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Abstract: Nanotechnology has the potential to revolutionize agriculture with the introduction of 27 

engineered nanomaterials. However, their use is hindered by high cost, marginal knowledge of their 28 

interactions with plants, and unpredictable effects related to massive use in crop cultivation. Nanopriming 29 

is an innovative seed priming technology able to match economic, agronomic, and environmental needs 30 

in agriculture. The present study was focused on unveiling, by a multilevel integrated approach, 31 

undisclosed aspects of seed priming mediated by iron oxide magnetic nanoparticles in pepper seeds 32 

(Capsicum annuum), one of the most economically important crops worldwide. Inductively coupled 33 

plasma atomic emission mass spectrometry and scanning electron microscopy were used to quantify the 34 

MNP uptake and assess seed surface changes. Magnetic resonance imaging mapped the distribution of 35 

MNPs prevalently in the seed coat. The application of MNPs significantly enhanced the root and 36 

vegetative growth of pepper plants, whereas seed priming with equivalent Fe concentrations supplied as 37 

FeCl3 did not yield these positive effects. Finally, global gene expression by RNA sequencing identified 38 

more than 2,200 differentially expressed genes, most of them involved in plant developmental processes 39 

and defense mechanisms. Collectively, these data provide evidence on the link between structural seed 40 

changes and an extensive transcriptional reprogramming, which boosts the plant growth and primes the 41 

embryo to cope with environmental challenges that might occur during the subsequent developmental and 42 

growth stages. 43 
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Introduction 49 

Climate change, population growth, and the reduction of arable land pose significant threats to agriculture 50 

and undermine food security worldwide. Innovative actions are needed to overcome these constraints and 51 

ensure the sustainability and protection of major crops in the near future.1 Nanotechnology, if properly 52 

employed, has the potential to revolutionize the agricultural sector. 53 

In the past decade, thanks to the small size and tailorable surface properties, engineered nanomaterials 54 

(NMs) have been used to overcome biological barriers in plants and to efficiently deliver micronutrients, 55 

antioxidants, and genetic materials, with the aim of improving plant productivity, resilience, and other 56 

agronomic traits.2−8 57 

Furthermore, nanoenabled products can be used as components of smart sensors to advance the agronomic 58 

management of high-value crops.7,9 59 

Irrespective of their different composition, the potential benefits of NM application in plant science and 60 

agriculture have not yet been fully exploited due to a limited understanding of biological interactions of 61 

nanoparticles with plants, including uptake, translocation, transformation, and bioavailability.10 62 

High production costs and concerns about potential unpredictable environmental effects further restrict 63 

nanoenabled extensive farming. 64 

In this scenario, seed nanopriming may be an opportunity to meet plant nanotechnology advances with 65 

economic and environmental needs. Basically, seed priming is a complex adaptive mechanism achieved 66 

through nonlethal exposure of seeds to biotic or abiotic stresses in a presowing stage. This process confers 67 

multiple advantages to the primed plants, including higher germination rates, vigorous development, 68 

enhanced nutrient utilization, and improved ability to respond to environmental constraints more quickly 69 

and robustly.11,12 70 

Numerous successful strategies for seed priming have been described, including seed treatment with salt 71 

solutions (halo-priming), water (hydro-conditioning), osmotic agents (osmo-priming), plant hormone 72 

solutions (hormonal priming), exposure to high temperatures (heat priming), magnetic fields (magneto-73 

priming), and, more recently, nanoparticles, known as seed nanopriming.13,14 74 

Seed nanopriming technology is expected to minimize the input of NMs in agriculture, as low amounts 75 

of nanoparticles (NPs) can be used to pretreat thousands of small seeds, which are then washed to 76 

eliminate the excess of NPs that could be released into the environment. Seed nanopriming has been 77 

associated with enhanced germination rates, improved seedling growth, increased stress tolerance (such 78 

as drought or salinity), and better nutrient uptake in many crops.13,15 79 

Nanopriming can also contribute to increase crop yields and overall plant health. Nonetheless, a 80 

substantial gap exists in our understanding of the physical interactions between seeds and NPs. Moreover, 81 

unraveling the regulatory networks responsive to nanoparticle stimuli holds the potential to elucidate their 82 

effects, mitigate undesired outcomes, and optimize the application of nanomaterials in agriculture. In this 83 

context, the use of magnetic iron oxide nanoparticles (MNPs) to prime plants has shown promise in 84 

boosting both growth and defense mechanisms in various plant species.16−18 85 

However, the underlying mechanisms of these effects are still not fully understood. 86 

In this study, we provide a comprehensive and multidisciplinary evaluation of MNP-mediated seed 87 

priming. Our goal was to gain a deeper understanding of how and to what extent MNPs influence seed 88 

germination and plant development using a range of analytical approaches including structural, 89 

physiological, phenotypic, and transcriptomic analyses. 90 



 

The study was conducted in pepper (Capsicum annuum), one of the world’s most economically and 91 

nutritionally important horticultural crops. We synthesized MNPs conjugated with a fluorophore 92 

(TAMRA) and tracked their internalization in the seeds using fluorescence microscopy. Analytic and 93 

imaging techniques, including Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) 94 

and scanning electron microscopy (SEM), were used to quantify MNP internalization and to analyze 95 

surface structural modifications of the seeds. 96 

Moreover, magnetic resonance imaging (MRI) was employed to create a map of MNP spatial distribution. 97 

We subsequently evaluated the impact of MNPs on embryo morphology and plant development, 98 

demonstrating their safety profile and positive influence on vegetative growth, not observed in plants 99 

primed with FeCl3, used as control to test the effects of the iron ionic counterpart. RNA sequencing 100 

revealed global gene expression changes induced by MNPs in pepper seeds. Considering the limited 101 

understanding of molecular impacts resulting from nanomaterial exposure in seeds, our approach 102 

contributes to gaining insights into the genetic aspects of plant nanobiotechnology. As a final remark, our 103 

data prove that MNP exposure modulates the expression of many biotic and abiotic stress-responsive 104 

genes, disclosing important implications for seed nanopriming. 105 

Results And Discussion 106 

MNP Synthesis and Characterization 107 

Iron oxide MNPs are widely employed for various applications, owing to their exceptional properties. 108 

The established use of MNPs in the biomedical field as contrast agents for magnetic resonance imaging 109 

(MRI), drug delivery systems, and hyperthermia treatments for cancer has not revealed substantial hazards 110 

to human health. As a result, MNPs are now considered relatively safe.19−21 Moreover, the cost-effective 111 

synthesis of MNPs enables their application in agriculture, where they have been shown to have promising 112 

effects in augmenting crop production, enabling targeted delivery of agrochemicals and nutrients, 113 

enhancing plant development and resilience to different abiotic and biotic stress conditions, and 114 

ameliorating the decomposition of organic matter and the activities of microbial enzymes during the 115 

composting of agricultural waste.22−24 116 

In this work, MNPs were synthesized by a one-step thermal decomposition method, obtaining MNPs 117 

coated with oleic acid soluble in organic solvents. These MNPs were transferred from hexane to water by 118 

coating them with an amphiphilic polymer poly(maleic anhydride-alt-1-octadecene) (PMAO) modified 119 

or not with tetramethylrhodamine-cadaverine (TAMRA), a fluorescent dye that facilitates MNP tracking 120 

