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Abstract: Cryo electron tomography (cryo-ET) enables three-dimensional visualization of biological 

macromolecules in their near-native environments, bridging the gap between structural and cellular 

biology. In this study, we evaluated high-resolution subtomogram averaging (STA) using a cryo-TEM 

(CRYO ARMTM 300 II, JEOL) and PACEtomo software system for both single-particle analysis (SPA) 

type grids and lamellae prepared by cryo-focused ion beam (cryo-FIB) milling (JIB-4700F, JEOL). 

Using mouse apoferritin and E. coli ribosomes in thin vitreous ice film, resolutions of 2.04 Å and 2.86 

Å were achieved, respectively. Using cryo-FIB lamellae of Salmonella cells, in situ ribosome 

structures were resolved to 8.2 Å resolution. 

Keywords: cryo-EM; cryo-ET; STA; cryo-FIB-SEM; CryoLameller; CRYO ARM; structural cell 
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1. Introduction  

One of the major challenges in life sciences is understanding complex biological mechanisms 

based on the structure, dynamics, and interactions of macromolecules. To achieve this, it is essential 

to visualize the three-dimensional structures of a wide variety of macromolecular complexes involved 

in biological functions and to elucidate their spatial relationships. Considering the complexity of cells, 

the number of molecular assemblies that must be visualized is estimated to range from hundreds of 

millions to tens of billions. 

Cryo electron microscopy (cryo-EM) using transmission cryo electron microscopes (cryo-TEM), 

which was awarded the Nobel Prize in Chemistry in 2017, revolutionized structural biology by 

enabling high-resolution structure determination without the need for crystallization through advances 

in single-particle analysis (SPA). Meanwhile, cryo electron tomography (cryo-ET), which has recently 

attracted significant attention, allows direct three-dimensional observation of samples in a vitrified 

state. This technique enables visualization of biomolecules in cells and tissues in near-native states and 

allows three-dimensional reconstruction of ribosomes, membrane protein complexes, cytoskeletal 

structures, and virus particles within their physiological environments [1]. As a result, cryo-ET has 

become a core technology driving the progress of structural cell biology. 

In electron tomography, samples are imaged sequentially in multiple tilt angles, and three-

dimensional structures are reconstructed from the resulting set of two-dimensional projections. 

Furthermore, subtomogram averaging (STA), in which similar structures within tomograms are 

extracted and averaged, has made it possible to achieve resolutions comparable to SPA. However, STA 

is still not a routine approach. Achieving such high resolutions generally requires substantial expertise 

of the analyst and the combined use of multiple complementary processing strategies [2]. Several 

factors, such as electron beam irradiation damage and sample thickness, still limit the achievable 

resolution. To overcome these limitations, the development of advanced microscopes with highly 

stable electron optics, automated and efficient data acquisition software, and highly-sensitive, fast 

direct electron detectors has progressed rapidly. In recent years, advances in cryo-focused ion beam-

scanning electron microscopy (cryo-FIB-SEM) technology have made it possible to selectively thin 

specific regions of vitrified cells and tissues into lamellae with thicknesses suitable for transmission 

electron microscopy imaging (approximately 100 - 200 nm). This innovation enables in situ structural 

analysis of thick cellular and tissue samples that were previously inaccessible to transmission electron 

microscopy, thereby greatly expanding the applicability of cryo-ET [3,4]. 

In this study, tomographic data acquisition and subtomogram averaging analyses were performed 

using a cryo-TEM (CRYO ARMTM 300 II, JEOL) and PACEtomo [5] system for both SPA-type thin 

vitreous ice grids and lamella samples prepared with a cryo-FIB-SEM (JIB-4700F, JEOL). From the 

obtained structural information, we evaluated the reproducibility and versatility of high-resolution 

structural analysis by cryo-ET and assessed its potential for further practical improvement in resolution. 

2. Materials and methods 

2.1. Stage motion analysis using tomographic acquisition 

To quantitatively evaluate stage behavior during tomographic data acquisition with CRYO 

ARMTM 300 II, the stage position changes were analyzed during tilting using the special cartridge 
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system of CRYO ARMTM. The stage coordinate system consists of Stage X, Y, and Z. The longitudinal 

axis of the cartridge corresponds to Stage Y, which is equivalent to the tilt axis during tomographic 

acquisition, and Stage X is oriented perpendicular to the tilt axis. Stage Z represents the specimen 

height direction (Figure 1A). 

