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Abstract 

Electron Cryotomography (Cryo-ET) is an important imaging technique used by scientists. It 

uses cryogenic sample preparation, an electron microscope, and powerful image processing 

software to create high-resolution 3D views of cells and the structures within them. Cryo-ET has 

been a valuable tool for discovering many novel features about the functions of a wide variety 

of bacterial species. I was closely involved in two Cryo-ET research projects during my time at 

BYU. This paper will discuss both projects, as well as the principles of Cryo-ET and potential 

future applications of such research.  
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1. Introduction 

1.1 Fundamentals of Cryo-ET 

Cryo-ET is an imaging technique used by scientists to create high resolution images of 

samples. It is done using a combination of three important technologies: cryogenics, electron 

microscopy, and tomography.  The “cryo” prefix refers to the use of a cryogenic liquid to freeze 

the samples before the microscopy is performed (1). Electron microscopy uses a transmission 

electron microscope to produce high resolution images of the specimen (1). Finally, 

tomography is a generic method of imaging in which the 3D structure of an object can be 

created by combining 2D projections. It is commonly used in medicine in the technique 

computerized axial tomography (CAT) scan (1).  

Cryo-ET was developed in the 1980s to address some of the challenges of attempting to 

view biological material using a standard electron microscope. Although transmission electron 

microscopes are powerful enough to resolve sample details on nearly an atomic scale, qualities 

inherent to their operation prevent them from being used effectively for things such as cells. 

For example, the central column in an electron microscope must be maintained at a high 

vacuum in order to function. If a cell sample were to be inserted into the column under these 

conditions, the water in the individual cells would instantly boil away causing the cells to be 

destroyed (2). For many years, scientists attempted to solve these problems with methods such 

as using chemicals to fix and dehydrate cells, and/or by embedding the cells in resin. These 

methods were an improvement over previous attempts but caused artifacts and the loss of 

many details (2).  
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Eventually it was determined that the cell samples could simply be frozen using 

cryogenic liquid. Slower freezing procedures could not be used because water expands during a 

slow freezing process, which would destroy the cellular structure. Using a cryogenic liquid, such 

as ethane, removes the kinetic energy from the water molecules before they can bond with 

adjacent molecules. This type of ice is an amorphous solid and is referred to as “vitreous” ice 

(2). This method of freezing preserves the integrity of the structures within the cell, thus 

allowing them to be viewed with the electron microscope. Once the samples have been frozen, 

they are loaded into the electron microscope and imaged. Images of the sample are taken from 

several different angles. The images are then back projected and combined to form a 3D 

reconstruction of the sample called a tomogram (1) (Fig. 1).  

 

Fig. 1 An illustration of tomography. 

(A) Projections of the sample are first taken from several different angles. (B) Those 

images are then back-projected and combined to get a 3D reconstruction of the 

original (figure reproduced from (3)).  
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One of the most valuable techniques available with cryo-ET is sub-tomogram averaging. 

This technique allows researchers to overcome one of the significant weaknesses of cryo-ET, 

image quality. Typically, the quality of cryo-ET images is quite poor, due to both intrinsic 

statistical noise (caused by a small number of electrons per pixel of the image detector), and 

Landau noise (caused by a large distribution of signal levels of the individual electrons detected 

by the image detector). In sub-tomogram averaging, the researcher will manually select a large 

number of the desired structures in the tomograms (a process known as “particle picking”), and 

then use image processing software (such as IMOD or EMAN2) to average all of the images 

together. This decreases much of the noise and allows for greater resolution (34) (Fig 2). In the 

end cryo-ET, combined with sub-tomogram averaging, enables the acquisition of 3D images of 

cellular samples in a relatively unmarred state to a high resolution of ~4nm, sufficient to see 

large macromolecular nanomachines (2). 

 

 Fig. 2 An illustration of sub-tomogram averaging 
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A large number of particles (highlighted in blue) are picked from the tomogram. Image 

processing software is used to align and average the particles. This increases the signal-

to-noise ratio and creates a high-resolution 3D image (figure reproduced from (39)).   

