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Abstract

Metabolomics is an emerging tool to understand the potential implications of nanotechnology, particularly
for agriculture. Although molybdenum (Mo) is a known plant micronutrient, little is known of its metabolic
perturbations. Here, corn and wheat seedlings were exposed to MoO; nanoparticles (NPs) and the
corresponding bioavailable Mo®" ion at moderate and excessive levels through root exposures.
Physiologically, corn was more sensitive to Mo, which accumulated up to 3.63 times more Mo than wheat.
In contrast, metabolomics indicated 21 dysregulated metabolites in corn leaves and 53 in wheat leaves. Five
more metabolomic pathways were perturbed in wheat leaves compared to corn leaves. In addition to the
overall metabolomics analysis, we also analyzed individual metabolite classes (e.g., amino acids, organic
acids, etc.), yielding additional dysregulated metabolites in plant tissues: 7 for corn and 7 for wheat. Most
of these were amino acids as well as some sugars. Additional significantly dysregulated metabolites (e.g.,
asparagine, fructose, reduced glutathione, mannose) were identified in both corn and wheat, due to Mo NP
exposure, by employing individual metabolite group analysis. Targeted metabolite analysis of individual
groups is thus important for finding additional significant metabolites. We demonstrate the value of

metabolomics to study early-stage plant responses to NP exposure.
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Synopsis

Greater insights can be obtained by an in-depth analysis of the changes in metabolite levels due to

exposure of plants to nanomaterials, such as MoOs nanoparticles

Introduction

Metabolomics is emerging as a very important tool for elucidating the potential benefits and risks of

employing nanomaterials (NMs) to enhance agricultural production !

. It is in the past few years that
metabolomics has risen as an important tool in crop production enhancement 2°. Determining the up- or
down-regulation of metabolites as a function of NM exposure can serve to evaluate hypotheses regarding
the expected improvement in crop yield, or unexpected changes in nutritional value, plant health or other

outcomes. One of the major advantages of metabolomics relative to traditional toxicology is that changes

in metabolite levels can be detected at lower, more realistic exposure concentrations.

NMs have been proposed for use as nanofertilizers 7, nanopesticides ® and even nanosensors °.
Compared with conventional agrochemicals, nanofertilizers and nanopesticides may have 20-30% higher
efficacy in delivering the target active ingredient (nutrients or pesticides), which could substantially reduce
the use of agrochemicals '°. Molybdenum (Mo) is an essential micronutrient required for growth of most
plants ', mainly accessible to plants as MoO4? 7-'271®. Mo usually participates in reductive and oxidative
reactions in plants via specific plant enzymes 4. Mo plays an important role in N fixation in legumes, and
in regulation in other plants of nitrate reduction, as well as amino acid and protein biosynthesis
! Application can be approximately 0.5 kg/ha, requiring careful dosing !7. While the role of molybdenum

in plant growth is indeed significant, studies on the applications of nano-MoOs as micronutrient and/or
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promotor of plant growth are rather limited ''822, Applications at the nanoscale may result in more effective
dosing. Thus, studies on the accumulation and uptake of Mo and Mo oxide nanoparticles have been
conducted on various plant species, such as maize (Zea mays Weike720) %, rice (Oryza sativa L.) '* 2,
cowpeas (Vigna unguiculata) *°, potato (Solanum tuberosum L.) *°, and spinach (Spinacia oleracea L.) *'.
However, excess Mo NPs exposure can inhibit root growth/elongation, prolong seed germination, increase
nitrate reductase, and cause oxidative imbalance '¥22, While it is useful to study the physiological response
of plants to Mo NPs, a molecular level examination of the effect of Mo NPs is needed. Thus, metabolomics

is a useful tool to explore the response of crop plants to Mo NPs.

Metabolites are the end products of cellular regulatory processes; monitoring metabolite changes at
the molecular level in plant tissues enhances the information provided by physiological measurements 2.
For example, the physiological data from a study conducted by Olkhovych et al. (2018) showed that Zn
NPs resulted in discoloration of Pistia stratiotes L. leaves, but this was not the case for Cu NPs ?*. In
contrast, levels of eight amino acids were significantly altered after Cu NP exposure but only five amino
acids were dysregulated after Zn NP exposure **. Amino acids can act as metal-chelators, signaling
molecules, and antioxidant agents during plant defense reactions 2°. The changes in amino acid levels
illustrate the adaptive ability of plants under environmental stress. Another metabolomics study employed
liquid chromatograph-mass spectrometry (LC-MS) to analyze changes in polyphenol levels in cucumber
leaves exposed to copper . Even though leaf biomass remained unchanged for all applied concentrations
(i.e.,0.21, 2.1, and 10 mg Cu/plant), the levels of some polyphenol compounds (e.g., N-acetyl-L-methionine
and N-acetyltyptophan) exhibited a significant change even when copper dose was as low as 0.21 mg
Cu/plant. N-acetyl-L-methionine is a superior reactive oxygen species (ROS) scavenger and N-

acetyltyptophan can prevent protein molecules from oxidative degradation.

