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Text S1. nHA characterization 27 

The TEM images of four types of nHA are shown in Figure S1A−D; all nHAs exhibit rod-like structures. 28 

The element distribution of P and Ca was further confirmed by EDS1. The FTIR spectra of different 29 

nHA products are shown in Figure S1E. The nHA sample contains OH- and PO43- groups in the FTIR 30 

spectrum and similar spectra were observed in 1% Cu-nHA and 10% Cu-nHA. The PO43- group 31 

behaves as a well-defined doublet of v4 vibrational at wavenumbers around 565 and 600 cm−1. 32 

Crystallographic analysis of different nHAs was performed by XRD, and the resulting graphs were 33 

compared with those of the standard XRD data (JCPDS No. 01-072-1243) following the standard 34 

nHAP model (Figure S1F). 35 

  36 
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Text S2. nHA effects on phytohormones 37 

In this study, comapared with the control, root exposure to 20 nm-nHA increased several growth-38 

related hormones in tomato and rice shoots, such as IAA (indole-3-acetic acid) and BR (brassinolide). 39 

In addition, root exposure to 1% Cu-nHA increased the content of IAA in rice shoots, but decreased 40 

the content of BR by 14.8% (Figure 2B and C). The application of 20 nm-nHA and 1% Cu-nHA did 41 

not alter the homeostasis of zeatin riboside (ZR) and dihydrozeatin (DHZR) in tomato shoots and 42 

roots, although the ZR content in rice shoots decreased by 17.1% and DHZR increased by 0.38 times 43 

(Figure 2H and I). Furthermore, comapared with the control, the application of 20 nm-nHA and 1% 44 

Cu-nHA increased the jasmonic acid (JA) content in rice shoots and roots, but decreased the JA 45 

content in tomato shoots by 15.9% with 20 nm-nHA. IAA is one of the most abundant and active 46 

auxins in plants, and can promote plant vegetative growth through cell expansion, differentiation, 47 

morphogenesis and other processes2. Previous studies have shown that 5 μg/mL chitosan 48 

nanoparticles (CSNPs) induce the expression of auxin-related genes, accelerate the biosynthesis and 49 

transport of IAA, and increase the endogenous IAA content in the shoots and roots of treated wheat 50 

(Triticum aestivum L.) by 39% and 56%, respectively, compared with the control3. The above results 51 

showed that the application of 20 nm-nHA and 1% Cu-nHA could increase the accumulation of 52 

growth-related hormones such as IAA and BR, thereby promoting the crop growth. 53 

  54 
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Text S3. Differentially expressed genes (DEGs) and GO enrichment analysis 55 

Root exposure to 20 nm-nHA and 1% Cu-nHA resulted in 189 and 1591 differentially expressed 56 

genes (DEGs) in the tomato roots, respectively. In rice roots, 1075 and 2641 DEGs were found with 57 

20 nm-nHA and 1% Cu-nHA, respectively (Figure 3E and F). The shoot DEGs of tomato and rice 58 

suggest significant differences between the 20 nm-nHA and 1% Cu-nHA treatment (Figure S14E and 59 

F). The Volcano plots show that in the tomato roots, there were 1471 up- and 763 down-regulated 60 

genes in the 20 nm-nHA treatment, and 1552 up- and 1402 down-regulated genes in the 1% Cu-nHA 61 

treatment; in the rice root,s 2572/2781 and 3518/3427 up/down-regulated genes were evident in the 62 

20 nm-nHA and 1% Cu-nHA treatment, respectively (Figure S11). Overall, different nHA resulted in 63 

more DEGs in rice than in tomato. 64 

Gene Ontology (GO) was used to divide all identified DEGs into three main categories (Figure 65 

S12 and S13). Both 20 nm-nHA and 1% Cu-nHA up-regulated the expression of photosynthesis-66 

related genes in the tomato shoots and the expression of cellular glucan and glucan metabolism-67 

associated genes in the tomato roots. Additionally, 20 nm-nHA also upregulates the expression of 68 

genes related to the glycolytic process of the tomato shoots, which is a major metabolic pathway and 69 

plays an significant role in plant development and stress response4. Importantly, the addition of both 70 

types of nHA did not up-regulate these GO terms in rice. Based on the reference pathway in the 71 

