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Fig. S1. Morphological features of WYHC-5.  (A-B), Bright-field TEM images of 
three WYHC-5 cells showing intracellularly electron-transparent globules (i.e., 
vacuoles, Vac). (C), HAADF-STEM image of two WYHC-5 cells showing three types 
of intracellularly electron-dense inclusions (Mag, magnetite magnetosomes; Si, silica 
granules; S, sulfur storage globules). (D), Close-up of the bullet-shaped magnetic 
particles outlined by a yellow dashed square in (C). (E), High resolution transmission 
electron microscopy (HRTEM) image of one single particle outlined by a yellow dashed 
square in (D). The inset is the corresponding indexed fast Fourier transform (FFT) 
pattern. The WYHC-5 cells are spherical-shaped and form vacuoles, magnetite-type 
magnetosomes, and other two types of intracellular inclusions (see Fig. S2 for details). 
Mature magnetosomes are curved bullet-shaped magnetite which are terminated by a 
big flat {111} face at the bottom end and small {100} face at the top end. The final 
elongation direction is uniformly along the [001] crystal direction. Such crystal 
morphology is similar to those of magnetosomes produced by Candidatus 
Magnetobacterium casensis strain MYR-1 (79).  
. 



Fig. S2. Chemical characterization of WYHC-5 cells at the nanoscale. Semi-
quantitative chemical microanalyses of a total of 15 individual WYHC-5 cells based on 
7 independent STEM-EDXS mapping measurements. The first row shows STEM-
HAADF images of the cells; the second row shows their corresponding element maps 
of oxygen. The distribution of oxygen appears heterogeneous within the regions of 
cytoplasm, magnetosomes, and silica granules. The third row shows RGB maps of 
silicon (green), iron (red), and sulfur (blue), evidencing the spatial relationships of three 
types of intracellular inclusions. The bottom-left panel gathers the EDX spectra for all 
15 WYHC-5 cells. Each EDX spectrum was obtained by manually extracting the signal 
from the cell region. The bottom-right table shows the semi-quantitative measurement 
of the mass concentration of each element within WYHC-5 cells. Notes: silica 
inclusions were observed within all these 15 cells, while sulfur globules were obviously 
founded within some of them with the exception for the cell-8, cell-10, and cell-14. 



Fig. S3. Synchrotron radiation based STXM analyses of WYHC-5 cells. (A-L), 
STXM X-ray absorption images converted to optical density (-log(I/I0)) obtained at 
different energies: In the S L2,3-edges region: (A), 160 eV; (B), 163.4 eV; (C), 170 eV. 
In the C K-edge region: (E), 280 eV; (F), 285 eV; (G), 288.2 eV; (I), 320 eV. In the Fe 
L2,3 region: (J), 705 eV; (K), 710 eV. The differences between two image pairs can be 
considered as sulfur, carbon, and iron maps. They are shown in (D), 163.4-160 eV; (H), 
288.2-280 eV; (L), 710-705 eV, respectively. Vacuoles clearly appear in dark by STXM 
X-ray absorption imaging because they contain obviously less substance. (M) False
color composite image of the same area as in (A-L), where the sulfur, carbon, and iron



signals are in green, blue, and red, respectively. Three individual WYHC-5 cells 
indicated by the dashed boxes were selected for acquiring a NEXAFS spectrum at the 
S L2,3 edges (N), the C K-edge (O), and the Fe L2,3 edge (P). The NEXAFS spectrum of 
S globules produced by WYHC-5 is compared with those of elemental sulfur (S8) and 
sulfur globules produced by other bacteria (21, 80, 81). This demonstrates that the sulfur 
globules formed by WYHC-5 are composed of elemental sulfur (S0) with a linear 
polymeric structure, identical to those formed by Candidatus Magnetobacterium 
casensis strain MYR-1 (21). The NEXAFS spectrum of WYHC-5 cell has a typical 
feature for bacterial cells with major peaks at 285.1 eV (aromatic groups) and 288.2 eV 
(amide carbonyl group/peptidic bond), and one small shoulder at 289.4 eV (carbonyl or 
alcohol groups) (82). The NEXAFS spectrum of Fe particles in WYHC-5 cells is 
compared with those of reference Fe oxi-(hydro)xides in Fe 2p (P) (83), consistent with 
TEM analyses, demonstrating WYHC-5 magnetosomes are magnetite. Notes: 
Chemical imaging analyses with synchrotron-based STXM on many cells (n = 39) 
showed that almost all WYHC-5 cells contain vacuoles and silica globules, and that 
only about 38.9% cells contain recognizable sulfur globules.  