Metabolomics studies can be untargeted or targeted. Untargeted metabolomics studies serve for a
broad, semi-quantitative assessment of the changes in hundreds or thousands of metabolites due to a

particular exposure !, and are useful for generating hypotheses. They are semi-quantitative, since standards
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are not used to accurately quantify the changes in metabolite levels in plant tissues as a function of the
exposure to stressors such as NPs. There are several recent untargeted metabolomics studies on the effects

of NMs on plants 2734

. For example, by studying the metabolic responses of corn (Zea mays) leaves to
Cu(OH), NPs through leaf exposures, Zhao et al. (2017) discovered that a dose of 100 mg of Cu(OH), NPs
per plant significantly increased phenylalanine (23.9%), tyrosine (39.5 %), and 4-hydroxycinnamic acid
(121.9%) *. Several pathways were perturbed (e.g., glycolysis pathway, tricarboxylic acids cycle (TCA),
and shikimate-phenylpropanoid biosynthesis) indicating the activation of energy metabolism and plant
defense processes *°. In another study, foliar application of Ag NPs and Ag ions to cucumber (Cucumis
sativus) leaves indicated that phytol was significantly increased (1.5-2.2-fold) and implicated the

degradation of the photosynthesis process 32

. In addition, the significant upregulation of antioxidants
(arbutin and salicin) and aromatic compounds (4-hydroxyquinazoline, 3-hydroxybenzoic, acid, 1,2,4-
benzenetriol, and pyrogallol) demonstrated the activation of plant defense systems (i.e., triggered by the
overproduction of reactive oxygen species (ROS)). However, due to the semi-quantitative nature of the

untargeted metabolomics and challenges in detecting less abundant compounds, subtle yet statistically

significant changes in metabolite levels may remain hidden.

Targeted metabolomics provide a more rigorous quantitative approach, which can serve to test
hypotheses, albeit usually considering a smaller number of metabolites *3-3°. Calibration with isotopically-
labelled internal standards is used for absolute quantitation of the target metabolites. In addition to
calibration curves for each metabolite, the recovery of each metabolite from the plant tissue is also
determined, which is an important factor in the overall analysis. Huang et al. (2018) conducted a systematic
study of plant tissue (cucumber leaves) extraction and LC-MS/MS optimization for 23 amino acids *. The
high sensitivity (limit of detection as low as 0.005 ng/ml) and high recovery rates (80-120%) proved the
precision and accuracy of targeted analysis. In addition, the levels of many amino acids in cucumber leaf
tissues exposed to Cu NPs were significantly altered. In another recent study, targeted metabolomics was

employed to study algae exposed to Ag NPs; 94 metabolites were considered, including amino acids,
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nucleobases/sides/tides, amines, antioxidants, organic acids/phenolics, sugars/sugar alcohols and fatty acids
38, These metabolites were selected after a preliminary analysis with untargeted metabolomics revealed that
these were the most dysregulated. Ag NPs were shown to affect amino acid metabolism, TCA cycle, and
oxidative stress. An analysis of the overall response indicated that 52 metabolites were responsible for the
discrimination between control and treatments, and 45 dysregulated metabolites could be identified.
Similarly, a targeted metabolomics study of soybean shoots exposed to quantum dots with a similar set of
targeted metabolites identified 23 perturbed metabolites in the roots and 26 in the leaves *°. In both cases,
the statistical analysis was performed on the entire set of metabolites, to identify the metabolites responsible
for the separation between control and treatments, and then characterize the metabolites that are more
distinctly dysregulated. Statistical evaluation of all the detected metabolites is the conventional approach
in both untargeted and targeted metabolomics. However, the natural concentrations of different groups of
metabolites can vary over orders of magnitude, such that the dysregulation (i.e., up-regulated or
accumulated, or down-regulated or depleted) of much less abundant yet important metabolites may be
undetected. We hypothesize that an analysis of the metabolites by groups can reveal more information and

add more value than the conventional (overall) analysis.