KEGG database, the shoot and root DEGs of tomato and rice were further annotated (Figure 3A-D 72 

and S14A-D). These DEGs in the libraries of the tomato root treated with 20 nm-nHA and 1% Cu-73 

nHA were assigned to 93 and 113 KEGG pathways, respectively, and 109 and 117 in the tomato 74 

shoot, respectively. The DEGs in libraries of the rice root treated with 20 nm-nHA and 1% Cu-nHA 75 

were assigned to 85 and 109 KEGG pathways, respectively, and 33 and 113 in the rice shoot, 76 

respectively. Plant hormone signal transduction pathways were significantly enriched in the tomato 77 

and rice roots with 20 nm-nHA and 1% Cu-nHA. Different nHA treatments in the tomato roots impacted 78 

a number of plant hormone signal transduction pathways, linoleic acid and α-linoleic acid metabolism 79 

pathways and zeatin biosynthesis (Figure 3A and B), while different nHA treatments in the rice roots 80 

impacted plant hormone signal transduction pathways, photosynthesis pathways, amino acid 81 

metabolism, starch and sucrose metabolism pathways (Figure 4C and D). 82 
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Method S1. Plant nutrient and pigment content 83 

Metabolite (sugars, soluble protein, amino acids) of the plant (tomato or rice) samples (shoot or 84 

root) extraction 181 were performed as described by 3,5-dinitro salicylic acid method, Bradford 85 

method, and photometric ninhydrin method. 86 

Reducing sugar content  Briefly, 0.5 g tissue were added into the centrifuge tube 87 

containing 10 mL DI water. The mixture was heated at 75°C for 30 minutes, and then add another 10 88 

ml of water. The mixture was centrifuged at 12000 g for 5min, then 1mL of reducing sugar extract and 89 

1mL of 3,5-dinitrosalicylic acid (DNS) were added to a 25 mL colorimetric tube, and heated in boiling 90 

water for 5 mins. Cooling the solution to room temperature in an ice bath, and finally add 25 ml of DI 91 

water to the test tube, and the absorbance was measured at 540 nm. 92 

Soluble protein  One g tissues were mixed with 5 mL PBS buffer solution (50 mM, pH7.0), and 93 

the mixture was centrifuged at 13500 xg for 10 mins. Mix 1 mL of supernatant with 5 mL of Coomassie 94 

brilliant blue G-250 reagent for 20 mins. The absorbance was measured at 595 nm to calculate soluble 95 

protein content. 96 

Amino acids  Briefly, accurately weigh 1 g tissue into a beaker. Add 5 mL of 10% acetic acid 97 

solution and mix thoroughly. Transfer the resulting mixture to a 100 mL volumetric flask, wash with 98 

deionized water to a constant volume. The mixture was heated at 90 °C in a water bath until the color 99 

became stable. The absorbance was measured at 595 nm to calculate amino acid content. 100 

Chlorophyll content: The chlorophyll content of leaves is closely related to photosynthetic 101 

potential5. The leaves of the plants were cut into small pieces and 100 mg were placed into a 102 

centrifuge tube containing 10 mL 95 % (v/v) ethanol. Following a 3-day extraction period in the dark, 103 

the absorbance of the supernatant was measured at 665 nm, 649 nm, and 470 nm using a UV–vis 104 

spectrophotometer (UV-5500, Shanghai Metash Instruments Co., Ltd). The content of total chlorophyll 105 

and carotenoids was calculated using the following formula: 106 

Chla = 13.36 × A665 – 5.19 × A649; 107 

Chlb = 27.43 × A649 – 8.12 × A665; 108 

Total chlorophyll = Chla + Chlb; 109 

Carotenoids = (1000 × A470 – 2.13 × Chla – 97.64 × Chlb)/209. 110 
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Phytohormone: The contents of nine phytohormones (auxin, gibberellin A3, gibberellin A4, 111 

abscisic acid, zeatin, dihydrozeatin, brassinosteroids, jasmonic acid, and indole-3-acetic acid) were 112 

determined using commercial ELISA kits6.  113 

 114 
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Method S2. Chlorophyll fluorescence kinetic imaging 115 

After 30 minutes of initial dark acclimation to stabilize the photosynthetic organs in isolated leaves, 116 

minimal fluorescence (F0) was measured, and then maximal fluorescence (Fm) was measured with a 117 

saturating flash of light (1 s of 4000 μmol photons m−2 s−1). According to Maxwell and Johnson, the 118 

photochemical quantum yield (ΦPSII), the maximum quantum efficiency of PSII, and the non-119 

photochemical quenching (NPQ) parameters were calculated7.  120 

  121 
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 122 
Figure S1. The characterization of 20 nm-nHA, 60 nm-nHA, 1 % Cu-nHA and 10% Cu-nHA. (A) TEM 123 

image of 20 nm-nHA; (B) TEM image of 60 nm-nHA; (C) TEM image of 1 % Cu-nHA; (D) TEM image 124 

of 10 % Cu-nHA; (E) FTIR spectra of nHA. (F) XRD patterns of nHA. 125 

  126 
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 127 
Figure S2. TEM-EDS mapping of different nHA (20 nm-nHA, 60 nm-nHA, 1 % Cu-nHA and 10% 128 

