with
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1.85 mL or 1.80 mL of reaction buffer (0.2% guaiacol in 50 mM sodium phosphate buffer, pH 7.0)
in a cuvette, respectively. Then 0.1 mL of 1% (v/v) H,O, was added to initiate the reaction. The
increased absorbance was recorded at 470 nm for 30 sec.®° For PPO measurement, 200 pL of
root/shoot enzyme extract was mixed with 1.8 mL of 10 mM catechol prepared in 50 mM
phosphate buffer (pH 7.0). The increased absorbance was recorded at 398 nm every 20 second

over 1 minute.?% ¢!

Fatty acid profile

Approximately 0.2-0.3 g of frozen shoot and root fine powders was weighed into 15 mL
conical tubes containing 2.5 mL of methanol acidified by H,SO, (2.5%, v/v). Three biological
replicates were applied in each treatment. All samples were derivatized at 80 °C for 1 h and
then cooled down to ambient temperature. Two mL of deionized water and 3 mL of hexane were
added, followed by vigorous shaking for 30 min to extract fatty acid methyl esters (FAMEs). The
extract was separated from water phase by centrifugation at 3000 rpm for 5 min.®> The
extraction step was repeated once to ensure an adequate recovery. The collected extract was
concentrated under N, and then re-suspended in 2 mL (root) or 5 mL (shoot) of
dichloromethane (CH,Cl,). FAMEs analysis was done by gas chromatography—mass
spectrometry (GC-MS; GCMS-QP2010 Ultra, Shimadzu, Kyoto, Japan) using an integrated
guard column (Rtx-5MS, 30 m in length, 0.25 mm in diameter, 0.25 pym in thickness, Shimadzu,
Kyoto, Japan). The sample injection volume was 1 pL under splitless mode with helium carrier
gas. The injection, ion-source, and interface temperature were 250, 200, and 300 °C,
respectively. The thermal program was as follows: the column oven temperature was at 80 °C
and increased at 3 °C/min to 290 °C. spectra were recorded within a m/z range from 40 to 450.

FAMEs standard compounds were purchased from AccuStandard, Inc. (New Haven, CT).

Transcriptomic analysis
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Fresh shoot and root tissues were ground into fine powder in liquid nitrogen.
Approximately 100 mg of fresh tissue was weighed into a 1.5 mL Eppendorf tube for total RNA
isolation using a Sigma-Aldrich Spectrum Plant Total RNA Kit (Sigma-Aldrich, St. Louis, MO).
The concentration and quality of the isolated total RNA samples were measured by a Thermo
Scientific Nanodrop Lite Spectrophotometer (Thermo Fisher Scientific, Wilmington, DE). A
Verso cDNA synthesis kit was used to synthesize complementary DNA using 1 pL of total RNA
as a template. The gene-specific primers were designed using the PrimerQuest Tool (Integrated
DNA Technologies, Coralville, IA) and the working concentration of each primer was 10 uM. A
list of all genes involved in plant resistance, phytohormones, metal transporters, and nitrogen
assimilation is provided in Table S5. Reverse-transcription real-time PCR (RT-qPCR) was
performed with the Bio-Rad SsoAdvanced Universal SYBR Green Supermix (Bio-Rad, Hercules,
CA) using the Bio-Rad CFX96 Touch Real-Time PCR Detection System (Bio-Rad). The
synthesized cDNA was diluted to 50 ng/uL with double distilled water. One microliter of the
diluted cDNA was used as template for gqPCR analysis. The thermal program for gPCR
amplification was 95 °C for 30 s; 95 °C for 15 s, 62 °C for 30 s, repeating 40 cycles; melting
curve from 65 °C to 95 °C. The relative expression of each gene was calculated by 2724
method using EF1b as the housekeeping gene. Gene fold-change was expressed relative to the

FV control plants.

Data analysis

The experiment was arranged on greenhouse benches as a complete randomized
design with 5 replicates per treatment. Data sets were subjected to Shapiro-Wilk's W Test of
homogeneity before an ANOVA was performed. A Mixed Model one-way ANOVA procedure
was used with NP treatments as fixed effects and experimental repetition, and replicates as

random effects. Means were separated using Duncan’s Multiple Range Test at P = 0.05. All
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analyses were performed using SPSS statistics (Version 26, IBM Corp., Armonk, New York,

United States).