Fig. S4. Coupled FISH-SEM identification and phylogenetic analysis of WYHC-5 
cells. (A-B), Epifluorescence microscope images of bacterial cells in situ hybridized 
with (A) the 5’-FAM-labelled universal bacterial probe EUB338, and (B) the 5’-Cy3-
labelled WYHC-5-specific probe WYHC5-215. (C), Low magnification SEM image of 
the same field view as in (A) and (B). (D-E), High magnification SEM image of the 
boxed areas in (C) to show morphological features of WYHC-5 and inner controlled 
AMB-1 cells. 



Fig. S5. STEM-EDXS elemental mapping (at HAADF mode) of 
alphaproteobacterial magnetotactic coccus strain YQC-1. (A), STEM-HAADF 
image of YQC-1 cell. (B-G), STEM-EDXS elemental maps of (B) C (C Kα), (C) O (O 
Kα), (D) S (S Kα), (E) P (P Kα), (F) Si (Si Kα), and (G) Fe (Fe Kα). (H). RGB map 
with Fe (red), S (green), and Si (blue). (I), EDXS spectra extracted from selected micro 
regions (100 nm diameter) of carbon film on the TEM grid, cytoplasm, magnetosome, 
sulfur granule, and silica globule.  



Fig. S6. STEM-EDXS elemental mapping (at HAADF mode) of 
alphaproteobacterial magnetotactic coccus strain WYHC-1. (A), STEM-HAADF 
image of WYHC-1 cell. (B-G), STEM-EDXS elemental maps of (B) C (C Kα), (C) O 
(O Kα), (D) S (S Kα), (E) P (P Kα), (F) Si (Si Kα), and (G) Fe (Fe Kα). (H), RGB map 
with Fe (red), S (green), and Si (blue). (I), EDXS spectra extracted from selected micro 
regions (~100 nm diameter) of carbon film on the TEM grid, cytoplasm, magnetosome, 
sulfur granule, and silica globule.  



Fig. S7. STEM-EDXS elemental mapping (at HAADF mode) of 
alphaproteobacterial magnetotactic coccus strain MYC-4. (A), STEM-HAADF 
image of MYC-4 cell. (B-G), STEM-EDXS elemental maps of (B) C (C Kα), (C) O (O 
Kα), (D) S (S Kα), (E) P (P Kα), (F) Si (Si Kα), and (G) Fe (Fe Kα). (H), RGB map 
with Fe (red), S (green), and Si (blue). (I), EDXS spectra extracted from selected micro 
regions (~100 nm diameter) of carbon film on the TEM grid, cytoplasm, magnetosome, 
sulfur granule, and silica globule. The Si-rich globule is indicated by a yellow arrow in 
(A).  



Fig. S8. Sequence alignment of silicatein from siliceous sponge species, 
Armadillidium vulgare, and strain WYHC-5. The amino acids forming the catalytic 
center (Ser or Cys, His, and Asn in all sequences) are highlighted by red boxes. The 
amino acids forming the serine cluster (Cys, Ser, Ser, and Ser in the silicatein from 
strain WYHC-5 and most siliceous sponge species) are highlighted by a black box. 
Residues conserved (similar or related with respect to their physico-chemical 
properties) in all sequences are shown in dark blue, and in at least two sequences are 
shown in white blue. Sequence IDs in NCBI Database are Suberites domuncula 
(CAI46304), Petrosia ficiformis (AAO23671), Armadillidium vulgare (RXG62397), 
Mycale phyllophila (AND80742), Aulosaccus sp. (ACU86976), Ephydatia fluviatilis 
(BAE54434), Tethya aurantium (AAF21819), Latrunculia oparinae (ACG63793), and 
strain WYHC-5 (OM416946).   



Table S1. Size measurements of performed on WYHC-5 cells and inclusions 

Diameter of 
cell (µm) 

Diameter of silica 
inclusion (µm) 

Diameter of sulfur 
(S0) inclusion (µm) 

Diameter of 
vacuole (µm) 

Diameter of carboxysome-
like body (nm) 

Magnetosome magnetite 
Length (nm) Width (nm) 

No. of measurements 28 cells 113 inclusions 56 inclusions 30 particles 103 particles 503 particles 503 particles 
Average 3.58 0.53 0.38 216.6 107.6 70.4 27.0 
Standard deviation 0.42 0.34 0.23 64.7 14.8 27.5 6.3 
Maximum value 4.57 2.69 0.98 369.5 149.7 160.4 36.8 
Minimum value 2.73 0.08 0.09 200.2 105.5 12.1 9.8 
Notes: The diameter of cell and the size of magnetosome magnetite were measured from bright-field TEM and STEM-HAADF images of air-dried cells. The diameters of 
silica and sulfur inclusions were measured from STEM-HAADF images of individual air-dried cells in which the silica and sulfur globules were chemically distinguished 
based on STEM-EDXS mapping analyses. The diameter of vacuole and carboxysome-like body were measured from TEM and STEM-HAADF images of ultrathin sections 
of freeze-substituted cells.  



