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Table S1. Major properties of soils used in this study

Property Grassland Soil
pH 5.90 + 0.04
Electrical conductivity (uS cm!) 18.9+£0.6
Cation exchange capacity (meq 100g") 25.8+0.1
Loss-on-ignition organic matter (%) 3.11+0.07
Bulk density (g cm™3) 0.981£0.017
Sand / Silt / Clay (%) 54.0/29.0/17.0
Saturation percent (%) 43.0£0.7
Water content of air-dry soil (wt. %) 10.54 +0.02
Exchangeable PO4-P (ug g!) 153+0.6
Exchangeable NH,4-N (ug g'!) 1.28 £0.04
Exchangeable NO;-N (pg g!) 11.5£0.5
Exchangeable K (ng g) 206 + 1

Total Ce (ug g™ 30.3+0.8
Total Cu (ug g) 254+0.3
Total Ti (ug g) 1864 £ 10

Table S2. A summary of analysis of variance to detect significant differences among nano-Cu
treatments with respect to gas exchange, biomass, Cu and Fe content.

p value
Gas exchange Potosynthesis rate 0.0066
(Figure 1) Transpiration rate 0.7136
Stomatal conductance 0.373
Water usage efficiency 0.0009
Biomass Root 0.139
(Figure S1) Stem 0.807
Leaf 0.677
Fruit 0.355
Cu content Root 0
(Figure 2) Stem 0.001
Leaf 0.001
Fruit 0.002
Fe content Root 0.009
(Figure 3) Stem 0.607
Leaf 0.024

Fruit 0.454




Table S3 Metabolites identified in cucumber fruit grown in soil with 0 (Control), 200 (Low), 400 (Medium) and 800 (High) mg/kg nano-Cu

Metabolites Control Low Medium High
glucose 1730412 = 703980 2640435 + 713824 1579289 + 353966 388798 +* 2117660
fructose 1128642 *+ 467504 1553420 + 402029 1335231 + 247984 259163 + 1297591
malic acid 161913 + 71267 215443 + 63268 122256 + 50585 26052 = 137638
glutamine 89085 * 23592 101060 * 12094 100556 + 60848 30510 = 92230
oxoproline 66168 * 11329 64219 * 8539 57989 * 25787 23725 * 67504
alanine 47320 + 7913 51570 = 25671 57118 = 12413 11713 + 46167
sucrose 52193 = 14570 47872 + 31858 37929 = 3022 24822 * 35916
myo-inositol 62903 = 57351 32160 = 19400 21766 + 4824 15120 + 38254
maleic acid 14961 = 7947 16873 = 9810 25633 + 23040 27632 * 40521
pipecolinic acid 9988 + 5782 9775 + 2370 8096 * 1319 3771 + 11255
glycine 17358 + 7950 26110 * 4651 29646 + 10917 6723 + 27688
glyceric acid 17248 = 4113 20748 + 4072 16208 + 2806 4682 = 19154
leucine 16086 * 3423 18255 = 4203 22719 + 7882 4277 = 18206
isoleucine 14684 = 2249 16588 + 3694 18816 + 5880 3328 + 16411
valine 13794 = 3067 16006 * 4157 18275 + 3458 2802 * 16944
serine 11898 + 2519 15214 = 3163 12479 + 3861 1959 + 11542
phosphate 12552 = 4421 14078 * 2545 12244 + 2259 2407 + 12450
tyrosine 12562 = 3043 13272 = 5960 16588 + 6267 3057 + 13319
gamma-aminobutyric acid 10668 * 6917 14113 *= 7833 13477 = 1119 6481 + 14118
glutamic acid 11889 =+ 2696 13553 * 5673 13040 + 3351 4341 = 10756
aspartic acid 8625 + 4941 11217 = 5744 3867 * 254 5357 + 7543
shikimic acid 18760 =+ 18452 12428 + 10226 6425 * 4934 13146 + 13737
proline 8262 * 2199 11927 = 4737 13276 + 2173 3200 = 11424
citric acid 11668 = 1701 9655 + 2374 7297 + 1075 5537 + 9575
phenylalanine 7063 + 2399 6720 * 1554 7365 * 2568 1889 * 6558
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The data are the means of four replicates.



Table S4. T-test screened metabolites significantly changed compared to control in cucumber

fruit

Compounds Trend Group p value
proline T Amino acid 0.028072458
glycine 0 0.014595707
valine T 0.054666177
asparagine T 0.081489374
ornithine NZ 0.002351659
citric acid 4 Carboxylic acid 0.062459638
pelargonic acid T 0.052356472
arachidic acid T Fatty acid 0.021941532
caprylic acid T 0.047793091
xylose T Sugar 0.038463045
1-kestose NZ 0.003937712
myo-inositol 4 Others 0.040726072
2,5-dihydroxypyrazine N 0.032809484

control to all (Low, Medium, High)
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Figure S1. Effect of nano-Cu on cucumber biomass accumulation in root, stem, leaves
and fruit. The data are the means of four replicates. For root, stem and leaves the data
represent dry weight; and for fruit it is fresh weight. Error bars represent + standard error.

Statistical significance is presented in Table S1.



Experimental Design for additional experiment

In order to determine the dissolution of nano-Cu in comparison with CuCl,, soil samples
were spiked with 0, and 200 mg/kg nano-Cu or CuCl,. Each treatment (growing pot) had
4 replicates. Cucumber seedlings were grown in the soils for 10 days. On day 10,
cucumber seedlings were removed and the soils were collected for Cu ion analysis. To
determine water-extractable Cu, 5 g of soil were weighed into 50 ml centrifuge tubes and
50 ml of nano pure water were added. The mixture was agitated for 24 hr. After filtration
and dilution, the Cu concentration in the soil-derived solutions was analyzed by ICP-MS.

Results are shown in Figure S2.

Water extractable Cu

Water extractable Cu in soil solutions

I
Control 200 mg/kg CuClI2 200 mg/kg nano-Cu

Figure S2. Water extractable Cu concentration in spiked soils: control, 200 mg/kg CuCl,

and 200 mg/kg nano-Cu.
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Figure S3. Score plot of partial least square (PLS) analysis of mineral elements in

cucumber fruits affected by different concentrations of nano-Cu.
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Figure S4. Loading plot of partial least square (PLS) analysis of mineral elements in

cucumber fruits affected by different concentrations of nano-Cu.
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Figure SS. VIP scores from PLS-DA analysis showing how the discriminating

metabolites induced the group separation.