Tomographic data were acquired using a built-in tomography function in SerialEM, employing a 

dose-symmetric acquisition scheme covering a tilt range from −60° to +60°. Specifically, tilting was 

performed starting from 0°, using a scheme in which two tilt angles were grouped as a unit (e.g., 0 → 

−3 → −6 → +3 → +6 → −9 → −12 → …). A total of 41 independent tilt series were acquired, 

of which nine datasets were selected for detailed analysis. For each tilt angle, the positions of Stage X 

and Stage Y were recorded. Mean values and standard deviations (SD) were calculated for each tilt 

angle to evaluate lateral stage displacements. 

In addition, changes in the specimen height associated with tilting were evaluated by analyzing 

the Stage Z component. For each tilt angle, the measured defocus value (nominally set to −8 µm) was 

referenced to the value at 0° tilt, and the resulting difference was treated as a relative displacement 

along the Z direction. This analysis enabled quantitative evaluation and graphical visualization of tilt-

angle-dependent changes in specimen height during tomographic acquisition. 

2.2. Sample preparation of SPA-type grid for cryo-ET 

Mouse apoferritin was expressed and purified following the same method described 

previously [5]. E. coli 70S ribosome was prepared as previously described [6]. For both apoferritin 

and ribosome samples, Quantifoil R1.2/1.3 200-mesh grids were gold sputter coated using an AT-900 

multi-coater (ATA Inc., Japan) and rendered hydrophilic by glow discharge using a PIB-10 ion 

bombarder (Vacuum Device Inc., Japan), and 3 µL solutions were applied on the grids. The grids were 

blotted for 3 s and immediately plunge-frozen in liquid ethane using Vitrobot™ (Thermo Fisher 

Scientific). 

2.3. Cryo-ET data collection and STA image analysis of SPA-type grid 

For apoferritin and ribosome, all the cryo-ET image datasets were acquired using SerialEM, 

PACEtomo [6] and a cryo-TEM (JEM-3300 (CRYO ARM™ 300 II), JEOL) operated at 300 kV with 

a K3 direct electron detector (Gatan, Inc.) in the CDS mode. The Ω-type in-column energy filter was 

operated with a slit width of 20 eV for zero-loss imaging. The magnification was 50,000 ×, with a 

camera pixel size of 1.01 Å/pixel (physical). 

Tilt series were collected using a dose-symmetric tilt scheme using groups of 2 at 3° increments 

at a defocus range of −2 to −3 µm. For apoferritin, the tilt series were collected between −60° and +60° 

with a total dose of approximately 137 e⁻/Å². The tilt images between −36° and +36° were used for 

data processing. For ribosomes, the tilt series were collected between −60° and +60°, with a total dose 

of 182 e⁻/Å². The tilt images between −48° and +36° were used for data processing. Imaging was 

performed with a total exposure time of approximately 0.4 s at 10 frames/s per tilt angle. Tilt series 

were simultaneously acquired at 121 sites with an 11 by 11 matrix using PACEtomo [6]. In total, 121 

tilt series were collected in about 650 min for each sample. 

Reconstruction and subtomogram averaging were performed using Warp/M [7], AreTomo2, 

and RELION 5.0 [8]. Particle picking was conducted using pytom-match-pick [9] (Supplementary 
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Figure 1).  

For apoferritin, 158,180 particles (box = 86 pixels, binning = 3) were extracted from 121 

tomograms and refined iteratively; 154,717 particles were retained after removal of duplicate particles. 

The reconstructed 3D maps were refined with octahedral symmetry in RELION and further 

refinements (CTF parameters and tilt image alignment) were performed in M (box = 246 pixels, 

binning = 1). 

For ribosomes, 31,528 particles were extracted from 117 tomograms (box = 100 pixels, binning 

= 4) and refined iteratively; 26,077 particles corresponding to intact 70S ribosomes were retained after 

3D classification and removal of duplicate particles. These 117 tomograms were selected from an 

initial set of 121 tomograms, with four datasets excluded due to suboptimal tracking performance 

during tilt-series alignment. The particles were focus-refined using 70S, 50S, or 30S masks in RELION 

and further refinements (CTF parameters and tilt image alignment) were performed in M (box = 528 

pixels, binning = 1). All structural figures were prepared using UCSF ChimeraX [10]. 