For this study, corn (Zea mays ‘Golden Bantam’) and wheat (7riticum spp. ‘Red Fife’) were selected,
since they are major cereal crops, to study the effect of root exposure to various levels of Mo NPs and the
corresponding ionic Mo concentrations. In addition to a targeted metabolomics study, we considered
physiological effects, changes in nutrient uptake, and Mo uptake and translocation, to relate the metabolic
changes to actual exposure levels. Furthermore, groups of metabolites were also statistically analyzed to
extract additional information on dysregulated metabolites. This work provides valuable information on
early-stage plant responses to Mo NPs at the molecular level, and a more comprehensive metabolite data

analysis approach for future metabolomics studies.
Materials and methods

Characterization and stability of MoOz NPs
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MoO; NPs were purchased from U.S. Research Nanomaterials, Inc. (US3330) with primary particle
size in a range of 13 - 80 nm. NP morphology was characterized by transmission electron microscopy
(TEM) (FEI Tecnai G2). Surface bonding characteristics of MoOs NPs and the phase/crystalline structure
were characterized by X-ray photoelectron spectrometry (XPS, Thermo Scientific, ESCALAB 250 XI*)
and X-ray diffraction (XRD) spectrum (Panalytical Empyrean Powder). The hydrodynamic diameter and
the surface charge (zeta potential) of MoOs NPs in 10% Hoagland water were measured via dynamic light
scattering (Zetasizer Nano ZS, Malvern) at 100 and 500 mg/L levels. Diluted Hoagland water (Table S1)
was employed throughout the study to provide sufficient nutrients for plant growth. A molybdenum ionic
salt (Na2MoO42H,0, >99 %) was purchased from Sigma-Aldrich and the concentrations used in the

treatments were determined from the stability/dissolution experiments of the MoO3; NPs as described below.

Suspension stability was evaluated in the 10% Hoagland water solution at 100 and 500 mg/L. Before
the stability test, NP suspensions were sonicated for 30 min and distributed into three 50 ml metal-free
polypropylene tubes. After 2 min of vigorously vortexing, 2 ml of aliquot was withdrawn at O h, 6 h, 24 h,
72 h, 120 h, and 168 h time intervals. The suspensions were then placed in Amicon Ultra 3KDa cutoff
centrifugal filters (Sigma-Aldrich, UFC800324), centrifuged at 5000 rpm for 20 min, and the acidified
solutions were diluted 10 times for further analysis *. The target metal ion (i.e., Mo) was measured by

inductively coupled plasma-mass spectrometry (ICP-MS) (Agilent 7900, Agilent Technologies).

Corn and wheat growth and exposure conditions

Corn and wheat were selected for this study, since they are important cereal crops. Before the
germination procedure, all seeds were sterilized with 1% sodium hypochlorite solution for 10 min, followed
by rinsing 10 times with deionized water. Then the treated seeds were soaked in NANOpure water for

another 24 hr before germinating in water-saturated vermiculite. Vermiculite was used throughout the study
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to obtain the desired drainage and avoid accumulation of metals and nutrients. After 7 d, seedlings were

transplanted to obtain two wheat seedlings per pot and one corn seedling per pot for the exposure test.

Before transplanting the plants for the root exposure experiments, vermiculite was mixed with
predetermined levels of NP suspensions or ionic solutions, and then was placed into individual pots. No
molybdenum was added to the control group. For the experimental groups, 40 g of vermiculite were mixed
with 80 ml of MoO3 NP suspensions or ionic Mo solution before the plant exposure assay. The MoO3; NP
suspensions, with concentrations of 100 and 500 mg/L, were sonicated for 30 mins and mixed with the pre-
weighted vermiculite to reach 200 and 1000 mg metal (Mo) content per kg of vermiculite. These doses
were selected based on literature values ! for Mo requirements as well as preliminary experiments to
determine observable positive effects and excessive dosing. Background concentrations of Mo in
agriculture soils generally range from 0.2 — 5.0 mg/kg *°, however, in mining affected soils, Mo level can
reach up to 2903.91 mg/kg *!. The selected doses in the current study were in the range as moderate and
excessive Mo levels, and they were also comparable with other Mo NPs toxicity studies on plant species '*
20.22 " Based on a related study on the dissolution and aggregation of several metal oxide NPs **, including
the MoO; NPs used in this study, we determined the concentrations for the ionic Mo treatments

corresponding to the level of dissolved metal ions expected in the media, 35 and 225 mg/L Mo, to achieve

a bioavailable Mo comparable to the NP treatments.

Treated plants were grown under a 16 h photoperiod (light intensity 150 umol-m™:s™) for three weeks
at 22 °C and a relative humidity of 60 %. Plants were watered every day to maintain the vermiculite water

content between 70-90 %. Each exposure condition had a minimum of three replicates.