1.2 Applications of Cryo-ET 

Since its implementation into the field of microbiology, cryo-ET has been used with 

great success to image many intracellular structures of various types, especially in bacteria. Due 

to its ability to obtain high resolution of biological structures, Cryo-ET has been an extremely 

powerful tool for detailed analysis of these structures. This has shown that bacterial cells are far 

more complex and organized than was previously believed.  

Before Cryo-ET was available, prokaryotic cells were thought to largely lack cytoskeletal 

structures. The direct visualization of these cells has allowed the discovery of a large variety of 

cytoskeletal components in bacteria. Researchers have been able to find many examples of 

these, such as the discovery of MamK (which is an actin homologue that assists in aligning 

microcompartments in magnetotactic bacteria) (4) or FtsZ (another protein which controls cell 

division in almost all bacterial species) (5). This technology has also proved instrumental in 

showing many structures within bacterial cells which were once thought to be unstructured, 

but which are in reality highly organized. This includes complexes such as chemosensory arrays 

(6) and microcompartments for storing nutrients and optimizing metabolism (7,8). 

 More recently, significant effort has been expended to attempt to learn more about 

bacterial secretion systems. These protein complexes are used by bacteria to perform a wide 

variety of tasks, ranging from DNA transfer to attacking other cells, and harnessing them could 



  
 

   
 

10 

lead to beneficial technological advances for humanity. For example, a greater understanding of 

bacterial secretion systems could enable the development of much safer and more effective 

antibiotic drugs. There are many bacterial species that are resistant to classical antibiotics but 

could still be successfully nullified by drugs designed to target their secretion systems. In 

addition, due to the specificity of these systems, such drugs could also allow for successful 

elimination of the pathogenic bacteria without decimating the naturally beneficial human 

bacterial biome (28).  

Power generation is another promising area of bacterial research. As concerns about energy 

availability increase around the world, largely due to cost and environmental concerns, more 

researchers are looking for alternative sources. Some have found that, using a combination of 

natural bacterial capabilities and gene editing, bacteria can be used to produce various forms of 

energy. One example is Streptomyces coelicolor, which uses a Type VII Secretion System and 

can be altered to produce polycyclopropanated fatty acids (POP-FAs). These can then be used in 

place of traditional fossil fuels, with the advantages of being significantly more renewable and 

having superior thermal properties to hydrocarbon fuels (29,30). Other researchers have been 

working on creating microbial fuel cells (MFCs) which use bacteria such as Geobacter or 

Shewanella to generate an electrical current. This method of power generation has an added 

benefit in that these bacteria could feed off organic compounds commonly found in 

wastewater (31). Similar bacterial technologies show promise in areas such as cancer treatment 

(32) and nanotechnology (33). These types of biotechnology have the potential to dramatically 

improve the world we live in. However, they require an intimate knowledge of bacteria, their 

internal structures, and their functions.  
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2. The Porphyromonas gingivalis Type IX Secretion System 

2.1 Intro to the T9SS 

Porphorymonas gingivalis is a Gram-negative anerobic bacteria. It is pathogenic to 

humans and causes periodontitis, an inflammatory disease that can damage or destroy teeth. It 

has also been implicated in the development of certain types of rheumatoid arthritis. While P. 

gingivalis is naturally found in the human oral biome, it can become highly destructive when 

allowed to proliferate (23).  

P. gingivalis utilizes a strategy of invading host cells and replicating and spreading within 

them to help it evade detection by the body’s immune system. These bacteria secrete a variety 

of virulence factors, including capsular polysaccharide and gingipains, in order to successfully 

carry out this invasion (24). One of the primary tools of secretion for P. gingivalis is the Type IX 

Secretion System (T9SS), which secretes ~30 different effector proteins. Among these is 

peptidylarginine deiminase (PPAD), which is responsible for the host protein citrullination that 

has been linked to rheumatoid arthritis (21).  

Although many of the structural components of the T9SS are already known, the overall 

organization of these components has not yet been fully elucidated. Among the sub-complexes 

which are known are the PorK/PorN complex which forms a large ring-like structure and is 

localized to the outer membrane, and the PorM/PorL ring which is localized to the inner 

membrane and extends into the periplasm (22). In addition, there is a known complex 

comprised of PorU/PorV/PorQ/PorZ which anchors the T9SS substrates to the surface of the 
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cell (26).  The purpose of this project was to gain a greater understanding of the structure and 

function of the T9SS by using cryo-ET to visualize it in situ.  