(Figure 1a). MNPs@PMAO showed a mean diameter of 13.6 ± 2.9 nm, as determined from transmission 121 

electron microscopy (TEM) images (Figure 1b). The magnetization variation curve as a function of the 122 

applied magnetic field M (H) recorded at 300 and 5 K is shown in Figure 1c. At 300 K, the sample shows 123 

typical superparamagnetic behavior with negligible coercivity and remanence (see Table S1 in the 124 

Supporting Information). In contrast, the MNPs display a clear ferrimagnetic behavior at 5 K. 125 

Hydrodynamic diameter (Dh) and ζ-potential were determined with Malvern Zetasizer equipment, 126 

obtaining a size of 22.7 ± 0.9 nm and a surface charge of −48.0 ± 0.4 mV. 127 

Although these MNPs are stable in aqueous media, they aggregate in more complex media due to the 128 

large number of carboxylic groups present on the PMAO surface. Thus, the MNP surface was passivated 129 

by functionalizing the polymer with α-methoxy-ω-amino polyethylene glycol (PEG, 5000 Da), increasing 130 

in this way their stability in more complex media.25 131 



 

This step was performed by activating the carboxylic groups of the MNPs@PMAO with 1-ethyl-3-(3-132 

dimethyl aminopropyl)carbodiimide (EDC) to bioconjugate the aminated PEG. The functionalization was 133 

evaluated by gel electrophoresis (agarose 1% w/v), evidencing a variation on the electrophoretic mobility 134 

promoted by the presence of PEG molecules (Figure S1). 135 

Furthermore, an increment in the Dh to 45.9 ± 2.3 nm accompanied by a neutralization of the negative 136 

surface charge to −3 ± 0.4 mV was observed (Figure 1d,e), corroborating the functionalization of the 137 

MNPs@PMAO with PEG, named MNPs@PMAO@PEG5000. In addition, the successful PMAO coating 138 

and PEG coordination were confirmed by Fourier transform infrared (FT-IR) spectroscopy in 139 

MNP@PMAO and MNP@PMAO@PEG5000 samples (Figure S2). Surface Interactions and MNP 140 

Uptake in Pepper Seeds. While tangible progress has been made in understanding plant−NP interactions 141 

over the past decade, numerous challenges still need to be addressed before nanoenabled products can 142 

become widespread tools for studying and modulating plant functions. For instance, there is still a lack of 143 

understanding regarding the influence of NPs on seed structures and the mechanisms by which they enter 144 

the seeds, as well as the subsequent triggered biological effects. 145 
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Figure 1. MNP synthesis and characterization. (a) Scheme of MNP transfer into water functionalization with PMAO or modified 148 
with TAMRA and functionalized with PEG (5000 Da) molecules by carbodiimide (EDC) chemistry. (b) TEM image of MNPs 149 
transferred to water and their size distribution. (c) Hysteresis loops recorded at 5 and 300 K. Inset: low-field hysteresis loops. 150 
(d) Hydrodynamic diameters measured by DLS and (e) ζ-potential measurements of MNPs@PMAO and after functionalization 151 
with PEG, MNPs@PMAO@PEG5000. 152 

Surface Interactions and MNP Uptake in Pepper Seeds 153 

In this study, we have utilized seeds of pepper, considering its significance as one of the most important 154 

horticultural crops. We initially used 100 mg/L of MNPs@PMAO@TAMRA@PEG to track the 155 

internalization of the MNP at the seed surface. After a 24 h incubation period, the seeds underwent 156 

thorough washing with distilled water to remove any MNPs that were not internalized. Subsequently, the 157 

seeds were dissected in order to separately image the tegument (Figure 2a−f) and the endosperm (Figure 158 

2g−l). This examination revealed the presence of a diffuse staining pattern and numerous fluorescent spots 159 

on the outer layer of the seed coat (Figure 2e), which were not observed in the control seeds under the 160 

same microscope settings (Figure 2b). Additionally, a few fluorescent spots were detected within the 161 



 

endosperm of the MNP-treated seeds (Figure 2k and l and Figure S3). These spots may indicate 162 

accumulations of MNPs, as generally observed in animal cells or tissues exposed to fluorescent NPs. 163 

These findings suggest that, following a 24-h exposure, the MNPs primarily localize in the seed coat of 164 

pepper seeds, with partial penetration observed in the endosperm. These results underline the potential 165 

implications for utilizing MNPs in the delivery of biomolecules into the seeds. 166 

 167 

Figure 2. Fluorescence microscopy of C. annuum seeds treated with TAMRA-conjugated MNPs. (a) Bright field image of 168 
untreated seed. (b) Fluorescence imaging of a. (c) Overlap of (a) and (b). (d) Bright field image of a seed treated with 100 mg/L 169 
of NPs for 24 h. (e) Fluorescence imaging of (d). (f) Overlap of (d) and (e). (g) Decorticated control seed. (h) and (i) Fluorescence 170 
imaging of g at increasing magnification. (j) Seed treated with 100 mg/L of NPs for 24 h imaged after coat removal. (k) and (l) 171 
Fluorescence imaging of j at increasing magnification showing the presence of MNPs@PMAO@TAMRA@PEG in the 172 
endosperm. White arrows indicate MNP in the seed coat. Scale bars: 200 μm (left panel, a−f), 500 μm (g, h, j, k), and 2000 μm 173 
(i, l). 174 

To quantitatively estimate the MNP internalization in the seeds, we determined the Fe content by ICP-175 

AES analysis. To this aim, seeds treated with 100 and 200 mg/L of MNP@ PMAO@PEG for 24 h and 176 

untreated seeds were washed thoroughly, macerated in liquid nitrogen, and analyzed by ICPAES for the 177 

iron content determination which was 1.3 ± 0.6 μg/ seed in the control and 2.9 ± 0.5 μg/seed and 3.5 ± 178 

0.8 μg/seed, respectively, upon treatments with 100 and 200 mg/L of MNPs. 179 

To investigate further the structural effects of MNPs on seed coat, we performed a scanning electron 180 

microscopy (SEM) analysis after treating the seeds for 24 h with MNPs@PMAO@ PEG at two different 181 

concentrations. These observations showed that the tegument structure was drastically altered by the MNP 182 

exposure (Figure 3). In more detail, SEM micrographs revealed that the typical mesh-like structure of the 183 

control seed coat (Figure 3a−c) was modified upon 24 h exposure to 100 mg/L of MNP (Figure 3d−f) and 184 