Metal content accumulation and distribution

Plant roots were rinsed with deionized water to eliminate vermiculite loosely adhered to the roots,

followed by 20 min. soaking and three times rinsing with NANOpure water . Before freeze-drying, plants
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were cut and separated into roots, shoots and leaves, and the length and fresh weight was recorded. The
tissues were freeze-dried and stored at -80 °C until needed. For the analysis, freeze-dried tissues were cut
into small pieces and placed in 50 ml digestion tubes. Then, 2 ml of plasma pure HNO; was added into the
tube and the system was heated at 115 °C for 20 min on an SCP Science SigiPREP hot block digestion
system. Then 8ml of H,O, (HNO3:H,0,=1:4) was added and continued to heat for another 60 min at 115
°C 3% 4 At the end of the digestion process, the digests were diluted to 50 ml with NANOpure water. The
acidified solutions were further diluted 10 times prior to analysis via ICP-MS (Agilent 7900, Agilent
Technologies). Along with the target metal ions (i.e., Mo), other macro-nutrients (i.e., Ca, K, Mg, and P)

and micro-nutrients (i.e., Cu, Fe, Mn, and Zn) were also quantified via the ICP-MS analysis.

Metabolites extraction and LC-MS analysis

After harvesting and processing, another set of plant tissues was cut and separated into roots, shoots
and leaves, and then immediately freeze-dried. After freeze-drying, the samples were ground into a fine
powder in liquid nitrogen. The samples were stored in 2-ml Eppendorf micro-centrifuge tubes at -80°C

freezer before further analyses. The metabolite extraction process followed previous studies 243>-7

. Briefly,
weighted 10-20 mg of frozen, finely ground plant tissue was extracted with 1 ml of 80% methanol/2%
formic acid in the 2 ml Eppendorf micro-centrifuge tubes. The tubes were vortexed at 3,000 rpm, sonicated,
and centrifuged at 20,000g for 20 min at each step. The supernatant was transferred into vials for detection
and quantification of amino acids, antioxidants, fatty acids, nucleobase/side/tides, organic acids/phenolics,
and sugar/sugar alcohols using an Agilent 1260 UHPLC binary pump coupled with an Agilent 6470 triple
quadrupole mass spectrometer (LC-MS/MS). The 82 selected metabolites were based on previous
untargeted and targeted metabolomics studies that indicated these metabolites can experience significant

2633 Data were

dysregulation after NP exposure and play important roles in key metabolic pathways
processed with the Agilent MassHunter Workstation Software Quantitative Analysis (V.B.07.01). The

detailed sample preparation, instrument settings, and running parameters are listed in the Supporting

Information.
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Statistical analysis

One-way analysis of variance (ANOVA) tests followed by a Fisher’s least significant
difference method were conducted to identify significant changes between control and the various
treatments, for each plant species. More specifically, the physiological parameters, mineral
nutrient, and metabolite levels were analyzed using SPSS Statistics 22, with the significant

threshold (p-value) set at 0.05.

The metabolomics statistical analysis was performed using MetaboAnalyst 5.0

(https://www.metaboanalyst.ca/). To set features to be more comparable, before the multivariate

statistical analysis, the data were normalized by sum and a log transformation. A supervised
particle least-squares discriminant analysis (PLS-DA) was conducted to maximize the separation
between control and experimental groups, which has been widely adopted in the previously similar
studies 2>37 3 The importance of a given variable was determined by the variable importance in
projection (VIP), derived from the PLS-DA, considering VIP scores > 1. The metabolites
identified as significant were derived from both the overall and sub-category metabolites.

Metabolite pathway analysis was performed by using MetaboAnalyst 5.0, where the impact value

threshold was set at 0.1 for identification of perturbed pathways.

Results and discussion

Characterization of MoOs NPs and the stability in the solution.

Both the original MoO3 NPs powder and the nanoparticle suspensions were characterized at the applied
conditions (Figure 1). As shown in the TEM image, the original MoO3 NPs were largely spherical with a
diameter 30-60 nm (Figure 1A). The XRD spectra demonstrated that the MoO; NPs exhibit an
orthorhombic crystalline structure associated to the alpha (o) mineral phase. Furthermore, XPS revealed a