2.4. Lamellae preparation of Salmonella cells for cryo-ET 

Salmonella enterica serovar Typhimurium SJW1103 cells were grown in LB medium (1% w/v 

tryptone, 0.5% w/v yeast extract, and 0.5% w/v NaCl) overnight at 30 °C with shaking. After 

harvesting 500 µL of culture by centrifugation at 15,000 rpm for 1 min, the cell pellet was resuspended 

in PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4) to achieve a final 

OD₆₀₀ of 1.0. A 3 µL aliquot of the sample was applied to the carbon side of a Quantifoil R1.2/1.3 grid, 

followed by 2 µL of PBS applied to the metal side, and blotted for 10 s from the metal side before 

vitrification using an EM-GP plunge freezer (Leica). Lamellae of Salmonella cells were prepared using 

a cryo-FIB-SEM (JIB-4700F, JEOL). The FIB milling conditions were an accelerating voltage of 30 

kV with a rough-milling current of 1 nA and a final-polishing current of 30 pA (Table 1). The targeted 

lamella thickness was 100–150 nm. 

2.5. Cryo-ET data collection and STA image analysis of Salmonella lamellae 

Data collection was conducted using the same programs and equipment as those used for data 

collection of SPA-type grids except that the magnification was 30,000 ×, with a camera pixel size of 

1.7 Å/pixel (physical). Tilt series were collected using a dose-symmetric tilt scheme between −40° and 

+70° with groups of 2 at 3° increments starting from a 20° pre-tilt and targeting a defocus range of 

−3.5 to −5 µm. The total dose was approximately 137 e⁻/Å². From each lamella, tilt series of 19 sites 

were simultaneously acquired using PACEtomo [6]. 

Reconstruction and subtomogram averaging were performed using RELION 5, MotionCor3 [11], 

AreTomo2 [12], and GCtfFind with particle picking by pytom-match-pick. For the lamella that 

produced the best resolution of ribosome reconstruction by STA, 41,004 ribosome particles were 

extracted from 19 tomograms (box = 70 pixels, binning = 4) and refined iteratively; 26,077 particles 

corresponding to intact 70S ribosomes were retained after 3D classification and removal of duplicate 

particles. The selected particles were reextracted (box = 140 pixels, binning = 2), refined with a 70S 

ribosome mask and further refinements (CTF parameters and tilt image alignment) were performed 

in RELION. All structural figures were prepared using UCSF ChimeraX [10] and 

subtomo2Chimera [13]. 
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Table 1. Milling parameter settings for cryo-FIB-SEM (JIB-4700F). 

 Thickness (μm) Width (μm) Beam (pA) Time (min) 

Rough 1.5 15 1,000 9 

Mill-1 0.8 14 300 4 

Mill-2 0.4 13 100 2 

Polish-1 0.2 12.5 30 4 

Polish-2 0.15 11.5 30 2 

3. Results 

3.1. Results of STA image analysis of SPA-type samples 

First, the STA analysis was performed for tomograms acquired from the SPA-type thin vitreous 

ice grids of two different biological macromolecular complexes using CRYO ARMTM 300 II (JEOL) 

to evaluate the quality of tomography data. In addition, stage displacements were measured and 

analyzed for the Stage X, Y, and Z components using the standard tomography acquisition function 

implemented in SerialEM (Figure 1B,C). As a result, displacements of approximately −2.5 to +0.5 µm 

were observed along Stage Y, which is parallel to the tilt axis, while displacements of approximately 

−1.5 to 0.0 µm were observed along Stage X, which is perpendicular to the tilt axis (Figure 1B). In 

addition, displacements of approximately −2.5 to +2.0 µm were also observed along the Stage Z 

direction (Figure 1C). Nevertheless, stable tomographic datasets were successfully acquired using the 

built-in SerialEM tomography routines even when a dose-symmetric acquisition scheme was 

employed. Based on these results, we conclude that tomographic data acquisition over an angular range 

from −60° to +60° using PACEtomo is sufficiently feasible under the conditions used in this study.  

Using PACEtomo [6], tomography data collection was performed on a Quantifoil R1.2/1.3 grids 

in an 11 by 11 matrix. The specimens used were mouse apoferritin and ribosomes from E. coli. For 

both samples, tilt series were collected from −60° to +60° at 3° increments. The total acquisition time 

for each set of 121 tomograms was approximately 650 min, corresponding to ~5.4 min per tomogram. 

The ice thickness was 20–30 nm for apoferritin and approximately 50 nm for ribosomes. 