200 mg/L (Figure 3g−i), converting the tegument of MNP-treated seeds to a smooth and uniform surface 185 

rather than the typical wrinkled shape of control seeds kept for 24 h in MilliQ water. Previous studies 186 

have described a similar coat modification in Salvia leriifolia upon hydropriming.26 187 

Although the biological significance of these structural changes of the seed coat is not fully understood, 188 

it is possible to hypothesize that the physical interactions between seeds and nanoparticles and consequent 189 

structural modifications might modify the coat permeability and likely the seed imbibition kinetics at an 190 

early stage of germination. Moreover, the structural modification might also contribute to the MNP 191 

internalization in the endosperm. 192 

  193 



 

 194 

Figure 3. Scanning electron micrographs of untreated seeds (a−c) and seeds treated for 24 h with 100 mg/L of MNPs and (d−f) 195 
200 mg/L of MNPs 200 mg/L (g, h, i). Scale bars: 1 mm in a, 500 μm in b, 200 μm in c, 2 mm in d, 500 μm in e, 50 μm in f, 1 mm 196 
in g, 500 μm in h, 100 μm in i. 197 

NMR Imaging of Nanoprimed Seeds 198 

To integrate the uptake study and profile the spatial distribution of MNPs in pepper seeds, nuclear 199 

magnetic resonance imaging (MRI) analysis was performed. 1 H MRI represents a noninvasive NMR 200 

spectroscopic technique capable of reconstructing images and revealing inner morphological 201 

characteristics of intact samples at a micrometer level. Proton MRI provides structural and conformational 202 

information based on amount, location, and mobility of water molecules.27,28 203 

In this work, the MRI technique was used to prove and localize the presence of MNPs on seeds treated 204 

with 100 mg/L of MNPs. To this aim, pepper seeds were treated with MNPs@ PMAO@PEG, extensively 205 

washed, and dissected in order to analyze independently whole seeds, isolated teguments, and decorticated 206 

seeds. The disposition of whole seeds in the NMR tube is visible through a 3D reconstruction (Supporting 207 

Information, clip 1) and representative 2D axial slices (Figure S4). Representative spin density images of 208 

all samples are displayed in Figure 4 (upper panel, a−f). 209 

Interestingly, although no significant difference in morphology emerged by a visual comparison between 210 

control and MNP-treated whole seeds, the spin density integrations revealed two types of profiles (Figure 211 

4g and j), with a much lower response in the case of MNP-treated seeds and for the intensity histograms 212 

ranging within 115−135 (Figure 4j). The lower spin density integration values observed in the MNP-213 

treated seeds may be likely attributed either to a lower content of water in examined seeds or to the 214 

presence of iron MNP, responsible for partially broadening and quenching proton signals.  215 



 

 216 

Figure 4. Upper Panel. Central axial slices for whole seed (a,d), tegument (b,e), and decorticated seed (c,f). The 3 images on the 217 
top are T2 experiments, while those on the bottom are diffusion experiments (yellow and cyan colors identify the control samples 218 
in T2 and Diff experiments, respectively). Central Panel. Spin density integrations (number of pixels per intensity) of axial slices 219 
of whole seed (g, j), tegument (h, k), and decorticated seed (i, l). The histograms on the top and bottom refer to control and MNP-220 
treated samples, respectively. Bottom Panel. 1H NMR Spin−spin relaxation times (m) and self-diffusion coefficients (n) of whole 221 
seed, tegument, and decorticated seeds. Figures include, for each measure, the standard deviation, and the results of ANOVA 222 



 

Tukey's test (0.05 confidence level and 95% of significance; letters a-b) on the histograms refer to the comparison between 223 
control and treated samples. 224 

Afterward, an evaluation of the proton spin−spin relaxation time (T2) of the seeds was also conducted. 225 

Overall, a shortening of water proton T2 relaxation times is indicative of a change in the sample structure, 226 

at a nanoscopic level.29 227 

Importantly, it is expected that MNP presence in seeds may strongly influence the nuclear chemical 228 

environment, by promoting and accelerating a faster T2 relaxation, due to the ferromagnetic nature of 229 

iron.30 230 

Data reported in Figure 4m show that MNP-treated whole seeds exhibited a slightly lower T2 value with 231 

spin−spin relaxation times of 29 ms compared to 36 ms of control seeds. 232 

The same evaluation was conducted on both the isolated teguments and the seeds deprived of tegument 233 

(decorticated seeds). While the spin−spin relaxation times in decorticated seeds resulted in constant and 234 

unaltered by MNP treatment, teguments exhibited a significant decrease in T2 values. In fact, the T2 235 

relaxation was dramatically hastened in the isolated tegument of MNP-treated seeds, as compared to the 236 

isolated teguments of control seeds, since the values decreased from 29.5 to 9.7 ms (a 67% decrement). 237 

Accordingly, the T2 image of isolated teguments shown in Figure 4b revealed an almost total quenching 238 

of tegument signals in presence of MNPs. Such a variation is unequivocally due to the ferromagnetic 239 

action exerted by the iron contained in MNP. Altogether, these data provide clear evidence that MNPs 240 

were prevalently retained by the seed. Moreover, the low decrease in the T2 relaxation time of MNP-241 

treated decorticated seeds compared to control untreated seeds confirmed that MNPs were mostly 242 

localized on the tegument. 243 

The MNP-induced structural changes may affect the water dynamics in the seeds, and this possibility was 244 

evaluated by diffusion coefficients (DCs), which allow to estimate the apparent translational self-diffusion 245 

of water molecules within a plant tissue, thus indirectly estimating the extent of free diffusion within the 246 

studied matrix.31 247 

Consequently, DCs are expected to decrease when water molecules experience barriers to diffusion, 248 

interact strictly with the matrix, or are forced to diffuse within relatively small-sized pores. Conversely, 249 

DC values increase if water molecules can move more freely into matrixes, characterized by longer free 250 

diffusion distance.28,32 251 

DC values also proved to be very similar between control and MNP-treated decorticated seeds (Figure 252 

4p). Conversely, a significant decrease of DC values was detected in the whole seeds and in the isolated 253 

teguments, indicating a slower mobility and a lower content of water at seeds’ surface level. This might 254 

be the consequence of the adsorption of MNPs on the seed tegument surface, which restricts the retention 255 

of water on it and limits the penetration of water at the tegument−seed interface level, as shown in Figure 256 

