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Minerals elements play important role in plant growth and subsequently yield of crops, including
rice. However, part of the yield is annually lost due to pest damage. Our research results propose
novel ways for increasing the crop resistance by supplementation and optimal use of mineral
elements.

The aim in this project was to introduce a paradigm shift in perception of
minerals as essential components of plant growth to including them as indispensable players in plant
defense against biotic stress, including herbivore attack. We particularly highlight the role of
silicon in rice defense by showing that Si modulates mechanical resistance of rice against chewing
herbivores. In addition, Si shows profound effects on rice defense metabolism, including levels of
various primary and secondary metabolites. We further envisage the utilization of nitrogen in
stressed plants and propose the importance of nickel in promotion of defense.
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1. WHFEBRR SO =

Macro and micronutrients in soil which are essential for plant growth are obtained by
roots, translocated to the shoots and then distributed (or redistributed) in the whole
plant according to the demands. Under optimal conditions, plants utilize mineral
resources to reach their maximal fitness (seed number), which is equivalent to yield
in case of cereal crops. However, stress factors often limit the crops from optimal
performance. Herbivory is a major plant stress that occurs rapidly and unexpectedly
(reviewed in Wari (Galis) et al., 2022). Much attention has been paid to biological
systems for biosynthesis of rice defense metabolites against herbivores but mechanisms
for mobilization of mineral resources under biotic stress conditions remained poorly
understood. Although it has been formulated in the Mineral Balance Hypothesis by Phelan,
Norris and Mason (1996) that optimal nutrient balance results in both, good plant
growth and resistance to herbivores, this possibility has never been addressed at
molecular level. Therefore, our aim in this project was to introduce a paradigm shift
in perception of minerals as essential components for growth and development to
including them as indispensable players in the plant defense systems with respect to
biotic stresses, such as herbivore and pathogen attacks

2. WHEOHEM

The main purpose of this study was to (1) construct a comprehensive spatiotemporal map
of mineral use (ionome) in rice challenged by various types of herbivores using ICP-
MS, and (2) identify major mechanisms involved in herbivory-triggered mobilization of
mineral resources in rice. In the proposal, we have been focusing on utilization of
nitrate (ammonia and amino acids); calcium; phosphate; iron; zinc; manganese; and
silicon that are closely associated with structural and functional defense systems in
plants. Based on research outcomes of this study, we further aimed for design of novel
strategies for plant protection against herbivores, which would benefit from (i)
optimized mineral supply (e.g., by smarter fertilizer applications) and (ii) optimized
mineral use (e.g., by genome editing of mineral transported genes) in herbivory-
stressed crops

3. WHEDTTIE

We used rice as our main research model, which is highly relevant to agricultural needs
in Japan. Specifically, cultivar Nipponbare was selected because it the most frequently
used rice model plant in Japan, and it is supported by multiple bioinformatics resources
Rice seedling were cultivated in hydroponic culture using Kimura B solution to allow
modulation of mineral supply and facilitate collection of intact root samples. We used
two types of insects to obtain samples from herbivory stressed rice plants: (1) chewing
herbivores, Mythimna loreyi (MYL), that were attached in custom clip cages to the rice
leaves, similar to (2) sucking—piercing herbivores rice brown planthoppers, Nilaparvata
Jugens (BPH). In addition, we used simulated herbivory as a highly standardized method
for induction of stress resembling to herbivore attack, which consisted of introduction
of mechanical wounds followed by treatment with the oral secretions derived from MYL
larvae. Typically, leaf blades from 6-8 week—old rice plants were used, while
categorized in 3 groups as young, mature and old, together with leaf sheaths (basal
plant parts) and roots. All material was analyzed for mineral content using Inductively
Coupled Plasma-Mass Spectrometer (Agilent 7500 ICP-MS) after mineral extraction by
heat disintegration in nitric acid under high pressure in designated START D Microwave
Digestion System. Liquidified samples were introduced into ICP-MS by autosampler and
multiple mineral elements were simultaneously quantified relative to standard solutions
of mineral elements. Gene expression in herbivore stressed rice was examined by RNAseq
method (NGS) and conventional RT-PCR. Distribution of abundant minerals, such as
silicon in the rice leaves, was examined by Energy Dispersive X-Ray (EDX) spectrometer