2.2 Preparation of Bacterial Culture for Cryo-ET 

Bacterial cell samples were prepared as described in (36) with the following particulars: 

P. gingivalis strain W50ABK*WbaP mutant cells were streaked onto blood agar plates 

containing trypticase soy agar and 5% defibrinated horse blood. Plates were incubated 

anaerobically at 37 °C for 3-4 days until colonies appeared. A single colony was then used to 

inoculate 5 mL of brain-heart infusion broth enriched with tryptic soy (TSBHI) (25 g/L Tryptic 

soy, 30 g/L BHI) and supplemented with 0.5 mg/mL cysteine, 5 g/mL hemin and 5 g/mL 

menadione. Cell cultures were grown anaerobically at 37°C until they reached OD600 of 1.0, 

indicating early stationary phase. Cells were then harvested by centrifugation at 10000 g for 10 

minutes and resuspended in 20 mM Tris-HCl, pH 7.5 buffer containing 20 mM NaCl and 10 mM 

MgCl 2 and 10 nm colloidal gold beads (Ted Pella, Inc., Redding, CA, USA) pre-treated with 5% 

(w/v) bovine serum albumin. Copper R2/2 200 Quantifoil holey carbon grids (Quantifoil Micro 

Tools GmbH, Jena, Germany) were glow discharged before adding 3-4 μL of the cell mixture. EM 

grids were subsequently blotted and plunge frozen in a liquid ethane/propane mixture using an 

FEI Vitrobot Mark IV (Thermo Fisher Scientific) and stored in liquid nitrogen until data 

acquisition (36). 

2.3 Cryo-ET Data Acquisition, Processing, and Sub-tomogram Averaging.  

Cryo-ET data were acquired as described in (36), with the following particulars: Cryo-ET 

data were acquired on a Titan Krios G3i (Thermo Fisher Scientific) equipped with a Gatan 
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energy filter and a K3 electron detector (Gatan)operating in electron counting mode with 

correlated-double sampling. The P. gingivalis ABK- tilt series were obtained using the SerialEM 

software package, with a tilt range of -60° to +60°, tilt increments of 3° per tilt, a total dose of 

~150 e-/ Å2, and target focus ranging from 5-8 µm under focus. Images were aligned, contrast 

transfer function corrected, and the three-dimensional reconstructions of the tilt-series were 

done using the EMAN2 software package (Chen et al., 2019).  A total of 1960 tilt series were 

collected with 923 particles being manually identified and selected from the tomogram 

reconstructions. The particles were then extracted using a box size of 80 (with x2 binning), and 

aligned using EMAN2 3D refinement software, with c2 symmetry imposed (36).  

2.4 Results 

I was tasked with picking particles from this P. gingivalis dataset. An example of one of 

these particles in shown in figure 3. The particles were then averaged by Georges Chreifi to 

obtain the sub-tomogram average shown in figure 4. Some of the identifying features of the 

T9SS can be observed, most notably the PorK/N ring. Additional densities, possibly including the 

PorM/L complex can also be seen beneath the PorK/N ring (22). The proposed structure in 

figure 5 is provided as a reference. This sub-tomogram average helps to further verify parts of 

the already proposed structure for the T9SS. However, additional investigation is required to 

confirm the identity of the other densities that were observed. This project is ongoing and so it 

is likely that more information will be gleaned from these sub-tomogram averages in the future.  
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Fig. 3 T9SS Particle 

Example of a T9SS particle taken from a single tomogram. Inner/outer membranes are labeled. 

The side profile of a PorK/N ring can be seen. Other densities in the periplasmic region and 

penetrating through the IM can be seen. 
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Fig. 4 Sub-tomogram averages of T9SS 

(A) Top view of T9SS complex. PorK/N ring is clearly identifiable. (B) Side view of T9SS complex. 

Inner/outer membranes are labeled. PorK/N ring is again observable, along with other 

densities, including what could be PorM/L complex near the inner membrane. Scale bar is 

~50nm.  