4n. Moreover, the decrease of tegument roughness revealed by SEM images in MNP-treated seeds 257 

suggests a decrease in cavities capable to retain water on the tegument surface, further contributing to 258 

lower diffusion coefficients at the surface level. 259 

Interestingly, the latter aspect suggests that the difference was much more enhanced in the case of the 260 

whole seeds, as MNP-treated seeds received a lower penetration of water. In fact, in the case of control 261 

whole seeds, a larger amount of free-like water penetrated at the tegument−seed interface, thus implying 262 

a faster average diffusivity. 263 

In summary, MRI experiments allowed us to prove the presence of MNPs on treated seeds and obtain 264 

indirect information on the tegument structural changes. In particular, T2 relaxation times suggested that 265 



 

most of the MNPs were concentrated on the tegument. However, the internalization of a few MNPs in 266 

seed endosperm cannot be completely excluded, as also shown by fluorescence microscopy. On the other 267 

hand, diffusion experiments indicated that the water behavior and its penetration extent into the seed 268 

changed drastically, as a function of the treatment, especially at both the tegument and tegument−seed 269 

interface level. 270 

MNP Effects on Embryo and Plant Development 271 

We next investigated whether treatment with MNPs on pepper seeds might influence embryo and 272 

subsequent plant development. Quantitative measurements were conducted on the embryos by evaluating 273 

the diameter of the hypocotyl (HyD), the distance between root and shoot meristems (DRS), and the total 274 

embryo length (EL). As reported in Figure 5b, EL, DRS, and HyD did not show any significant changes 275 

in treated seeds compared to the control, indicating that the MNPs did not compromise the integrity of the 276 

pepper embryos. 277 

To obtain an in-depth evaluation of nanopriming effects on pepper plant development, important 278 

physiological and morphological parameters, including germination, root length, leaf surface area, and 279 

chlorophyll index, were monitored in young plantlets from MNP-treated or control seeds. 280 

Data reported in Figure 5c show that pepper seed germinability was unaffected by nanoparticle exposure, 281 

although a slight decrease in germination rate was observed in seeds after 72 h of priming with 200 mg/L 282 

of MNPs. Therefore, the analysis of other morpho-physiological parameters was conducted 24 and 48 h 283 

after nanopriming. 284 

To evaluate the impact of MNPs on the seedling growth of C. annuum, we measured the root length of 285 

14-day-old seedlings that were subjected to seed nanopriming at concentrations of 100 and 200 mg/L of 286 

MNP for 24 and 48 h. The results indicated a significant enhancement in relative root length after both 24 287 

h of nanopriming, as depicted in Figure 5d−e. Notably, a 24 h nanopriming treatment led to an increase 288 

in root length of over 50% compared to the control seeds, as shown in Figure 5e. 289 
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Figure 5. Physiological and morphological analyses after seed priming with MNPs. (a) Representative image of pepper embryos. 292 
(b) Morphometric analysis of pepper embryos after 24 h MNP exposure. EL, Total embryo length; DRS, Distance between root 293 
and shoot meristems; HyD, diameter of the hypocotyl. Values are means ± SD (n = 5). (c) Germination analysis of control and 294 
nanoprimed seeds. Seeds were treated with 100 and 200 mg/L of MNP for 24, 48, and 72 h, and germination data were collected 295 
after 8, 10, and 13 days. (d) Representative images of seedlings subjected to seed nanopriming with 100 mg/L and 200 mg/L of 296 
NP for 24 and 48 h. (e) Primary root length in control and nanoprimed seedlings. (f) Representative plants employed to determine 297 
leaf surface area. (g) Leaf surface area in control and MNP-treated plants. (h) SPAD measurements in control and MNP-treated 298 
plants to determine the chlorophyll index expressed as arbitrary units. The images and graphs shown are representative of at 299 
least three independent biological experiments. Statistical comparisons were performed using one-way ANOVA. The letters 300 
denote statistical significance with respect to untreated seeds (P ≤ 0.05). 301 

Afterward, the effects of seed nanopriming on vegetative growth were monitored by measuring leaf 302 

surface area, a key parameter directly linked to the quantity of light intercepted for photosynthesis, 303 

impacting plant growth and yield.33 Leaf areas of plantlets from control or nanoprimed seeds were 304 

measured 20 days after seedling transplanting. As reported in Figure 5g,h, seed nanopriming promotes a 305 

significant increase in leaf expansion in all treatments. Finally, we estimated the chlorophyll index of 306 

leaves which is commonly influenced by a variety of factors including nutrient availability and 307 

environmental stresses.34 308 

Measurements by Soil Plant Analysis Development (SPAD) showed chlorophyll content values 309 

comparable to those of all treatment groups, indicating that MNP treatments did not significantly affect 310 

the chlorophyll levels in the leaves. Moreover, as SPAD values are commonly used as an indicator of leaf 311 

nitrogen status,35 our findings further support that MNPs did not have an impact on nitrogen content in 312 



 

pepper plants. Finally, we compared the effects of MNPs to those of their iron ionic counterpart by 313 

priming the seeds with FeCl3. As reported in Figure S5, ionic iron did not produce significant effects on 314 

seed germination, root elongation, or leaf expansion after 48 h of exposure at both 100 and 200 mg/L Fe 315 

concentrations. Conversely, leaf expansion was negatively affected in plants primed for 24 h with 200 316 

mg/L of Fe. These findings demonstrated that the influence of MNPs on plants diverges from that of their 317 

ionic counterpart, suggesting that growth-promoting effects cannot be solely attributed to the direct 318 

delivery of Fe ions by MNPs. 319 

It is worth noting that the impact of seed nanopriming on physiology and development of pepper plants 320 

has been poorly investigated so far. However, a recent work reported that ZnO NPs applied to seeds 321 

inhibited seedling radical growth and promoted accumulation of phenolic compounds showing phytotoxic 322 

effects.36 323 

Altogether, our data indicate that seed priming with iron oxide nanoparticles is able to stimulate root 324 

growth as well as to increase the plant vegetative growth in Capsicum annuum, confirming the stimulatory 325 

effects of nanoparticle-mediated seed priming already reported in different plant species.14,37,38 326 

Therefore, as seed priming is a pivotal phase in seed preparation, focused on achieving optimal 327 

germination and early seedling establishment, the adoption of MNPs in this step may offer substantial 328 

benefits to seed companies and nurseries. 329 

To better understand the underlying mechanisms of such a growth stimulation on plant growth of MNPs 330 

and to uncover their unexplored molecular effects, we also conducted a transcriptome analysis on pepper 331 

seeds exposed to MNPs. 332 

 333 
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 335 

Figure 6. Transcriptome analysis of MNP-nanoprimed seeds. (a) Heatmap showing the expression levels in log10(FPKM + 1) 336 
of differentially expressed genes (FDR < 0.05, |log FC| > 1) upon MNP priming. (b) Volcano plot showing the differential gene 337 
expression in nanoprimed (100 mg/L) vs control (not treated) seeds. The data points above the significance threshold (FDR < 338 
0.05, |log FC| > 1) are marked in blue (downregulated in 100 mg/L) and red (upregulated in 100 mg/L), and others are marked 339 
in gray (not significant). (c) GO biological process enrichment analysis (FDR < 0.05). (d) MapMan pathway (bin) representation 340 