Cu-nHA). 129 

  130 
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 131 
Figure S3. Physiological responses of tomato and rice seedlings upon root exposure to different types 132 

(including 20 nm-nHA and 1% Cu-nHA) and different concentrations (1 mg/kg, 10 mg/kg, 50 mg/kg, 133 

and 100 mg/kg) of nHA. (A, B) Plant height; (C, D) fresh weight. The different letters in the figure 134 

indicate significant differences (P < 0.05) determined by one-way ANOVA, letters in lowercase 135 

represent significant differences among shoots, while uppercase letters represent significant 136 

differences in roots.  137 
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 138 
Figure S4. The content of pigments in the shoots of tomato and rice seedlings upon root exposure to 139 

different types (including 20 nm-nHA and 1% Cu-nHA) and different concentrations (1 mg/kg, 10 140 

mg/kg, 50 mg/kg and 100 mg/kg) of nHA. (A) Chlorophyll content; (B) carotenoid content. The different 141 

letters in the figure indicate significant differences (P < 0.05) determined by one-way ANOVA, letters 142 

in lowercase represent significant differences among tomatoes, while uppercase letters represent 143 

significant differences in rice.  144 
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 145 
Figure S5. Changes in energy partitioning in leaves for different tomato seedlings and rice plants. (A, 146 

B) Imaging of FV/FM, ΦPSII, and NPQ on separate leaves of tomato and rice plants; (C-E) maximum 147 

photosystem II efficiency (Fv/Fm), actual photochemical efficiency (ΦPSII), and non-photochemical 148 

quenching (NPQ) in separate leaves of tomato and rice plants. The different letters in the figure 149 

indicate significant differences (P < 0.05) determined by one-way ANOVA, letters in lowercase 150 

represent significant differences among tomatoes, while uppercase letters represent significant 151 

differences in rice. 152 
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 153 
Figure S6. The contents of amino acids (A), soluble protein (B), reducing sugar (C), and soluble sugar 154 

(D) in roots and shoots of tomato and rice treated with different types of nHA via root exposure. The 155 

different letters in the figure indicate significant differences (P < 0.05) determined by one-way ANOVA, 156 

letters in lowercase represent significant differences among shoots, while uppercase letters represent 157 

significant differences in roots.  158 
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 159 
Figure S7. The micronutrient content in shoots and roots after root exposure to different types of nHA 160 

(including 20 nm-nHA, 60 nm-nHA, 1% Cu-nHA, and 10% Cu-nHA) in tomato and rice plants. (A-D) 161 

The concentration in tomato shoots and roots of macronutrients; (E-H) the concentration in rice shoots 162 

and roots of macro-nutrients. The different letters in the figure indicate significant differences (P < 163 

0.05) determined by one-way ANOVA, letters in lowercase correspond to significant differences 164 

among shoots, while uppercase letters correspond to significant differences in root. 165 

166 
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 167 
Figure S8. The micronutrient content in shoots and roots after root exposure to different types of nHA 168 

(including 20 nm-nHA, 60 nm-nHA, 1 % Cu-nHA, and 10% Cu-nHA) in tomato and rice plants. (A-D) 169 

The concentration in tomato shoots and roots of micronutrients; (E-H) the concentration in rice shoots 170 

and roots of micronutrients. The different letters in the figure indicate significant differences (P < 0.05) 171 

determined by one-way ANOVA, letters in lowercase correspond to significant differences among 172 

shoots, while uppercase letters correspond to significant differences in root. 173 

174 



S16 
 

 175 
Figure S9. The quality of RNA-seq profiles. (A, B) The percentage of reads alignment region; (C, D) 176 

The Fpkm distribution of all gene expression in all samples, fragments per kilobase million. (E, F) The 177 

correlation of transcriptome between samples. The value in each cell represents the correlation 178 

coefficient. 179 
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 180 

Figure S10. PCA score plot of the transcriptome in root exposure. (A) PCA score plot in tomato shoots; 181 

(B) PCA score plot in tomato roots; (C) PCA score plot in rice shoots; (D) PCA score plot in rice roots. 182 

PC1, the first principal component; PC2, the second principal component. 183 
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 184 

Figure S11. Volcano plot of differentially expressed genes (DEGs) in tomato and rice. (A-D) Volcano map of differentially expressed genes 185 

(DEGs) in tomato shoots and rice shoots. (E-H) Volcano map of differentially expressed genes (DEGs) in tomato roots and rice roots. 186 
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 187 

