Freezing-Induced Biomineralization of Calcium-Binding Amino Acids Crystals in a Cold-Tolerant Cactus
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Fig. 1. Crystal morphologies in the tubercles of Mammillaria schumannii at 25 ℃. PLM image of a tubercle cross-section showing scattered crystals (arrows) (A), (VB: vascular bundle; CR: crystal; Ep: epidermis; Co: cortex); SEM images of nanoclusters of tetragonal prisms (B), a single tetragonal prism (C), an elongated prismatic crystal (D), a spherical druse (E), and a bimodal druse (F). 
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Fig. 2. Effects of freezing temperature on morphology and elemental composition of crystals in the tubercles of Mammillaria schumannii. Distribution of crystals (arrows) in a transverse section imaged by PLM at 25 ℃ (A), and -5 ~ 5 ℃ (D); crystal morphologies formed at 25 ℃ (B), and -5 ~ 5 ℃ (E, F) imaged by high-magnification SEM. High-magnification views in (B), (E), and (F) correspond to the white dotted line in (A), and the purple dotted line and blue dotted line in (D), respectively. Elemental composition of crystals formed at 25 ℃ (C), and -5 ~ 5 ℃, analyzed by EDS (G). Note that freezing temperature induces the formation of numerous novel crystals throughout the cross sections. 
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Fig. 3. Effects of freezing temperature on molecular structure of crystals in the tubercles of Mammillaria schumannii. Crystal morphologies formed at 25 ℃ (E), and -5 ~ 5 ℃ (A, C) imaged by high-magnification SEM. Raman spectra of prismatic druses at 25 ℃ (F), and strip (D) or diamond crystals (B) at -5 ~ 5 ℃. High-magnification views in (A), (C), and (E) correspond to the blue line in (B), and the red line in (D) and the black line in (F), respectively. 
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Fig. 4. Effects of freezing temperature on the quantity of crystals in tubercles of Mammillaria schumannii. SEM images of tubercle cross-sections showing average crystal distribution at 25 ℃ (A) and -5 to 5 ℃ (D). High-magnification views in (B), (E), and (H) correspond to region I in (A), and regions II and III in (D), respectively. Ca elemental mapping is shown for each region of crystals by EDS (C, F and I). Quantitative analysis of crystal density (left) and size (right) at 25 ℃ and -5 to 5 ℃ (G). *** indicates statistical significant at P < 0.001. Blue: Ca.
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Fig. 5. Diurnal changes in crystal species of crystals in tubercles of Mammillaria schumannii. (A-L) Dynamic changes in crystal morphology within 24 hours, captured by SEM on three different dates (white arrows indicates novel crystals). (M) The relative quantity of novel crystals per unit area (number mm-2).
[image: image6.jpg]



Fig. 6. The effects of freezing temperature on crystal quantity and morphologies in the stem of Hylocereus undulate. The PLM images showing the average distribution of crystals formed at 25 ℃ (A-B), and -5 ~ 5 ℃ (C-D), respectively. (VB: vascular bundle; CR: crystal; Ar: areole); Crystal morphologies formed at 25 ℃ (E, F) and -5 ~ 5 ℃ (G, H), respectively, with high-magnification views in (F) and (H) corresponding to area Ⅰ in (E) and area Ⅱ in (G). Note that freezing temperature doesn’t induce the formation of novel crystals.
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Fig. 7. Schematic illustration of formation and function mechanism of crystals in tubercles of Mammillaria schumannii under cold stress. Arrows indicate that the phenomenon has been found in this study, whereas a dotted line and red question mark indicates that the pathway remains to be further corroborated. Orange square indicates organic molecules, green spheres indicates Ca2+, Red triangle indicates oxalate, stripe druse and lamellar diamond indicates novel crystals, and diamond crystals indicates calcium oxalate.
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Fig. S1. A mature plant of Mammillaria schumannii (A) and one of its tubercle (B). Bar is 1 cm in A; 1 mm in B. 
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Fig. S2. Young plant of Hylocereus undulatus (A) and its stem (B). Bar is 1 cm. 
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Fig. S3. Effects or freezing temperature on distribution of crystals in the tubercles of Mammillaria schumannii. (A, B, C) Distribution of crystals ( arrows) in a transverse section imaged by PLM (the bright field) at -5 ~ 5 ℃; (D, E, F) distribution of crystals ( arrows) in a transverse section imaged by PLM (the dark field) at -5 ~ 5 ℃. (A, D) distribution of crystals near the epidermis; (B, E)distribution of crystals near the parenchyma; (E, F)distribution of crystals near the vascular bundle. Bar is 200 μm. (EP: epidermis; VB: vascular bundle; CR: crystal)
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Fig. S4. Elemental composition of crystals formed at 25 ℃ (A), and -5 ~ 5 ℃ (B), analyzed by EDS in the stem of Hylocereus undulatus. Bar is 50 μm in A; 50 μm in B. (C: carbon; Ca: calcium; Au: aurum )
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Fig. S5. Raman spectroscopy analysis of extracted CaOx crystals in the stem of Hylocereus undulatus at 25 ℃ and -5 ~ 5 ℃. 