By the STA analysis, the apoferritin reconstruction reached a resolution of 2.04 Å (Figure 2A,B, 

and Supplementary Figure 2) [EMD-67082], and the ribosome reconstruction achieved resolutions of 

2.86 Å (70S overall) [EMD-67081], 2.77 Å (focused on 50S), and 2.92 Å (focused on 30S) (Figure 

2C,D, and Supplementary Figure 3). The resolution of apoferritin reached close to the Nyquist 

frequency (2.0 Å), indicating the high optical stability despite a maximum image-shift radius of ~17 

µm across the 11 by 11 matrix of holes on the R1.2/1.3 grid. For apoferritin, the holes of six-membered 

aromatic rings were distinctly resolved (Figure 2B). The resolution of the ribosome was comparable 

to those obtained with a Krios G4 (Thermo Fisher Scientific) under similar conditions [6], 

demonstrating equally high stability and reproducibility of tomography data collection using CRYO 

ARMTM 300 II and PACEtomo. Although the ribosome reconstruction exhibited locally low-resolution 

in some regions (Supplementary Figure 3), the central core region, which includes the 50S ribosomal 

protein L20 (Figure 2D), showed good agreement with the fitted atomic model and well-resolved side 

chains, confirming the reliability of the reconstruction for structural interpretation.  
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Figure 1. Analysis of stage motion in CRYO ARM 300 II. (A) Schematic illustration of 

the tilting motion using the cartridge system. The left panel defines the stage coordinate 

system, showing Stage X and Stage Y. The longitudinal axis of the cartridge corresponds 

to Stage Y, which is equivalent to the tilt axis during tomography. The orthogonal direction 

corresponds to Stage X. The right panel shows a front view of the tilt axis, illustrating 

motion along Stage Z, which corresponds to the specimen height direction. (B) Stage X 

and Y displacements as a function of tilt angle during tomographic data acquisition using 

a dose-symmetric scheme. Nine independent tilt series were acquired using the built-in 

tomography function in SerialEM, and the stage positions were recorded for each series. 

Mean values and standard deviations (SD) were calculated and plotted against the tilt angle. 

(C) Changes in the Stage Z component as a function of tilt angle under the dose-symmetric 

scheme. 
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Figure 2. Result of STA data processing for SPA-type grid samples. (A) Subtomogram 

averaging (STA) reconstruction of apoferritin at 2.04 Å resolution. (B) A single subunit 

extracted from the assembly and the fitted atomic model is overlaid. The atomic model 

shows good agreement with the density map, and the central hole of the Trp93 aromatic 

six-membered ring is clearly visible in the density. (C) STA reconstruction of 70S ribosome 

at 2.86 Å resolution. Cyan and yellow indicate 50S and 30S ribosome at 2.77 and 2.86 Å 

resolution, respectively. (D) A 50S ribosomal protein, L20, is extracted and the fitted 

atomic model is overlaid. (E) The global Fourier shell correlation (FSC) curves of the STA 

reconstructions: apoferritin (left) and ribosome (right). Resolution was estimated using the 

gold-standard FSC = 0.143 criterion. 
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3.2. Results of STA image analysis of cellular lamellae 

Tomographic data acquisition was also performed on lamellae of vitrified Salmonella cells 

prepared using a cryo-FIB-SEM system (JIB-4700F, JEOL). Lamella milling was conducted on a 

single grid, from which 19 lamellae were generated. Among them, five lamellae remained structurally 

intact and were used for tomographic data collection by PACEtomo. The thicknesses of these lamellae 

ranged from 80 to 180 nm (Table 2). 

Table 2. Lamellae thickness and resolution of ribosome 

Lamellae number Thickness (nm) Resolution (Å) 

1 ~110 8.2 

2 ~170 24.1 

3 ~130 22.9 

4 ~180 22.9 

5 ~80 20.8 

Among these five intact lamellae, a lamella with an average thickness of approximately 110 nm 

was identified as the highest-quality specimen obtained in this study. Tomograms from the other 

lamellae were not included in the final reconstruction because their inclusion did not lead to any 

improvement in the achieved resolution (Table 2). A montage image of this lamella clearly revealed 

densely packed Salmonella cells (Figure 3A). From this lamella, 19 tilt series were acquired using 

PACEtomo, and a total of 26,077 ribosome particles were extracted for subtomogram averaging (STA). 