primary peak of Mo 3d located at 230.9 eV, indicating Mo was bonded to oxygen in the upper energy levels;
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no carbon-based coating was detected (Fig 1B and 1C). For the MoO3; NPs suspensions in 10% Hoagland
media at 100 and 500 mg/L, the hydrodynamic diameter ranged from 375.7 = 18.7 nm to 399.5 £ 7.3 nm
and the zeta potentials from -32.0 + 2.1 to -32.8 + 1.2 mV, with little difference between NP concentration
levels. However, dissolution was a strong function of NP concentration, with a very rapid release of Mo
ions even at the beginning of the dissolution test (Figure 1D). At time 0, dissolution (free Mo ion) was
30.5% for the 100 mg/L suspension and 43.5% for the 500 mg/L suspension. Minor changes were observed
after 7 days, with an additional 4.5% and 4.1 % dissolution for the lower and higher MoO; NP levels,
respectively. This result was comparable with a recent study where the dissolution rate of 100 mg/L MoO;
NPs was 35% at time 0 and 39% on day 6 in DI water *. However, when rice seedlings were immersed in
a Hoagland water solution the MoOs NP dissolution rate decreased significantly to around 10% *2. Based
on the dynamic dissolution behavior of MoOs NPs, 35 and 225 mg/L Mo were chosen as the comparable

ionic Mo concentrations corresponding to 100 and 500 mg/L MoO3 NP suspensions, respectively.
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Figure 1. Characterization of MoO3 NPs. (A) transmission electron microscope (TEM) imaging, (B) X-ray

diffraction (XRD) pattern and h-k-I reference peaks, (C) X-ray photoelectron spectroscopy (XPS) spectra,

and (D) ions released in 10% HA solution from MoO3 NPs at D 100 mg/L and = 500 mg/L.

Physiological response and metal accumulation

Root morphology was significantly altered, with inhibited root growth and development of lateral roots,
when corn and wheat were exposed via the roots to MoO3; NPs at 200 mg/kg (treatment b) and 1000 mg/kg
(treatment d) compared to the control (treatment a) (Figure 2A). The effect was more pronounced for corn
seedlings, and at 1000 mg/kg NPs (treatment d). Exposure to the NPs at these concentrations also
significantly reduced root dry biomass (Figure 2B), particularly for treatment d with a 58% decrease in root
biomass. There was no noticeable effect for treatment ¢ (70 mg/kg ionic Mo), whereas treatment e (450
mg/kg ionic Mo) did result in a significant decrease in root biomass for both corn and wheat. The decrease
in root biomass correlated well with Mo content in the roots (Figure 2C), where the control group
accumulated less than 0.001 mg Mo/g dry mass, but accumulation increased to 3.5 and 11.2 mg/g in corn
roots exposed to 200 and 1000 mg/kg NPs, respectively. The corresponding ionic exposure treatments (¢
and e) accumulated 1.7 and 6.9 mg/g , which is 47% and 59% of the comparable NPs treatments. Wheat
accumulated 21.7-68.9 % as much Mo as corn, from either the NP exposures or the ionic Mo solutions. As
expected, the higher Mo dose resulted in more pronounced changes (Table S2). Uptake of Mo resulted in
increased uptake of Fe in corn roots, for all treatments (Figure 2D). For wheat, this only was significant for
the high level (1000 mg/kg NPs and 450 mg/kg ionic) treatments. There was a 55% decrease in wheat root
biomass for 1000 mg/kg NPs (treatment d). However, uptake of Mo resulted in decreased uptake of Zn in
both corn and wheat, for almost all treatments, although more pronounced for the high-level treatments.
This is an important concern, since lower Zn levels may affect the nutritional value of these crops.
Insufficient supply of vitamins and micronutrients (e.g., Zn and Fe) from food commodities (e.g., wheat)

affects about two billion people worldwide °.
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Exposure to Mo via the roots, either as NP or ionic, also affected above ground physiological responses and
metal accumulation/translocation (Figure 3). The first true leaves of corn exposed to Mo, particularly at
high levels, began to yellow and exhibit signs of senescence; wheat seedlings appeared to be less impacted
(Figure 3A). Exposure had a negative effect on above-ground biomass, with a significant decrease in stem
(up to 57%) and leaf biomass (up to 61%) for corn exposed to the 1000 mg/kg NPs (treatment d) and 450
mg/kg ionic (treatment e). The biomass of wheat stem and leaf was less affected, moreover, there was a
statistically significant increase (14%) in stem biomass for the 450 mg/kg ionic (treatment c). There was
significant translocation of Mo from the roots to stems and leaves, which was more pronounced for the NP
treatments than the corresponding ionic Mo treatments (Figures 3C and 3D), where 1.6-3.0 times more Mo
was translocated to plant leaves than stems. Under the same experimental conditions, corn translocated
1.10-1.36 times more Mo into leaf tissues than wheat. This result likely explains the earlier leaf morphology
alterations observed for corn leaves. Excessive application of nanosized octahedral hexamolybdenum