Table S2. 16S rRNA sequences retrieved from the sediments in laboratory microcosms collected from Lake Weiyanghu 

Bacteria strain No. of clones Percentage of clones Most similar strain Accession Identity 
WYHC-5 28 93.3% Candidatus Magnetoovum mohavensis strain LO-1 GU979422 98.3% 
Leptothrix sp. 2 6.7% Leptothrix sp. oral clone AW043 AF385534 99% 



Table S3. MTB and their intracellular inclusions chemically identified by STEM-EDXS mapping analyses using HAADF mode 

MTB Strain Taxonomy Environment Intracellular inclusions References 
THC-1 

‘Ca. Etaproteobacteria’ 

Freshwater Polyphosphate granules; sulfur globules (84) 
SHHC-1 Brackish Sulfur globules (85) 
MYC-4 Freshwater Silica globules; sulfur globules This study; (30) 
WYHC-1 Freshwater Silica globules This study; (30) 
YQC-1 Freshwater Silica globules; sulfur globules This study; (30) 
AMB-1 

Alphaproteobacteria 

Freshwater PHB granules (86) 
CCP-1 Freshwater CaCO3 granules (23) 
XQGS-1 Freshwater CaCO3 granules; calcium phosphate granules (24) 
WYHS-1 Freshwater Polyphosphate granules; sulfur globules (20) 
SHHR-1 

Gammaproteobacteria 
Brackish Polyphosphate granules; sulfur globules (32) 

GRS-1 Freshwater Ca-bearing mineral granules (87) 
WYHR-1 

Desulfobacterota 
Freshwater Polyphosphate granules (59) 

RS-1 Freshwater Iron phosphate granules (88) 
MYR-1 

Nitrospirota 

Freshwater Sulfur globules (79) 
WYHC-5 Freshwater Silica globules; sulfur globules This study 
WGC Marine NA (89) 
BGC Marine Sulfur globules (89)



Table S4. Concentration of water-soluble silica in the laboratory microcosms from several representative environments where 
MTB have been found 

Ion species LOD (ppm) 
Freshwater Marine Salt pond 

WYH (ppm) XQG (ppm) MY (ppm) YQ (ppm) BLD (ppm) FZS (ppm) 
Water-soluble silica 0.1 31.8 24.4 41.5 43.6 18.4 10.5 
Notes: The Limit of Detection (LOD) is the lowest concentration of a substance that can be reliably distinguished in this study. The Weiyanghu (WYH) 
and Xingqinggong (XQG) lakes are located at Xi’an city (Shaanxi Province) (24, 59), Miyun (MY) lake is located at Beijing city (30), Yuqiao (YQ) lake 
is located at Tianjin city (30), Bailudao (BLD) is located at the Bohai bay in Qinhuangdao city (Hebei Province) (30), Fuzhou saltern (FZS) is located at 
Bohai Bay in Dalian city (Liaoning Province) (90). The WYH, XQG, MY, and YQ lakes are freshwater environments, while the BLD bay and FZS salt 
pond are marine and hypersaline environments, respectively. Based on semi-quantitative calculation based on STEM-EDXS mapping analyses, WYHC-5 
cells deposit silicon within their cells in the form of silica globules which occupy approximate 10.9% of the cell’s total weight. This means that they can 
accumulate approximately ~3,500-fold higher than that in surrounding water during the experiments.  



Movie S1. Swimming behavior of WYHC-5 cells in an external applied magnetic field 
imparted by a bar magnet.   



Movie S2. Three-dimensional reconstruction and visualization by SEM-FIB cross-sectioning 
of air-dried WYHC-5 cells. 



Movie S3. Three-dimensional reconstruction and visualization by SEM-FIB cross-sectioning 
of high-pressure frozen and freeze-substituted WYHC-5 cells 

Data S1. List of sequences related to the formation of carboxysome and the fixation CO2 via 
WL pathway  

Data S2. List of sequences related to silica deposition and carbon metabolism in WYHC-5 
genome. 

Data S3. List of sequences related to silicon transporting within organisms 

Data S4. List of sequences related to silica deposition within organisms 

Data S5. Identification and distribution of silicon transporting and silica deposition within 
organisms 
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