attached to scanning electron microscope (SEM). Manipulations of minerals in culture
media were used to study the concentration effects of minerals on plant defenses. Solid
phase extractions were used to purify defense metabolites from plant materials and
used for quantification by LC-MS/MS based on our previously established methods. The
effect of silicon on emission of volatile compounds from rice was examined after
collection of volatiles on column traps and measurement by GC-MS. Effect of minerals
(Ni, Si) on primary metabolism of herbivore challenged rice was examined by GC-MS after
MSTFA derivatization of plant methanolic extracts.

4. WFFEAE

The first stage of the project was devoted to large scale time course experiment in
the greenhouse to directly compare untreated hydroponic rice plants with those infested
with MYL and BPH herbivores. After treatment, young (Y), mature (M) and old (0) leaves,
stems (S) and roots (R) (n=4) were collected at 8 different time points (0, 1h, 3h,
6h, 10h, 24h, 48h, 72h) to capture the immediate and late responses to herbivory stress
imposed by chewing and sucking insects. In total 440 samples were analyzed as reported
below.

4.1. Mineral analyses

Using ICP-MS of nitric acid-hydrolyzed samples, total 34 elements were determined (Li,
B, Na, Mg, Al, Si, P, K, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, Ge, As, Se, Rb,
Sr, Zr, Mo, Ag, Cd, Sn, Sb, Cs, Ba, W, Pb). The content of Si was further re—analyzed
by independent colorimetric method as ICP-MS results are not considered quantitative
under our ICP-MS instrument specifications. The analysis revealed that majority of
mineral elements were stable and did not show very significant changes in response to
herbivory stress. However, some elements such as Si, Ni and Cd were affected and
therefore used as focal points in our further studies

4.1.1. Role of Si in plant defense against herbivores as reported in Osibe (Galis) et
al. (2024)

4.1.1.1. Si uptake and distribution in herbivore stressed plants

Major changes in mineral content after introduction of herbivory stress were observed
in Si content. Plants exposed to MYL showed higher Si contents in locally attacked
leaves. In short term Si supply experiments to previously Si-deprived plants in
hydroponic culture, we show that (i) herbivore feeding attracts more Si to infested
leaf and (ii) supply of Si is essential for rice defense and high mortality of feeding
MYL larvae on the rice plants. In particular, we found that rice plants require at
least 3 days of continuous supply of Si to mount a strong anti-herbivore defense
against MYL feeding. EDX mapping after re—supply of Si showed that Si mainly accumulates
in specific cells in the rice leaf epidermis and in spikes on the leaf surface. The
silicification of spikes then consistently explained the mode of direct defensive
action of Si, already proposed in our previous study with African NERICA rice species
that inspired the initiation of the current study (Andama et al, 2020)

4.1.1.2. Study on the role of Si in metabolic defense of rice

It was assumed that Si plays direct defense role by increasing rigidity of plant
tissues in Si accumulating plants, such as rice. However, our project revealed multiple
additional and beneficial roles of Si in rice that are likely to amplify the importance
of Si in the rice field propagation. Firstly, the amounts of defensive metabolites in
Si-supplemented rice challenged with MYL and simulated herbivory was significantly
higher than in rice without Si supply. Three groups of specialized metabolites were
confirmed to increase after Si supplementation in rice laves: isopentylamine, p—
coumaroylputrescine and feruloylputrescine. Furthermore, metabolomics screening by GC—
MS on samples derivatized by MSTFA showed a general trend for Si—supplemented leaves
to contain more soluble sugars, including important monosaccharides, glucose and
fructose. In contrast, Si—deprived leaves tend to have more amino acids compared to
Si-supplied leaves. These metabolic shifts caused by Si were clearly visible in
principal component analysis (PCA). The plots showed a separation of replicated
samples; (1) based on Si supplementation and (2) based on herbivore treatment (for