clusters also greatly inhibited rapeseed (B. napus) growth *.
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Figure 2. Corn and wheat root responses to MoO3; NPs and ionic Mo. (A) Images of plant roots after three
weeks of exposure at different doses; (B) dry biomass of plant roots; (C) Mo content detected in roots; and
(D) significantly altered Fe and Zn levels. Treatment conditions: a. control group (no Mo added), b. 200
mg Mo NPs /kg vermiculite, ¢. 70 mg ionic Mo /kg vermiculite, d. 1000 mg Mo NPs /kg vermiculite, and
e. 450 mg ionic Mo /kg vermiculite. Statistics based on a minimum of three replicates. Error bars represent

the standard deviation. * indicates significant differences (p < 0.05) compared with the control (group a).
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Figure 3. Corn and wheat stem and leaf responses to MoO3; NPs and ionic Mo. (A) Images of plant stems
and leaves after three weeks of root exposure at different doses; (B) dry biomass of plant stems and leaves;
(C) Mo content in corn tissues; and (D) Mo content in wheat tissues. Treatment conditions: a. control group
(no Mo added), b. 200 mg Mo NPs /kg vermiculite, ¢. 70 mg ionic Mo /kg vermiculite, d. 1000 mg Mo NPs
/kg vermiculite, and e. 450 mg ionic Mo /kg vermiculite. Statistics based on a minimum of three replicates.
Error bars represent the standard deviation. * indicates significant differences (p < 0.05) compared with the

control (group a).

Root metabolomics of corn and wheat exposed to MoOs NPs and ionic Mo
Since the plants were exposed via the roots, and root tissues accumulated significant amounts of Mo (Figure
2C), the changes in metabolite levels were expected to be most noticeable in these tissues, particularly for

corn. The overall PLS-DA analysis of the 82 metabolites clearly indicated separation of the control and the



300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

treatments for corn roots (Figure 4A and Figure S1) and for wheat roots (Figure 5A and Figure S1). For
corn roots, there was also clear separation for the 200 mg/kg NP (treatment b) compared to the
corresponding 70 mg/kg ionic Mo (treatment c). However, the high-level exposures (treatments d and e)
for corn roots overlapped, indicating a similar metabolomics response. In the case of wheat roots, the
metabolite profiles separated well among different treatment conditions.

Analysis of individual metabolite groups yielded further insights. Since only one fatty acid was detected
in roots (linoleic acid), this group was not analyzed in detail. There was clear separation of antioxidants,
nucleic acids and organic acids between the control and the treatments in corn roots (Figures 4C - 4E),
indicating that in corn, these groups of metabolites are more sensitive to higher levels of Mo The levels of
amino acids and sugars also respond to Mo treatments in corn roots, except the 200 mg/kg MoOs; NP
(treatment b) (Figures 4B and 4F). Given that corn exhibited a more marked physiological response to the
NP and ionic Mo treatments, it follows that the metabolic response would be generally significant for almost
all treatments. For wheat, the separation between control and treatments was clear for amino acids and
nucleic acids (Figures 5B and 5D), but the other groups of metabolites overlapped to some extent with the
control, in particular for antioxidants (Figure 5C). There was some separation between treatments for the
sugars, more distinctly for the high-level NP and ionic treatments (Figure 5F). The metabolomics responses
in roots correlated well with the Mo content in roots, where the higher Mo treatment groups (treatment d
and e) had 3.2-4.7 times more accumulated Mo than lower Mo exposure conditions (treatment b and c¢) and
the elevated Mo in plant roots resulting in clearer separations from the control group. From these analyses,
we began to infer that a more in-depth analysis could yield more insights.

By combining the statistical analysis (PLS-DA and ANOVA) of the individual metabolite groups, three
additional metabolites were identified as significantly dysregulated: benzoic acid, ornithine and raffinose
(Figure 6). Even though these three metabolites were not dysregulated in all root exposure treatments,
substantial changes were consistently observed at the high Mo NP dose (treatment d). Heat maps and
pathway analyses demonstrated that corn root metabolite profiles exhibited more substantial changes than

those of wheat roots (Figure S2-S5). The significantly accumulation of citric acid, malic acid, and succinic
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acid in corn roots (Figure S4) indicated perturbation of the tricarboxylic acid (TCA) pathway, which is the
major pathway for energy resources and a key metabolic pathway related to many other important
biosynthesis intermediates (e.g., plant hormones and amino acids). Unlike corn roots, the TCA cycle in
wheat roots was barely perturbed, except that citric acid was slightly decreased (0.89 times as the control)
when exposed to Mo NPs (Figure S5). There were 15 pathways altered in corn roots versus only 2 pathways
significantly changed in wheat roots (Table S3). Ornithine was involved in one of the perturbed pathways
(glutathione metabolism) in wheat. It is worth noting that ornithine was overlooked by the overall
metabolite analysis, but was identified via the individual metabolite group analysis. Even though ornithine

