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Supplementary Figure 1. Light microscopy observations of natto filaments containing vegetative cells and spores of Bacillus subtilis var. natto.
(a, b) Direct light microscopy observations of natto filaments attached to glass slides. Dense filamentous material derived from the extracellular matrix is visible throughout the field of view. (c) Phase-contrast image of a natto filament suspended in PBS. Numerous bacterial cells are observed within the filament matrix. Vegetative cells, mature spores, and sporulating cells are indicated by black, white, and red arrows, respectively. Scale bars are indicated in each panel.
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Supplementary Figure 2. Cryo-TEM observation of vegetative cells and spores of Bacillus subtilis var. natto within natto filaments.
(a) Low-magnification overview of the grid. (b) Enlarged view of the red boxed region in (a), showing thinned natto filaments after PBS addition. (c) Representative image of vegetative cells. (d) Representative image of a spore. Scale bars are indicated in each panel.
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Supplementary Figure 3. Cryo-FIB–SEM evaluation of natto filaments without polymer support.
(a) Focused ion beam (FIB) image acquired by cryo-FIB–SEM, showing natto filaments partially detached from the carbon support film. (b) Representative images of the prepared lamellae. Stress-relief regions and lamella damage are observed in all cases. Scale bars are indicated in panel (b).





[image: ]


Supplementary Figure 4. Effect of γ-PGA concentration on polymer film formation.
(a) Polymer film formed from 0.5% (w/w) γ-PGA. (b) Polymer film formed from 2.0% (w/w) γ-PGA. The 0.5% γ-PGA condition results in a thin and electron-transparent film, whereas the 2.0% γ-PGA condition produces a thicker film with reduced electron transmission. Scale bars are indicated in each panel.
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Supplementary Figure 5. Cryo-TEM evaluation of polymer-supported natto filaments.
(a, b) γ-PGA-coated grids. (c, d) PAA-coated grids. (a, c) Low-magnification images of natto filaments attached to polymer-supported grids. White arrowheads indicate attached filaments. (b, d) Enlarged views of grid squares showing thinned and spread regions of natto filaments on the polymer support. Insets show further magnified views of the regions outlined by red boxes. High-contrast cell-like structures (spores) and low-contrast cell-like structures (vegetative cells) are indicated by red and white arrowheads, respectively. Scale bars are indicated in each panel.
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Supplementary Figure 6. Additional structural features of SCMs.
(a) Cryo-TEM image acquired at a nominal magnification of 12,000×. (b–d) Cryo-TEM images acquired at a nominal magnification of 30,000×. Membrane-like structures observed within the spore core, corresponding to SCMs, are indicated by red arrowheads. Low-contrast regions located outside the spore coat are indicated by white arrowheads. Scale bars are indicated in each panel.
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Supplementary Figure 7. Measurement and comparison of apparent membrane thicknesses in Bacillus subtilis var. natto spores. 
(A) Representative cryo-electron tomographic section showing the IM and SCMs used for membrane thickness measurements. Intensity profiles were obtained from the regions highlighted in yellow. (B) Representative intensity profile across a membrane illustrating the measurement of apparent membrane thickness, defined as the distance between two intensity minima. (C) Comparison of apparent membrane thicknesses among the IM, double-inner SCM, double-outer SCM, and single SCM. Boxes represent the interquartile range, horizontal lines indicate the median, and whiskers extend to 1.5 times the interquartile range. Different symbols (open circles, filled circles, open triangles, filled triangles, and crosses) represent the mean membrane thicknesses of five individual spores (n = 5). The same symbol is used to identify each spore across all four membrane groups. Repeated-measures ANOVA revealed a significant difference between the IM and inner layer of double-layered SCM (P = 0.0066), which was also supported by a mixed-effects model accounting for clustering within spore–membrane groups (P = 0.0025). A simpler mixed-effects model identified significant differences between the IM and all three SCM types (P < 0.05), although these additional differences were not significant in the clustered model. All reported pairwise P values were adjusted for multiple comparisons. The double asterisk (**) indicates P < 0.01 based on repeated-measures ANOVA.
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Supplementary Movie Legends
Supplementary Movie 1 Phase-contrast light microscopy of natto suspended in PBS.
Representative phase-contrast light microscopy movie of natto filaments suspended in PBS. The movie illustrates the distribution of bacterial cells and spores within the dispersed natto material.

Supplementary Movie 2 Representative aligned tilt series for cryo-electron tomography 1.
Representative aligned cryo-electron tomography tilt series acquired from a cryo-FIB-milled lamella containing a mature Bacillus subtilis var. natto spore. The movie shows the specimen at successive tilt angles, providing an overview of the projection images used for three-dimensional reconstruction.

Supplementary Movie 3 Representative aligned tilt series for cryo-electron tomography 2.
A second representative aligned cryo-electron tomography tilt series acquired from a cryo-FIB-milled lamella containing a mature B. subtilis var. natto spore. This movie illustrates an additional dataset used to examine the internal organization of mature spores.

Supplementary Movie 4 Representative tomographic slice series of a reconstructed mature natto spore 1
Sequential tomographic slices through a reconstructed mature B. subtilis var. natto spore. The movie illustrates the three-dimensional organization of the spore core, inner membrane, cortex, and surrounding coat layers, together with internal membrane structures.

Supplementary Movie 5 Representative tomographic slice series of a reconstructed mature natto spore 2
Sequential tomographic slices through a second reconstructed mature B. subtilis var. natto spore. The movie provides an additional view of the internal membrane organization and multilayered spore envelope, illustrating structural heterogeneity among mature spores.

Supplementary Movie 6 Rotating three-dimensional rendering of a mature spore 
Rotating three-dimensional rendering of segmented structures within a mature B. subtilis var. natto spore reconstructed by cryo-electron tomography. The movie illustrates the spatial organization of the spore envelope and internal membrane structures, including SCMs, within the reconstructed volume.

Supplementary Movie 7 Enlarged tomographic slice of the IM invagination with vesicle-like structure 
Sequential tomographic slices through an enlarged region of a reconstructed mature spore containing an invagination of the IM and an associated vesicle-like structure. The movie illustrates their spatial relationship across consecutive sections of the tomographic volume.

Supplementary Movie 8 Rotating three-dimensional rendering of IM invagination with vesicle-like structure
Sequential visualization of segmented three-dimensional structures showing an IM invagination and an associated vesicle-like structure within a mature spore. The segmented volume is progressively revealed along the Z-axis and rotated, illustrating their three-dimensional morphology and spatial relationship. This visualization complements the tomographic slice observations shown in Supplementary Movie 7.
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Supplementary Table 1. Effect of polymer support on lamella
quality and yield in cryo-FIB-SEM milling

Grids Without With polymer
No. of lamellae polymer I I il
Prepared 4 8 9 9
Lost during transfer 1 0 1 3
With cracks observed
by cryo-TEM 3 0 2 3
Suitable for cryo-TEM 0 8 6 1

analysis
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Supplementary Table 2. Relationship between SCM number and spore core area.

Major axis Minor axis Core area Areal density
! SCM °
(hm) (um) () (p?)
1.29 0.66 0.67 12 18.0
125 0.7 0.69 6 8.7
1.17 0.71 0.65 11 16.9
1.36 0.57 0.61 11 18.1

1.16 0.61 0.56 4 7.2
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