 

comparing up- (red) and down- (blue) regulated genes. (e) The “Metabolism overview” MapMan pathway employed to display 341 
expression changes of genes involved in primary and secondary metabolism upon exposure to 100 mg/L of MNP. (f) Identification 342 
and classification of the most abundant transcription factor families among the DEGs (red: upregulated; blue: downregulated). 343 

Transcriptome Analysis in Nanoprimed Seeds 344 

Overall, global gene expression analysis might reveal cellular responses to specific environmental 345 

challenges. There is a lack of knowledge regarding how nanoparticles affect the plant transcriptome. 346 

Previous works have mostly concentrated on studying the effects of diverse nanoparticles, such as Ag 347 

NPs and Zn NPs, on adult plants in the model species Arabidopsis thaliana39 and tomato.40 348 

In contrast, how priming with nanomaterials influences seed transcriptome has not yet been thoroughly 349 

investigated. 350 

In this work, RNA sequencing (RNA-seq) was carried out to profile the transcriptomic changes associated 351 

with nanoparticle exposure in pepper seeds. Briefly, total RNA was extracted from seeds primed with 100 352 

mg/L of MNP for 24 h and control seeds (hydroprimed). RNA sequencing generated 12−16 million raw 353 

read pairs per library, which were deposited in the EMBL-EBI ArrayExpress database under accession 354 

number E-MTAB- 13087. After trimming and filtering, 92−93% of read pairs remained, and 85−95% 355 

aligned to the ASM51225v2 reference genome (Table S2). Out of 35,845 predicted pepper transcripts, 356 

18,395 were found active and used for subsequent analyses. 357 

RNA library counts were normalized by their size, and multidimensional scaling (MDS) revealed clear 358 

separation between control and treated conditions (Figure S6). A differential expression analysis was 359 

carried out comparing the MNP-primed seeds and the control (hydroprimed) seeds (Figure 6a). We 360 

identified 2,204 differentially expressed genes (DEGs) in MNP-treated seeds (FDR ≤ 0.05), with 977 361 

upregulated and 1,227 downregulated transcripts (Figure 6b and Supporting Information data set 1). 362 

Quantitative reverse transcription polymerase chain reaction (qRT-PCR) confirmed the expression 363 

patterns of 7 genes (4 upregulated and 3 downregulated). High consistency between the RNA-seq and 364 

RT-qPCR results was found using linear regression analysis of the fold change of gene abundance in 365 

treated versus control samples (R = 0.92, Figure S7), indicating that the data produced through RNA-seq 366 

are reliable. Conversely, the expression changes of selected genes observed via qRT-PCR in seeds 367 

exposed to FeCl3 were unrelated to those we observed by the RNA-seq analysis in MNP primed seeds 368 

(Figure S8), further proving that MNPs evoke a distinct biological response compared to the iron ionic 369 

counterpart. 370 

Overall, we found that the molecular response of pepper seeds to MNPs involves an impressive higher 371 

number of genes with respect to those previously observed in adult plant tissues treated with different 372 

metallic and nonmetallic nanomaterials.39−42 373 

These data suggest that, compared to treatments applied to adult plants, MNP-seed priming prompts a 374 

more extensive transcriptome reprogramming, which may prepare the embryo and the young 375 

seedling/plantlet to face unpredictable environmental conditions that might occur during the growth 376 

stages, optimizing the use of external resources and tuning their growth and development, accordingly. 377 

In our study, the most upregulated genes in pepper seeds exposed to MNPs were C2H2-type domain-378 

containing protein, ribosomal silencing factor RsfS, MLO-like protein, Pistil-specific extensin-like 379 

protein, interferon-related developmental regulator Nterminal domain-containing protein, WRKY 380 

domain-containing protein, and Brr2 N-terminal helicase PWI domain-containing protein. Conversely, 381 

among the most repressed transcripts, we found many genes involved in the photosynthesis such as 382 



 

Chlorophyll a-b binding protein, photosystem I reaction center subunit N, and photosystem II reaction 383 

center X protein (Supporting Information data set 1). 384 

To understand the potential biological significance of the extensive set of DEGs identified, we conducted 385 

a gene ontology (GO) enrichment analysis, focusing on the “biological process” (GO-BP) categories. 386 

Results displayed in Figure 6c show that the categories relative to calcium import, transport, and 387 

homeostasis were significantly enriched (FDR ≤ 0.05). Besides maintaining the intracellular homeostasis, 388 

Ca2+ acts as a key messenger in nutrient and stress signaling, as well as in plant development and 389 

immunity.43,44 390 

This supports the notion that the activation of genes involved in calcium homeostasis and transport may 391 

be interconnected with the subsequent induction of gene sets involved in plant development and stress 392 

responses (e.g., response to chitin, response to salicylic acid) observed in nanoprimed seeds. A significant 393 

enrichment was found also for the GO-BP terms related to leaf vascular tissue formation, suggesting that 394 

MNP exposure might stimulate plant differentiation processes. Not least, the significant enrichment of 395 

GO terms related to the regulation of salicylic acid biosynthetic processes and phenol-containing 396 

compound biosynthetic processes points out a potential role of MNP priming in improving plants’ defense 397 

mechanisms. We also observed that in the subset of upregulated genes “Transcription of RNA polymerase 398 

II”, “Regulation of transcription by RNA polymerase II”, and “Protein phosphorylation” were the most 399 

represented categories, which are likely responsible for the extensive remodeling of transcription and 400 

signaling processes required to cope with MNP exposure. By contrast, among the downregulated genes, 401 

we found a very strong enrichment of GO terms related to photosynthesis and other metabolic processes 402 

such as sugar and lipid metabolism (Figure 6c). Interestingly, a significant enrichment in downregulated 403 

genes was observed for categories related to cell detoxification. Consistent with the GO analysis, an 404 

analysis by MapMan software confirmed that downregulated genes were predominantly associated with 405 

pathways (bins) related to photosynthesis (PS I, PS II, Calvin cycle) and metabolic processes such as 406 

lipids (e.g., glycerolipids, fatty acids, and phytosterols), amino acids, sucrose metabolism, and 407 

tricarboxylic acid (TCA) cycle, as also schematized in the metabolism overview (Figure 6e). 408 