is a non-essential amino acid, it participates in the central reactions of the urea cycle (Figure S5).
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Figure 5. Partial least-squares discriminate analysis (PLS-DA) score plot of (A) the overall, (B) amino
acids, (C) antioxidants, (D) nucleic acids, (E) organic acids, and (F) sugars metabolites profile in wheat
roots for different root exposure. Symbols a-e represents different conditions: a (@) control group (no Mo
added), b @) 200 mg /kg MoOs NPs, ¢ @) 70 mg/kg Na,MoOs, d ©) 1000 mg/kg MoO; NPs, and e @) 450

mg/kg Na,MoOs.
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Figure 6. Box plot of metabolites with VIP score >1 that could only be detected when the individual
metabolites categories were analyzed in corn and wheat roots. Treatment conditions: a. control group (no
Mo added), b. 200 mg Mo NPs /kg vermiculite, c. 70 mg ionic Mo /kg vermiculite, d. 1000 mg Mo NPs
/kg vermiculite, and e. 450 mg ionic Mo /kg vermiculite.

Leaf metabolomics of corn and wheat exposed to MoOs NPs and ionic Mo

The PLS-DA analysis of the overall set of metabolites in above-ground plant tissues (i.e., stems and leaves),
in general indicated good separation between the control and exposure groups (Figures S6 and S7). Similar
to the results of root metabolites, the higher Mo exposures usually led to larger separation with respect to
the control. Given that a significant amount of Mo was translocated to plant stems (0.57-2.35 mg/g) and
leaves (1.28-5.41 mg/g) (Figure 3C and 3D), significant metabolic reprogramming was hypothesized.
Overall, 33 more metabolites were altered in corn roots (Figure S2) than corn leaves (Figure 7), showing
the more extensive metabolite profile alteration in the direct-contact plant tissue sections. In addition, 21
metabolites were differentially expressed in corn leaves, of which 11 were identified by the overall
metabolomics analysis. The additional 10 metabolites (circled in red in Figure 7) were only identified when
an analysis by groups of metabolites was conducted. Since these 10 metabolites are generally expressed at

much lower concentrations than those identified in the overall metabolomics analysis, their dysregulation
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was difficult to discern, requiring additional analysis. Among them, glutamine and hypoxanthine were
involved in the perturbed purine metabolism and two other metabolites (arginine and ornithine) were
important metabolites in the perturbed arginine and proline metabolism pathway (Table S4). Glutamine is
the primary product of ammonium assimilation, which is a central metabolite in nitrogen metabolism *’.
The decreased glutamine levels in corn leaves indicates an altered ability to acquire N compounds. Elevated
hypoxanthine, along with other significantly changed metabolites (adenosine and guanine) indicates an
alteration of purine metabolism. Arginine serves to store nitrogen in plants and it is also the signaling
molecule in the synthesis of NO, polyamines, and potentially proline **. Even though there are only a few
physiological functions where ornithine is presumed to be involved, it is known as a key intermediate for

the biosynthesis of arginine, proline, polyamines, glutamate, and alkaloids *.
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Figure 7. Heat map of corn leaf metabolites with altered levels after root exposure to MoOs3 NPs and ionic
Mo. Color bar represents metabolites were from less abundant to more abundant === —
Metabolites circled in red could only be identified when the individual subcategories were analyzed. The
asterisk indicates statistically significant differences (p-value < 0.05) in the overall metabolomics analysis.
Treatment conditions: a. control group (no Mo added), b. 200 mg Mo NPs /kg vermiculite, c¢. 70 mg ionic

Mo /kg vermiculite, d. 1000 mg Mo NPs /kg vermiculite, and e. 450 mg ionic Mo /kg vermiculite.
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Surprisingly, metabolic reprograming in wheat leaves exposed to Mo NPs or ions was much more extensive
with 53 dysregulated metabolites (Figure 8). Six of the 53 altered metabolites were identified via the deeper
analysis, including several nucleic acids and sugars. This was unexpected since all the earlier data
(physiological response, changes in biomass, and accumulation of Mo) in wheat leaves indicated less
response from wheat leaves than corn leaves. Metabolite pathway analysis revealed that the metabolomic
profile was influenced more by Mo NP exposure in wheat leaves than in corn leaves (Figures S8 and S9).
Additional pathways that were perturbed in wheat leaves, but not in corn leaves, were TCA cycle, amino
acid metabolism, and pyrimidines metabolism. Six metabolites (adenine, adenosine, fructose, asparagine,
methionine, tyrosine) had unique responses to exposure to Mo NPs via wheat leaves, and only one
metabolite (adenosine) had the same response in corn leaves. It is worth noting that two of the newly
discovered metabolites (hypoxanthine and guanosine) from wheat leaves were involved in the significantly
perturbed purine metabolism (Figure 8 and Table S4 & S8). Clearly, there is a level of tolerance for Mo,
but at a higher dose it results in substantial metabolic reprogramming.