Particle picking was performed using pytom-match-pick, and subsequent STA analysis was carried out 

using RELION 5.0. As a result, a 3D density map of 8.2 Å resolution was obtained from this single 

lamella (Figure 3B,D, Supplementary Figure 4) [EMD-67083]. Other lamellae yielded ribosome 

reconstructions with resolutions worse than 20 Å (Table 2). Since combining ribosome particles from 

these lower-quality lamellae did not lead to any improvement in resolution, they were excluded from 

the final STA reconstruction. Ribosome particles within a Salmonella cell were visualized using 

ChimeraX by overlaying the reconstructed particles onto the tomographic reconstruction at the 

coordinates and orientations determined by template matching (Figure 3C). 
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Figure 3. Result of STA data processing for cellular lamella samples. (A) Cryo-electron 

micrograph of a Salmonella lamella specimen. (B) STA reconstruction of Salmonella 

ribosome at 8.2 Å resolution, with the atomic model (PDB ID: 5IMQ) fitted to the density. 

(C) Visualization of ribosomes inside a Salmonella cell using ChimeraX by overlaying the 

reconstructed ribosome particle on corresponding particle densities in a tomographic 

reconstruction of the Salmonella cell at the coordinates and in the orientations obtained by 

template matching. (D) The global Fourier shell correlation (FSC) curve of the STA 

reconstruction. 

4. Conclusions  

In this study, we systematically evaluated tomographic imaging and subtomogram averaging 

(STA) using a cryo-TEM, CRYO ARM 300 II, for both SPA-type specimens and cellular lamellae 

prepared by cryo-FIB-SEM (JIB-4700F). 

For SPA-type samples, resolutions of 2.04 Å and 2.86 Å were achieved for apoferritin and the 

yeast 70S ribosome, respectively, from cryo-ET datasets collected over approximately 11 hours. 

Analysis of the stage behavior revealed that CRYO ARMTM 300 II exhibited larger displacements than 

Thermo Fisher Scientific instruments, particularly along the tilt-axis direction (Stage Y), consistent 
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with previous reports [14,15]. Under the conditions used in this study, we observed displacements of 

approximately −2.5 to +0.5 µm along the tilt axis, −1.5 to 0.0 µm along Stage X, and relatively large 

variations in the Stage Z component. 

Under such conditions, predictive imaging algorithms such as fast-incremental single-exposure 

(FISE) are likely difficult to apply [14]. In contrast, tilt-by-tilt tracking corrections implemented in the 

standard tomography routines of SerialEM and in PACEtomo functioned effectively, ensuring a 

sufficient tracking performance even in the presence of relatively large stage displacements. As a result, 

high-resolution structures were successfully obtained by STA analyses of SPA-type grids. 

The resolution achieved for apoferritin in this study almost approached the Nyquist limit. 

Although direct instrument-to-instrument comparisons are not straightforward, the obtained results are 

comparable to previously reported high-resolution cryo-ET STA studies [16,17]. These findings 

indicate that, even under conditions where stage-related limitations exist, high-resolution STA analyses 

can be done efficiently through appropriate tracking corrections and combined use of Warp/M and 

RELION 5. 

For cellular lamella samples, we successfully determined an in situ ribosome structure from 

Salmonella cells at a resolution of 8.2 Å. This result demonstrates that the same instrument 

configuration and analysis workflow can be applied across a wide range of sample types, from purified 

specimens to intracellular macromolecular assemblies, enabling both structural identification and 

analysis at sufficiently high resolutions. 

However, for cellular lamellae, the structural determination of ribosome at high resolution was 

successful in only one out of five lamellae, indicating that reproducibility remains a challenge. The 

limited resolutions resulted from the other 4 lamellae may be attributed to factors such as insufficient 

stage tracking accuracy or focus instability at individual tilt angles. Notably, however, such limitations 

were not observed for the SPA-type samples acquired on the standard grids, suggesting that the reduced 

contrast and increased complexity inherent to cellular lamellae may have impaired the performance of 

tracking and focusing algorithms in PACEtomo under certain conditions. In thin lamellae, damage 

induced by gallium ions has been reported [18] and may have affected the success rate of structural 

analysis. In addition, multiple factors are likely to have contributed, including suboptimal tracking 

during tomographic acquisition, ice quality during vitrification, damage introduced during milling, 

charging effects during imaging (including conductive coating conditions), and limitations in tilt-series 

alignment accuracy in the absence of fiducial markers. The lack of systematic optimization of these 

factors represents a limitation of the present study. 

Importantly, however, the successful lamella yielded a resolution of 8.2 Å from a single lamella, 

demonstrating that when imaging and tracking conditions are sufficiently met, the CRYO ARMTM 300 

II platform combined with the present workflow is capable of delivering structurally interpretable in 

situ STA results. The limited success rate therefore reflects the current challenges in lamella 

preparation and tomographic acquisition rather than a fundamental limitation of the microscope or 

analysis pipeline. 
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