The shutdown of this class of genes in a developmental embryo phase, depending exclusively on the seed 409 

storage substances, indicates that the cell energy may converge preferentially toward the transcriptional 410 

regulation of a network of genes related to plant defense. Interestingly, MapMan analysis also revealed a 411 

repression of many genes (e.g., pectinesterases, Alpha- and Betagalactosidases, GDSL esterases/lipases, 412 

and endoglucanases) known to be involved in cell wall organization. This is an important aspect as the 413 

cell wall is a frontline between the plant cell and the environment, and its structure and composition 414 

rapidly change when plants are subjected to biotic or abiotic stress.45 415 

MapMan results also showed that several DEGs mapped in the Redox homeostasis pathway. In more 416 

detail, our analysis specifically identified 19 DE glutathione S-transferase (GST) genes, with 14 being 417 

downregulated and 5 upregulated. Concomitantly, MNPs are likely to downregulate expression of other 418 

genes known to be involved in the detoxification mechanisms such as the putative L-ascorbate peroxidase 419 

3, peroxiredoxins, and thioredoxins. 420 

Based on these data, it is reasonable to hypothesize that MNP treatment induces a mild nontoxic 421 

accumulation of ROS in seeds, as generally occurs in response to various factors, including water uptake 422 

during seed imbibition, seed priming, or exposure to different environmental stimuli. In this context, ROS 423 

are intended to act as signaling molecules that regulate seed germination, dormancy, and the growth of 424 

seedlings.46,47 425 



 

It is important to note that the precise mechanisms through which MNPs induce ROS and the subsequent 426 

downstream effects require further investigation and elucidation. 427 

Also, we found that the category related to solute transport exhibited a significant number of DEGs in 428 

treated seeds. In particular, calcium-permeable channel (OSCA) members serve as osmosensors in plants, 429 

enabling them to detect and react to both external and internal osmotic fluctuations. They play a crucial 430 

role in regulating plant growth and enhancing adaptability to environmental stressors.48,49 431 

Not least, BIG and PIN, two key auxin transporters, were found to be upregulated in MNP-treated seeds. 432 

A previous study suggested that BIG may act synergistically with PIN1 to affect leaf growth.50 These 433 

data, together with the overexpression of genes involved in leaf vascular formation, may in part explain 434 

the positive influence of MNPs on the vegetative growth observed in young pepper seedlings and plantlets 435 

from primed seeds. Finally, MapMan analysis confirmed that upregulated genes were mostly involved in 436 

RNA biosynthesis and processing (including an impressive number of transcription factors), protein 437 

modification (e.g., phosphorylation), and chromatin organization processes (Figure 6d). A total of 152 438 

transcription factors were differentially expressed in response to MNPs. Among them, 102 were found to 439 

be upregulated and 50 downregulated. Most of the TFs belong to the bHLH, C2H2, C2C2, WRKY, MYB, 440 

Homeobox, NAC, and ERF families (Figure 6f and Supporting Information Table S3). In particular, 441 

WRKY, ERF, and NAC TFs, mostly involved in plant development and abiotic stress responses,51,52 442 

were prominently induced under MNP treatment, highlighting their potential pivotal role in managing the 443 

plant response to fluctuating external conditions in advanced growth stages. 444 

To further understand the regulatory processes governed by the identified TFs in MNP-primed seeds, we 445 

constructed a protein−protein interaction (PPI) network using the STRING database (https://string-446 

db.org/), based on the integration of various approaches, including experimental validation, text mining, 447 

databases, coexpression, and neighborhood interactions. Analyzing the downregulated TFs in the 448 

network, no significant connections or clusters were observed (Figure S9a). However, within the 449 

upregulated TFs, we identified a large cluster comprising 39 genes, including 15 WRKY, 6 AP2/ERF, 450 

and 5 NAC TFs, among others (Figure S9b and Supporting Information Table S4). This cluster exhibited 451 

strong relationships and enriched functional categories associated with the response to chitin, various 452 

stimuli, abiotic stress, as well as defense response and hormone-mediated signaling pathways such as 453 

salicylic acid (SA), jasmonic acid (JA), and ethylene (Figure S9c). These findings suggest that the use of 454 

nanoparticles could potentially induce a surge of hormone-mediated defensive responses. Accordingly, 455 

previous works have provided similar evidence, reporting that the application of NPs in plants can trigger 456 

defensive responses driven by increased levels of phytohormones (SA, JA, and abscisic acid) and the 457 

upregulation of genes involved in hormone-mediated defense signaling pathways.24,53−56 458 

Conclusions 459 

Herein, we showed that seed priming with MNPs is a safe technology and stimulates vegetative growth, 460 

an effect not observed in pepper seeds primed with FeCl3. This underlines the significant impact of MNP 461 

physicochemical properties on exerting distinct biological effects with respect to the ionic counterpart 462 

during seed priming, a trend often described across various fields of application. Then, we also 463 

investigated at the molecular level how seeds respond to MNP treatment, reporting an extensive gene 464 

expression change. Nanopriming led to the suppression of photosynthesis-related genes and many energy 465 

pathways associated with ATP production. Moreover, MNP exposure downregulated genes encoding 466 

enzymes involved in the detoxification of ROS, suggesting that the maintenance of a sublethal level of 467 

ROS in germinating seeds may act as plant signaling molecules that participate in various plant growth 468 



 

and developmental programmes. On the other hand, seed nanopriming enhances the expression of several 469 

genes encoding TFs known to regulate different defense pathways, indicating that the appropriate length 470 

and time of MNP exposure is sensed by plant cells as a sublethal stress-inducing event and triggers 471 

transcriptional changes that prime the embryo to better respond to external clues. Based on these results, 472 

we hypothesize that MNP-mediated priming may likely establish a somatic memory in primed plants that 473 

confers a greater ability to rapidly and effectively face unpredictable environmental changes that might 474 

occur during the following developmental stages. Many questions remain unanswered, including the 475 

duration of the priming effects which may vary based on plant genotypes, the potential involvement of 476 

epigenetic modifications, and the connection between MNP-induced transcriptional reprogramming and 477 

variations in seed hormonal homeostasis or ROS levels. The biotransformation of MNPs throughout 478 

various stages of plant development and their long-term effects on plant productivity are crucial aspects 479 

that demand comprehensive investigation, as well. These considerations are essential for gaining insights 480 

into the safety and sustainable utilization of MNPs in agriculture. 481 

Not least, from a technological point of view, the results of this work have expanded the basic knowledge 482 

of the physical interaction between seeds and nanomaterials, providing valuable information for the MNP-483 

mediated delivery of biomolecules (e.g., nucleic acids) into the seeds. 484 

Methods 485 

Synthesis and Functionalization of Iron Oxide Magnetic Nanoparticles. Magnetic nanoparticles (MNPs) 486 

were synthesized following a thermal decomposition method.57 Fe(III) acetylacetonate (15 mmol) was 487 

dissolved in dibenzyl ether (150 mL) in the presence of oleic acid (45 mmol) and 1,2-hexadecanediol (30 488 

mmol) under a nitrogen flow and mechanic stirring. The mixture was heated to 200 °C and kept for 2 h. 489 