In summary (Table S5), although clear separation was observed in the overall metabolomics for all
treatments vs. the control, the separation can be more clearly attributed to different groups of metabolites,
with some variation in the response between the two plant species, as well as for the three tissues analyzed
(roots, stems and leaves). The deeper analysis of the metabolomics, going beyond the overall metabolomics
to the analysis of the response in individual groups of metabolites, proved useful in identifying additional
metabolites in plant tissues that responded to Mo root exposures (Figure 9). Summing up the metabolomics
analysis of roots, stems and leaves, 7 additional metabolites were discovered that were significantly altered
in all plant tissues for corn, and also in wheat (Figure 9, Table S6 and S7). From the individual group
analysis, asparagine, fructose, reduced glutathione, and mannose were found as metabolites that were
reprogrammed in both corn and wheat plant tissues (from root to leaf). Asparagine (combined with
glutamine and arginine), is a major nitrogen transporter and serves to fix N in plants. Thus, changes in
asparagine levels may affect the ability of the plant to synthesize N compounds, which could further affect

key building blocks of plant proteins and enzymes *°. Glutathione plays a crucial role increasing plant
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tolerance levels and providing efficient protection towards abiotic stress-induced ROS accumulation .
Fructose can be produced via glycolysis and it provides antioxidative properties that promoted plant
adaptation to cold weather *2. Another simple polysaccharide, mannose, also has been reported to govern
the expression of the antioxidant defense system and to be significantly altered under cold > and
environmental (i.e., SiO,, TiO2, and Fe;Os) stressors >*. These results are comparable to the metabolomics
of corn exposed to Cu(OH), NPs 3* 34 where effects on several metabolic pathways (glycolytic pathway,
TCA cycle, and shikimate-phenylpropanoid biosynthesis) and other biosynthetic pathways (e.g., sugars,
amino acid, lipids) were observed. However, the key perturbed metabolites were different, indicating that

exposure to Mo (NPs and ionic solution) results in very different responses, compared to Cu NPs.
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Figure 8. Heat map of wheat leaf metabolites with altered levels after root exposure to MoO3 NPs and ionic
Mo. Color bar represents metabolites were from less abundant to more abundant === —
Metabolites circled in red could only be identified when the individual subcategories were analyzed. The
asterisk indicates statistically significant differences (p-value < 0.05) in the overall metabolomics analysis.
Treatment conditions: a. control group (no Mo added), b. 200 mg Mo NPs /kg vermiculite, c. 70 mg ionic

Mo /kg vermiculite, d. 1000 mg Mo NPs /kg vermiculite, and e. 450 mg ionic Mo /kg vermiculite.
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Figure 9 Venn diagram of important metabolites identified in (A) overall corn metabolomics and (B)
individual metabolite groups for corn; and (C) overall wheat metabolomics and (D) individual metabolite

groups for wheat.

Environmental Significance

The metabolomics of two important crops, corn and wheat, were evaluated after exposure to MoO; NPs
and ionic Mo. The exposures were conducted at two levels, the lower one in the range of a hypothesized
beneficial effect, and the higher one at a level expected to cause some effects on plant health.
Physiologically, corn seedlings were more sensitive than wheat to Mo exposure in general, in either nano
or ionic form, exhibiting yellowed leaves and reduced biomass. This likely is a reflection of the higher

uptake and translocation of Mo by corn, compared to wheat. Surprisingly, the metabolomics of the wheat
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exposures to Mo NPs and ions resulted in a dysregulation of more metabolites than corn. In leaves, most of
the dysregulated metabolites in wheat exhibited up-regulation, for all Mo treatments. For corn, the pattern
of dysregulation was less clear, with both up- and down-regulation of the altered metabolites. There was a
clear differential effect between NP and ionic treatments, and plant responses were dose-dependent..

The deeper analysis of the metabolomics, considering different metabolite groups, yielded additional
dysregulated metabolites, such as asparagine, fructose, reduced glutathione, and mannose. These results
indicate a clear need to understand the benefits of Mo as a nanofertilizer, and to tailor the dose at a level
that is beneficial for each crop plant, with minimal environmental implications. While this work focused
on early-stage crop response to Mo NPs, full life cycle studies are recommended for future work to track
the temporal dynamics in metabolite profiles. Additional omics (e.g. genomics, transcriptomics,
proteomics) can also be used to further understand the response of plants to nanoagrochemicals and

optimize the dose and timing of their application.
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