Data Availability
Additional data related to this paper is available from the corresponding author upon reasonable

request.
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Figure 1. (a) Side view of CuO with only one Cu-OH unit to remove. (b) Side view of Cuz(PQOa4).
showing there are four inequivalent Cu-OH sites. (1, blue) The topmost unit with a labile -OH
bound to surface Cu. (2, black) -OH shared between two coppers where the surface Cu is
removed. (3, orange) Same -OH as 2 where the bulk-like Cu is removed instead. (4, green) OH
shared between surface copper and phosphate. Grey lines are added for visual guidance. (c) the
AGiot values of Cu-OH removals (red) relative to Cus(POa4).-4. Media effects are added to these
numbers to yield AGwitmedia for Sucrose (blue), Fumarate (grey), HFumarate (purple), and
Proline (green).
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Figure 2. Physiological responses of FV infected soybean upon foliar-exposure to different types
of Cu-based NMs. Figure a-c shows fresh biomass of shoots, roots and nodules, respectively, in
the FV treatments with different types of Cu-based NMs at 50 and 250 mg/L (mass of particles);
Figure d-f represents net photosynthetic rate, stomatal conductance and transpiration rate,
respectively, in the FV treatments with different types of Cu-based NMs at 50 and 250 mg/L (mass
of particles). In each panel, green bar () and red bar () represents healthy control and diseased
control, respectively; blue bars represent the treatments with different types of Cu-based NMs at
50 and 250 mg particles/L; purple bar (E) and brown bar () represents 1.725 mM [Cu] ionic
control and 1.175 mM [PO4*] ionic control, which is the same molar concentration of [Cu] and
[POs*] in 250 mg/L Cus(POa)2 NS, respectively. In Figure a-c, error bars correspond to standard
error of mean (n=5); single asterisk “*” indicates significant difference between the diseased
control and each Cu-based NM treatment at p<0.05. In Figure d-f, error bars correspond to
standard error of mean (n=3); single asterisk “*” indicates significant difference between the
healthy and the diseased control at p<0.05. Values followed by different letters are significantly
different at p<0.05.
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Figure 3. Cu and P content of FV infected soybean upon foliar-exposure to different types of Cu-
based NMs. Figure a-b shows the Cu content in shoots and roots, respectively, in the FV
treatments with different types of Cu-based NMs at 50 and 250 mg/L (mass of particles); Figure
c-d represents the P content in shoots and roots, respectively, in the FV treatments with different
types of Cu-based NMs at 50 and 250 mg/L (mass of particles). In each panel, green bar ([1) and
red bar (E) represents healthy control and diseased control, respectively; blue bars represent the
treatments with different types of Cu-based NMs at 50 and 250 mg particles/L; purple bar (£1) and
brown bar () represents 1.725 mM [Cu] ionic control and 1.175 mM [PO4*] ionic control, which
is the same molar concentration of [Cu] and [PO4*] in 250 mg/L Cus(PQO4)2 NS, respectively. Error
bars correspond to standard error of mean (n=4); values followed by different letters are
significantly different at p<0.05. In addition, in each panel, single asterisk “*” indicates significant
difference between the diseased control and each Cu-based NM treatment at p<0.05; double
asterisks “**” indicate significant difference between the diseased control and each Cu-based NM
treatment at p<0.01 using a student t-test.
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Figure 4. Cu-based NM distribution in FV infected soybean foliar treated with 250 mg/L NM
suspensions three times with one-week interval. Figure a1-d1 represents Cu-based NM
distribution on the soybean leaf surface in the control, Cus3(POs) NS, CuO NS, and CuO NP
treatment, respectively. Figure a2-d2 represents the pattern of Cu-based NM distribution in the
area of trichomes in the control, Cu3(PO4)2 NS, CuO NS, and CuO NP treatment, respectively.
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Figure 5. POD and PPO activity in FV infected soybean upon foliar-exposure to different types of

Cu-based NMs. Figure a-b shows the POD activity in shoots and roots, respectively, in the FV
treatments with different types of Cu-based NMs at 50 and 250 mg/L (mass of particles); Figure

c-d represents the PPO activity in shoots and roots, respectively, in the FV treatments with

different types of Cu-based NMs at 50 and 250 mg/L (mass of particles). In each panel, green bar
(E) and red bar (E) represents healthy control and diseased control, respectively; blue bars

represent the treatments with different types of Cu-based NMs at 50 and 250 mg particles/L;
purple bar () and brown bar (E) represents 1.725 mM [Cu] ionic control and 1.175 mM [PO4*]

ionic control, which is the same molar concentration of [Cu] and [POs*] in 250 mg/L Cus(PO.)2
NS, respectively. Error bars correspond to standard error of mean (n=4); values followed by

different letters are significantly different at p<0.05.
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Figure 6. Heatmap and PCA analysis of the relative expression of disease-related genes in FV
infected shoots (a, b) and roots (c, d) as affected by different types of Cu-based NMs at 50 mg/L
(mass of particles) or the equivalent amount of Cu (1.725 mM). Disease-related genes reported
above include pathogenesis-related genes (PR1a, PR2, PR3, PR4, PR5a, PR10), NPR1 protein,
WRKY1 transcription factor, leucine-rich repeat (LRR), antioxidant enzymes (POD, PPO and
PAL). Gene fold-change was expressed relative to the FV control plants. CuSO4 and NasPO4 with
1.725 mM Cu?" and 1.15 mM PO.*, respectively, was used as the Cu®* and PO4* ionic control.
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