Then, the temperature was increased to reflux and kept for another 2 h. The mixture was cooled to room 490 

temperature under inert atmosphere, and the MNPs were washed with a mixture of hexane/ethanol four 491 

times, by magnetic separation. 492 

To transfer the MNPs into water, 240 mg of poly(maleic anhydride-alt-1-octadecene) (PMAO) (MW: 493 

30−50 kDa) was dissolved in a round-bottomed flask with 100 mL of CHCl3 and MNP (10 mg of Fe) 494 

added dropwise.25 495 

When fluorescent MNPs were needed, the polymer was previously modified with TAMRA as previously 496 

reported.58 497 

The final mixture was sonicated for 15 min at room temperature, and thereafter CHCl3 was evaporated 498 

using a rotary evaporator at 40 °C. In order to hydrolyze the anhydride groups present in the polymer and 499 

to confer stability in water to the MNPs, 30 mL of NaOH 0.05 N was added to the mixture, heated at 70 500 

°C, and evaporated until reaching a final volume of 20 mL. The suspension was filtered using a Millipore 501 

filter (0.22 μm) to remove MNP aggregates, and the excess of polymer was eliminated by four consecutive 502 

ultracentrifugations at 70000g per 2 h each. The resultant nanoparticle suspension MNP@PMAO was 503 

stored at 4 °C. To functionalize the MNPs with PEG, MNPs (0.5 mg of Fe) previously coated with PMAO 504 

were mixed with 18.5 μmol of α-hydroxy-ω-amino PEG (MW: 5000 Da). Functionalization was carried 505 

out using 40 μmol of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) in a borate-buffered saline 506 

(SSB) solution (50 mM, pH 9).25 The mixture was kept at 37 °C for 3 h. At that point, the MNPs were 507 

washed from the excess of reagents using ultracentrifugal filters (Amicon, Millipore, 100 kDa cutoff) and 508 

stored at 4 °C. Seed Nanoparticle Treatment. Pepper seeds (Capsicuum annuum, cv Friariello, TopSeed) 509 

were treated with 100 and 200 mg/ L of MNPs. Typically, 25 seeds were placed into a tube containing 1 510 

mL of a given MNP suspension (Figure S10) and incubated on a rotator at room temperature in the dark 511 



 

for 24, 48, or 72 h. Control seeds were kept in Milli-Q water and maintained as treated seeds (Figure S10). 512 

After the treatment, the seeds were surface sterilized using a 1% sodium hypochlorite solution for 2 min 513 

to prevent microbial contamination and then extensively rinsed in distilled water. Fe Quantification by 514 

Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES). To estimate the extent of MNP 515 

uptake, five seeds were incubated for 24 h with 100 mg/L or 200 mg/L of Fe supplied as MNPs, then 516 

washed, ground in liquid nitrogen, and digested with 250 μL of HNO3 (65% purity) and incubated during 517 

2 h at 95 °C. After this time, 150 μL of HNO3 and 100 μL of H2O2 (33% w/ v) were added to the samples 518 

and digested overnight at 95 °C. Once digested, the samples were diluted up to a volume of 15 mL and 519 

were quantified by ICP-AES (Horiba Jobin Yvon) in duplicate and analyzed with the software Activa 520 

Analyst 5.4. 521 

Fluorescence and Scanning Electron Microscopy 522 

The internalization of MNPs@PMAO@TAMRA@PEG in pepper seeds was investigated by fluorescence 523 

microscopy (Axioplan 2, Zeiss). 524 

Images were acquired with an Axiocam (Zeiss) camera and analyzed by Axiovision software (rel. 4.8, 525 

Zeiss). For scanning electron microscopy, three seeds for each treatment were extensively washed, fixed 526 

with 1 mL of 4% paraformaldehyde, and kept at 4 °C for 24 h. Seeds were spotted on carbon-coated 527 

electron microscopy grids. Samples were dried with nitrogen flux under a chemical fume hood. SEM 528 

images of the samples were then acquired using the Tescan S8000 microscope equipped with secondary 529 

electron and backscattered electron detectors (TESCAN s.r.o., Brno, CZ). Analyses were conducted at 530 

1.5 and 5 keV without any coating of the particles, respectively. SEM images were taken from three 531 

independent experiments. Magnetic Resonance Imaging (MRI) of Pepper Seeds. All 1 H 532 

MRI experiments were performed at 298 ± 1 K on a 300 MHz Bruker Avance wide-bore magnet 533 

(BrukerBiospin, Rheinstetten, Germany), equipped with a 1.5 mm μ-imaging MICRO 5 probe working 534 

at a 1 H frequency of 300.13 MHz. Seed samples were loaded into 15 mm sterilized NMR tubes (Norell 535 

− borosilicate). Treated and control seeds were loaded in the same NMR tube (at least 20 seeds per 536 

treatment) and examined concomitantly, to minimize any instrumental influence and emphasize possible 537 

evidence ascribable to the NP presence. In all cases, a rigid and transparent polypropylene layer (126 μm 538 

thick) was inserted into the tube to separate control from treated seeds, and a blue spongy and inert 539 

material with a semicircular shape was put to the tube bottom to easily recognize the tube side containing 540 

the control seeds (Figure S11). NMR tubes were tightly closed with a cap during the experimental 541 

acquisitions to limit the extent of water evaporation. Evaluation of Embryo Morphology. Under a 542 

stereomicroscope, the coat of treated and control seeds (five for each treatment) was removed by making 543 

a longitudinally shallow cut all around the seed with a razor blade. Secondary cuts were performed to free 544 

the embryo from the endosperm. Images of embryos were obtained under an optical microscope, and 545 

morphological traits (diameter of the hypocotyl, HyP; total length of the embryo, EL; distance between 546 

root and shoot apical meristems, DRS) were measured with ImageJ software. Germination Analysis and 547 

Plant Growth Measurements. Seeds were treated with 100 and 200 mg/L of MNPs and equivalent Fe 548 

concentrations supplied as salt (FeCl3) for 24, 48, and 72 h. After the treatments, the seeds were mildly 549 

surface-sterilized using a solution of sodium hypochlorite (0.45% NaOCl) and then placed in 10 cm Petri 550 

dishes on a filter paper (Whatman International Ltd., Maidstone, UK) and soaked in 2 mL of distilled 551 

water renewed every other day. The seeds were kept in the dark for 13 days at 23 °C in a growth chamber. 552 

Fifty seeds (10 seeds per plate) were sown for each treatment, and the percentage of germination was 553 

calculated. The data were collected over a period of 13 days post-treatment. Germination was evaluated 554 

as protrusion of the primary root. Germination tests were conducted in 5 independent biological 555 

experiments, each comprising 5 technical replicates. 556 



 