 

Fig. 5 Proposed Organization of the T9SS components within the PorK/N rings 

Proposed structural organization of T9SS in P. gingivalis. Components of this complex are not 

discussed in this work, it is only for comparison to the sub-tomogram average shown above 

(figure reproduced from (36)).  
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3. The Coxiella burnetii Type IV Secretion System 

3.1 Intro to T4SS 

Coxiella burnetii is a species of Gram-negative pathogenic bacteria. It is responsible for 

the disease known as Q Fever. This disease commonly leads to flu-like symptoms, but in more 

severe cases can cause things such as hepatitis, myocarditis, and pneumonia (9). This bacterial 

species has a biphasic developmental cycle which consists of active and dormant stages. These 

stages are known as the small cell variant (SCV) and the large cell variant (LCV) (14).  

External to the body, C. burnetii remains in the highly stable SCV state. It is in this state 

that the bacteria are commonly spread through the inhalation of contaminated aerosols. Once 

inside the host the SCVs target alveolar macrophages (13). They then enter the metabolically 

active LCV phase. This process of maturation from inactive to active state is mediated in large 

part by the C. burnetii Dot/Icm (defective in organelle trafficking/intracellular multiplication) 

Type IV Secretion System (T4SS).   

The C. burnetii secretion system belongs to a subset of these complexes known as 

T4BSS. The C. burnetii T4BSS protein complex secretes more than 130 different effector 

proteins into the host cell (35). This affects the internal functions of the host cell in ways which 

are vital for the intracellular replication of C. burnetii. Thus, the C. burnetii T4BSS plays a vital 

role in the pathogenicity of this bacterial species.  

In order to gain a greater understanding of the structure and function of the C. burnetii 

T4BSS, this research project was focused on imaging this protein complex using cryo-ET. 



  
 

   
 

17 

Throughout this project I was working contemporaneously with another research team using 

the same data. This section will discuss my work, as well as the results they compiled.  

 

3.1 Preparation of Bacterial Culture for Cryo-ET 

The bacterial cell cultures were prepared as described in (37) with the following 

particulars: The Coxiella burnetii strain which was used was the Nine Mile phase II (clone 4, RSA 

439) strain. For the samples which were purified from eukaryotic host cells, C. burnetti was 

grown in African green monkey kidney (Vero) fibroblasts (CCL-81; American Type Culture 

Collection). These are cultured in RPMI medium (Invitrogen, Carlsbad, California) and 

supplemented with 2% fetal bovine serum as described in reference (15). Vero host cells were 

briefly infected in 150-cm^2 flasks for 4 weeks without changing the growth medium. The cells 

were incubated at 37 C in 5% CO2 during the first week. Afterwards, the flasks containing the 

cell samples were kept at room temperature with their caps tightened for three weeks. The 

bacterial cells were next purified from the infected eukaryotic cells using Renografin density 

gradient centrifugation (16). Purified SCV cells were resuspended in K-36 buffer (0.1 M KCl, 

0.015 M NaCl, 0.05 M potassium phosphate, pH 7.0) and stored at -80 C until they were thawed 

before plunge-freezing as described below (37).  

Alternatively, C. burnetii (wilt type Nine Mile phase II strain or an isogenic dot/icm 

mutant of this strain) was grown under axenic cultivation conditions as described in (17,18). To 

cultivate C. burnetii, ACCM-2, which is a modified ACCm medium, was used (64). In the ACCM-2 

medium, 1 mg/ml methyl-β-cyclodextrin (Mβ-CD) is used to replace 1% FBS. Bacterial cells were 
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then cultured in this medium using T-75 flasks or 0.2-μm-pore-size-filter-capped 125-ml 

Erlenmeyer flasks with 20 ml of medium, T-25 flasks with 5 ml of medium, or 3 ml of medium in 

each well of a 6-well tissue culture plate. Bacterial cultures were kept in a CO-170 incubator 

(New Brunswick Scientific, NJ) with the following conditions: 37 C in a 2.5% O2 and 5% CO2. 

Cells were then washed and resuspended in either PBS pH 7.2 or Citrate buffered saline pH 4.75 

(PBS + 10 mM citrate). They were then frozen at -80 C until they were thawed prior to plunge-

freezing (37).  

The C. burnetii cell samples were grown in host cell-free second-generation acidified 

citrate cysteine media (ACCM-2). Cell samples were used which had been grown in the ACCM-2 

medium for 5 and 14 days. This allowed for a variety of cells in both the SCV and LCV stages. 