Figure S12. GO annotation of differently expressed genes. (A, B) GO annotation of differently expressed genes in tomato shoots; (C, D) GO 188 

annotation of differently expressed genes in tomato roots. 189 
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 190 

Figure S13. GO annotation of differently expressed genes. (A, B) GO annotation of differently expressed genes in rice shoots; (C, D) GO 191 

annotation of differently expressed genes in rice roots. 192 
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 193 

Figure S14. The transcriptome profiles of tomato shoots and rice shoots in each group. The top 20 KEGG pathways with significant enrichment 194 

of DEGs in the leaves of tomato and rice shoots (A-D) were exposed to 20 nm-nHA and 1 % Cu-nHA. (E) Venn diagram of DEGs in tomato 195 

shoots. (F) Venn diagram of DEGs in rice roots. Cluster heatmap of DEGs in tomato shoots (G) and rice shoots (H). 196 
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 197 

Figure S15. The KEGG pathway network of DEGs in tomato (A) and rice shoots (B) was regulated by 20nm-nHA and 1% Cu-nHA. The heatmap 198 

of the expression of DEGs was added; the log2 value of the level of gene expression shares the color key inserted below the figure.   199 
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 200 

Figure S16. Rarefaction curves of all samples in tomato and rice across all treatments. 201 

The solid lines are established by rarefaction of the measured data. (A-B) Bacterial 202 

communities in tomato shoot and root; (C-D) bacterial communities in rice shoot and 203 

root; (E-F) fungal communities in tomato shoot and root; (G-H) fungal communities in 204 

rice shoot and root. 205 
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 206 

Figure S17. PCA analysis of bacterial and fungal community structure in plants treated 207 

with different nHA (20 nm-nHA and 1 % Cu-nHA). (A, B) PCA analysis of bacterial 208 

communities in tomato shoots and roots; (C, D) PCA analysis of bacterial communities 209 

in rice shoots and roots; (E, F) PCA analysis of fungal communities in tomato shoots 210 

and roots; (G, H) PCA analysis of fungal communities in rice shoots and roots. 211 
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 212 

Figure S18. Relative abundances of phylum and microbial community diversity in tomato and rice treated with different nHA (20 nm-nHA and 1 % 213 

Cu-nHA). 214 
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 215 

Figure S19. Community of endophytic bacteria in shoots of tomato and rice plants as affected by 216 
different nHA (20 nm-nHA and 1 % Cu-nHA). (A, B) ACE and Shannon’s index of the endophytic 217 
bacterial community in tomato shoots; (C, G) the relative abundance of endophytic bacteria at the 218 
genus level in tomato and rice shoots; (D, H) cladograms of LEfSe showing bacterial indicator taxa 219 
treated with different nHA in tomato and rice shoots; (E, F) ACE and Shannon’s index of the 220 
endophytic bacterial community in rice shoots; (I, J) ACE and Shannon’s index of the endophytic 221 
fungal community in tomato shoots; (K, O) the relative abundance of endophytic fungus at the genus 222 
level in tomato and rice shoots; (L, P) cladograms of LEfSe showing fungal indicator taxa treated with 223 
different nHA in tomato and rice shoots; (M, N) ACE and Shannon’s index of the endophytic fungal 224 
community in rice shoots; (Q−T) ternary plot of fungi from left to right describes the bacterial 225 
communities in tomato shoots, bacterial communities in rice shoots, fungal communities in tomato 226 
shoots and fungal communities in rice shoots as affected by different nHA. Each circle in the ternary 227 
plot represents an OTU detected in the data set, the circle size indicates its relative abundance.  228 
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 229 

Figure S20. The composition of bacterial and fungal communities is affected by different nHA (20 nm-230 

nHA and 1 % Cu-nHA) at the phylum level. (A, B) Bacterial communities in tomato shoots and roots; 231 

(C-D) bacterial communities in rice shoots and roots; (E-F) fungal communities in tomato shoots and 232 

roots; (G-H) fungal communities in rice shoots and roots. 233 
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 234 

Figure S21. The LDA score plots show the endophytic bacterial community composition as affected 235 

by different nHA (20 nm-nHA and 1 % Cu-nHA). (A, B) The LDA score plots in tomato shoots and 236 

roots; (C, D) the LDA score plots in rice shoots and roots.  237 
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 238 

Figure S22. The LDA score plots show the endophytic fungal community composition as affected by 239 

different nHA (20 nm-nHA and 1 % Cu-nHA). (A, B) The LDA score plots in tomato shoots and roots; 240 

(C, D) the LDA score plots in rice shoots and roots. 241 
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