To evaluate the root elongation after NP treatment, photographs of 13-day-old pepper seedlings grown on 557 

filter paper were taken and analyzed by the ImageJ software. For each treatment, the root length of ten 558 

seedlings was measured. Five independent experiments in technical triplicate were carried out. Leaf area 559 

was measured on plants 40 days after transplanting, using the ImageJ software to analyze the photographs 560 

of the displaced leaves on a white background. Chlorophyll Index. Four-week-old pepper plants were 561 

grown in pots containing universal soil (Triplo Natural Bio, TerComposti, Italy) in a growth chamber at 562 

23 °C under a 16 h light/8 h dark photoperiod. Pepper plants of the same developmental stage were 563 

maintained in the condition of a regular water regime. Plants of the same developmental stage were 564 

maintained in condition of regular water regime. Soil Plant Analysis Development chlorophyll meter 565 

(SPAD, Minolta Camera Co., Osaka, Japan) was employed to determine the chlorophyll index. SPAD 566 

readings were taken at least in technical triplicate in five fully expanded upper leaves for each plant. At 567 

least three plants from each experimental condition were used in three independent experiments. RNA 568 

Extraction, Library Preparation, and Sequencing. Pepper seeds were incubated with 100 mg/L of MNPs 569 

and placed on a rotator at room temperature in the dark for 24 h. Control seeds were kept in Milli-Q water 570 

and maintained as treated seeds. After the treatment, seeds were rinsed in distilled water and placed in 10 571 

cm Petri dishes on filter paper (Whatman International Ltd., Maidstone, UK) soaked in 2 mL of distilled 572 

water. After three days, total RNA was extracted from 10 seeds using 1 mL of TRIzol extraction buffer 573 

(Thermo Fisher Scientific, Wilmington, DE, United States) according to the manufacturer’s protocol. 574 

RNA concentration was measured using a NanoDrop ND- 1000 spectrophotometer (Thermo Fisher 575 

Scientific, Wilmington, DE, United States). The RNA extracted from each sample was treated with 576 

DNaseI (NEB) and purified using a specific silica-based method following the manufacturer’s instructions 577 

(Monarch RNA Cleanup kit − NEB). The quality of the processed extracts was assessed using a 578 

Bioanalyzer 2100 system (Kit RNA 6000 Nano - Agilent Technologies). A total of six extracts (three 579 

biological replicates for each treatment) were used for library preparation. Libraries were processed 580 

according to Illumina mRNA Library Prep kit instructions, and a dual index combination was used for 581 

each sample for barcoding. The concentration and quality of the libraries were evaluated using a Qubit 4 582 

Fluorometer (dsDNA High Sensitivity Kit, Invitrogen) and Bioanalyzer 2100 system (HS DNA kit − 583 

Agilent Technologies). A sequencing was then run on the Illumina Novaseq6000 platform using a 584 

Novaseq 6000 S1 Reagent Kit (2 × 100 + 10 + 10 bp parameters). RNA-Seq Data Elaboration and 585 

Differential Expression analysis. The raw reads quality of the six RNA-Seq libraries was assessed using 586 

FastQC v0.11.9,59 while adaptor sequences and low quality bases were removed using Trimmomatic 587 

v0.3960 with these parameters: HEADCROP:1 LEADING:3 TRAILING:3 SLIDINGWINDOW:4:18 588 

MINLEN:40. The filtered RNA reads of the six libraries were mapped to Capsicum annuum CM334 589 

reference genome assembly ASM51225v261 downloaded from the Ensembl Plants Web site 590 

(https://plants.ensembl.org/, accessed on 08 March 2023). Reads counts were generated from the 591 

alignment files using featureCounts v2.0.362 with default parameters based on the “exon” feature and 592 

“transcript_id’ meta-feature of Pepper Genome Annotation (PGA) gene predictions retrieved from the 593 

EnsemblPlants Web site (https:// plants.ensembl.org/, accessed on 08 March 2023). 594 

Differential expression analyses were carried out using Bioconductor EdgeR v3.38.163 that was used to 595 

filter out the not expressed or poorly expressed transcripts (a transcript was considered “active” if reads 596 

per million mapping to that transcript was >1 in at least two RNA libraries), normalize the RNA libraries, 597 

and do the differential expression analysis between treated and control samples. The transcripts with 598 

resulting false discovery rate (FDR) lower than 0.05 and log 2(Fold Change) (LFC) lower than −1 or 599 

higher than 1 were considered as differentially expressed. Functional Annotation and Enrichment Pathway 600 

Analyses of DEGs. Gene ontology analysis was performed using ShinyGO V0.77 (Ge, S.X.; Jung, D.; 601 

Yao, R. Bioinformatics 2020, 36, 2628−2629) with a FDR cutoff 0.05. The MapMan software (version 602 



 

3.5.1 R2)64 was used to annotate functional MapMan bin codes (BINs) of DEGs. The protein−protein 603 

interaction (PPI) profile of the 102 upregulated and 50 downregulated TFs was obtained from the STRING 604 

webserver (https://string-db.org/). To cluster the most similar nodes of the network into an easily 605 

distinguishable function-based classification, we employed the Markov Cluster Algorithm (MCL) for 606 

graphs. This is based on simulation of stochastic flow in the obtained graph. For achieving a balance 607 

between sensitivity and selectivity, we set the inflation factor at 1.1. Validation of Differentially 608 

Expressed Genes by Quantitative Polymerase Chain Reaction. Reverse transcribed DNase-treated total 609 

RNA (1 μg) was obtained using SuperScript III Reverse Transcriptase (Life Technologies, Carlsbad, CA, 610 

United States). 611 

qRT-PCR was performed in a QuantStudio 5 Real-Time PCR Instrument. Each PCR reaction consisted 612 

of 1 μL of 1:20 diluted cDNA, 5 μL of 2X PowerUp SYBR Green Master Mix (Applied Biosystems, CA, 613 

United States), and 0.4 μM of each gene-specific primer in a total volume of 10 μL. All specific primer 614 

pairs were listed in Table S5. The thermal cycling conditions were 50 °C for 2 min (one step), one cycle 615 

at 95 °C for 2 min, followed by 40 cycles of two steps at 95 °C for 15 s, and 56 °C for 15 s. Three technical 616 

repetitions were performed for each sample. To normalize gene expression values, actin (AY572427) and 617 

glyceraldehyde-3-phosphate dehydrogenase (AJ246013) genes were used as internal control, whose 618 

expression upon MNP treatment was confirmed to be stable by RNA-seq. 619 

Expression was calculated by the 2−ΔΔCT method.65 620 

Expression levels of selected transcripts were measured in seeds primed with 100 mg/L of MNPs or with 621 

an equivalent Fe concentration supplied as FeCl3. 622 

Control seeds were used as calibrator samples. 623 

Statistics and Reproducibility 624 

Sample size, number of replicates, and statistics tests for each experiment were described in the figure 625 

legends, where possible. Otherwise, these data were properly reported throughout the Methods section. 626 

Error bars in the graphical data represent standard deviations calculated on the mean of at least three 627 

independent experiments. 628 
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