Both samples were imaged using a cryo-electron microscope at CalTech, resulting in a series of 

tilt-series. That data was sent to me through the Jensen Lab tomography database (14). The tilt 

series were compiled into tomograms through EMAN2 image processing software (11). The 

T4BSS were visually identified and selected and a box size of 96 (with x2 binning) was used. The 

particles were extracted and averaged using the same EMAN2 software (37).  

3.3 Cryo-ET Sample Preparation and Imaging 

The bacterial samples were prepared for Cryo-ET as described in (37) with the following 

particulars: R2/2 carbon-coated 200 mesh copper Quantifoil grids (Quantifoil Micro Tools) were 

first glow-discharged for 60 seconds. 4 μL of cells were thawed from a -80°C stock and then 1 μL 

of BSA-treated 10-nm gold solution was added. The cells/gold combination was pipetted onto 

the grids using a Vitrobot chamber (FEI) at 100% humidity. The extra fluid was blotted off of the 
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samples using Whatman filter paper. The grids were then plunge-frozen in a liquid 

ethane/propane mixture. The samples were imaged using an FEI Polara 300 keV field emission 

gun electron microscope (FEI, Hillsboro, OR, USA) which was equipped with a Gatan image filter 

and K2 Summit direct electron detector in electron counting mode (Gatan, Pleasanton, CA, 

USA). Data were collected using the UCSF Tomography software (19) with each tilt series 

ranging from −60° to 60° in 1°, 2° or 3° increments, an underfocus of ~7 μm, an electron dose of 

130 e- /Å2 , and a pixel size of 3.9 Å (37). 

3.4 Image Processing and Sub-tomogram Averaging 

The three-dimensional reconstructions of the tilt-series were done using the EMAN2 

software package (Chen et al., 2019). T4BSS particles were manually identified and selected 

from the tomograms in each dataset. The particles were then extracted using a box size of 96 

from the tomograms with x2 binning (8.06 Å/pix). The EMAN2 program e2spt_sgd_new.py was 

used to generate an initial model of the T4BSS. A cylindrical mask was used to improve the 

clarity of the sub tomogram average (37). 

The researchers working contemporaneously with me used a total of 88 tomograms of 

C. burnetii grown at pH 7 and 69 tomograms of C. burnetii grown at pH 4. From those they 

managed to acquire 726 T4BSS particles from those cells grown at pH 7, and 414 T4BSS 

particles from those grown at pH 4. Those particles were also extracted at a box size of 96, with 

x2 binning (8.06 Å/pix). EMAN2 was used to generate initial model using a subset of 60 high-

quality particles at 4x binning. Initial models with C1 symmetry were generated using the 

default parameters in the e2spt_sgd_new.py program. Those C1 models were then aligned to a 
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symmetry axis and used as references for initial models with C13 symmetry. All initial models 

were filtered to 50 Å resolution and used for subsequent sub-tomogram refinement. The 

extracted particles from both datasets were used for the sub-tomogram averaging with either 

C1 or C13 symmetry. Those particles were subjected to two rounds of 3D particle orientation 

refinement, 2D sub-tilt translation refinement, and sub-tilt translation & rotation refinement, 

followed by a sub-tilt defocus refinement. In a final step, soft masks for either the Outer 

Membrane Core Complex (OMCC) or the Inner Membrane (IM) were applied to focus the 

alignment of the particles to each respective region (37).  

3.5 Results 

For this project I was tasked with picking the particles from the C. burnetii T4SS dataset, 

and then attempting to get a sub-tomogram average of them. I picked 288 particles from 562 

tomograms. In many of the tomograms there were extracellular densities that appeared to 

have been secreted by the T4SS. We were interested in looking at both T4SS particles in a 

resting and in a secreting state, so both types were selected and differentiated. Examples of 

both are shown in figure 5. The lab which was working contemporaneously managed to 

compile their results before I was able to get a good sub-tomogram average, at which point I 

stopped work on this project, and their results are discussed below.  