details see Osibe (Galis) et al., 2024). Furthermore, we found significant changes in
the amount of volatile organic compounds (VOCs) released from the rice plants treated
with herbivores, in the presence and absence of Si. As VOCs play important role in
attraction of natural enemies of herbivores to plants, where they serve as natural
plant’ s bodyguards, the presence of Si seems even more important for plant defenses
in the context of natural environment. As some genes involved in VOC production were
upregulated in the presence of Si, it consistently points to Si playing a role of
general enhancer of plant metabolism and defense. Si also negatively contributed to
herbivore choice of plants for oviposition, adding yet another layer to multiple Si
defense functions in rice plants. This can be either explained by surface modifications
based on the direct Si incorporation in the leaf epidermis, or changes in volatile
profiles described above that are used to navigate insect moths during egg laying
behavior. These finding shed a new light into the useful potential of Si and its
application in agriculture, especially in plants that can hyper—-accumulate this
abundant soil element, such as the rice crop.

4.2. Implications from the large scale transcriptomics experiments

In transcriptomics analysis, samples from five parts of rice plants and two herbivore
regimes (MYL, BPH) and 8 time points were subjected to RNAseq (NGS) with pools of
replicates in each treatment, resulting in total 110 analyzed RNAseq samples. This
analysis provided enormous resource for this project, as well as future endeavors in
the Group of Plant-Insect Interactions, that will benefit from the identification of
hundreds to thousands of herbivore-regulated genes, many of which are novel genes. In
the context of this project, we could examine response of every potential mineral
transporter and its regulation in rice exposed to two types of herbivory, MYL and BPH.
For instance, we identified the elevated expression level of 0sSIET4 (Osibe (Galis) et
al., 2024) that was recently identified as Si transported responsible for the
distribution of Si into epidermal cells. This gene appears to be polarly localized at
the distal side of epidermal cells and cells surrounding the bulliform cells (motor
cells) of the leaf blade (Mitani et al., 2023). We also identified transcriptional
activation of OsLsi6 that unloads Si from xylem elements in the leaves (0Osibe (Galis)
et al., 2024). These observations complemented the information on preferential
accumulation of Si in herbivore attacked leaves as described above and published in
Osibe (Galis) et al. (2024). We will continue in data—mining of these transcriptomics
data in the future to initiate new hypotheses and unravel novel mechanisms involved in
the effectiveness of rice defense against herbivory damage that includes the newly
identified potential of Ni in plant’ s anti-herbivore defense as described further.

4.3. Identification of Ni as potential new player in plant defense against herbivores
As one original finding in this project, we discovered an increase in uptake of Ni in
rice plants subjected to direct herbivory stress. As Ni plays a role as a cofactor of
some enzymes in plants, we hypothesize that increased Ni uptake may be motivated by
increased metabolic needs and demands for free nitrogen in the stressed plant. In
particular, Ni is used as a cofactor in the urease enzyme that is involved in the
production of ammonia which acts as an integral part of nitrogen cycle in plants. As
nitrogen 1is structurally needed for the biosynthesis of alkaloids in plants and
bioactive amines, such as isopentylamine in rice, we have likely unraveled a new
functional bridge between minerals and defense. In addition, as one progress attributed
to nitrogen utilization in herbivory stressed rice, we identified an enzyme that is
required for the isopentylamine biosynthesis, which happens via decarboxylation of
amino acid leucine (Aboshi (Galis) et al, under submission). We are now working on the
elucidation of specific mechanisms that will include Ni as an element that potentiates
plant defense during herbivore attack, which is one of the major scientific carry—over
outcomes in this pioneering research project devoted to making functional connections
between minerals and plant defense.
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