In the work done by the other lab, 512 T4SS particles were averaged. This resulted in a 

sub-tomogram average with a resolution of 2.5-4.5 nm (37). This average was done using cells 

that had been grown in the ACCM-2 medium for five days and then resuspended in phosphate 

buffer saline pH 7.2. Initially, the densities associated with the outer membrane (OM) and the 
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periplasmic region were resolved nicely, however the densities associated with the inner 

membrane (IM) were missing. A closer investigation of the individual particles revealed that 

there was significant variance in the distance between the OM and IM in individual particles, 

and that many particles were completely lacking clear densities associated with the IM. It was 

therefore decided to create two different sub-tomogram averages with two different masks on 

the OM and IM, respectively (37). Those two averages were then juxtaposed together to obtain 

a single average with a resolution of 2.4-4.5 nm (figure 7).  

The structure of this composite average showed clear similarity with the T4BSS found in 

Legionella pneumophila (see figure 8). In the structure there was identified an OM complex and 

a periplasmic complex, with a stem-like structure connecting them (figure 7). The OM complex 

showed a maximum diameter of ~40nm and had a 13-fold symmetry. A secretion chamber like 

that seen in the L. pneumophila T4BSS was also observed. The structural similarities that can be 

visualized between the C. burnetii T4SS and the L. pneumophila T4SS are helpful with 

confirming proposed ideas about the structure of the C. burnetii T4SS.  
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Fig 6. Secreting and Non-secreting T4BSS Particles in C. burnetii  

(A) An example of a non-secreting T4SS particle I picked from the C. burnetii dataset. 

Inner/outer membranes labeled for reference. (B) An example of a secreting T4SS 

particle I picked from the C. burnetii dataset. Inner/outer membranes are again labeled. 

In both cases IM and OM associated densities can be seen, as well as the secretion 

chamber described above.  

 

Fig 7. Examples of T4BSS Particles in C. burnetii 

(A, B) Slices through electron tomograms of C. burnetii cells showing the T4BSS 

complexes in situ (black arrows). Scale bar is 100 nm. (C) Enlarged images of the T4BSS 

complexes shown in images A (top panel) and B (bottom panel). Scale bar is 10 nm. (D) 

An image of a slice through a partially lysed cell. The circular top perspective T4BSS 
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structures can clearly be seen. Scale bar is 100 nm. (E, F) Slices through the sub-

tomogram averages of C. burnetii at pH 7.2 (left) and pH 4.75 (right). Dashed yellow line 

indicates a composite of two averages obtained with different masks (see materials and 

methods) concatenated together. Scale bar 10 nm. (G) A cross section through the T4SS 

OM complex at position indicated (E, orange arrow) showing 13-fold symmetry (figure 

reproduced from (37)). 

 

Fig 7. Examples of T4BSS Particles in L. pneumophila 

(A) A tomographic slice from a representative L. pneumophila cell showing multiple T4SS 

embedded in the cell envelope. Note the similarity to the shape of C. burnetii T4SS 

shown above. Scale var, 100nm. (B) A central section through the longitudinal plane of a 

global average structure in situ showing the components of the T4BSS in the context of 

the outer membrane (OM), the peptidoglycan (PG), and the inner membrane (IM). Scale 

bar, 10nm. (C) Cross-section at the position indicated (B, yellow arrow) showing the 13-

fold symmetry. Scale bar 10nm (figure reproduced from (38)). 
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4. Conclusion 

With these projects I was able to use Cryo-ET to observe the T9SS in P. gingivalis and the 

T4SS in C. burnetii. I obtained tomograms of these secretion systems and was able to observe 

their structures. In the T9SS I was able to visualize proteins that have been found using other 

methods by other researchers. In the T4SS I was able to see and confirm the proposed 

structural similarity between the C. burnetii T4BSS and the L. pneumophila T4BSS. These 

observations coincided with and helped to affirm what has been seen by other researchers 

about the structural makeup of these secretion systems.  

Cryo-ET has proven to be an invaluable tool in the high-resolution structural analysis of 

bacterial structures. As the available Cryo-ET technologies and experimental techniques have 

improved, so has our ability to investigate and learn about those structures. Current 

improvements are centered around issues such as improving data collection time, improving 

the image detectors, and reducing specimen movement. Advancements in these areas would 

make it easier to collect large datasets in shorter amounts of time, as well as improve the ever-

problematic signal-to-noise ratio of images (34, 35). These improvements will make Cryo-ET an 

even more valuable tool in bacterial research.  
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