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ABSTRACT OF THE DISSERTATION 
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Professor Hong Zhou, Co-Chair 

Microbes interact with their surroundings through a variety of mechanisms, 

ranging from extracellular machineries like flagella, pili, and surface layer proteins to 

protein complexes embedded in the cell membrane. In this dissertation, we used a 

variety of techniques to characterize these mechanisms of interaction, with a focus on 

exploiting recent advances in electron microscopy to better understand these 

systems. The dissertation opens with an overview of the history and development of 

electron microscopy (EM) with a focus on its historical contributions to microbial 

interactions in the literature, its recent technical developments in electron microscopy, 

and helical reconstruction of protein filaments by cryo electron microscopy (cryoEM). 



EM has developed into an indispensable tool for studying all aspects of microbial 

interactions from the gross cellular level to protein structures at atomic resolution. The 

following chapter of the thesis focuses on characterizing the interaction between two bacteria 

in the oral microbiome by utilizing scanning electron microscopy (SEM) in conjunction with 

light microscopy and genetic experiments. The relationship between the newly described 

obligately parasitic bacterium TM7x (Candidatus Saccharimonas formerly Candidate 

Phylum TM7) and its host Actinomyces odontolyticus species XH001 is described. Evidence 

from qPCR experiments, light microscopy, and SEM show that TM7x causes stress to its host 

XH001 and that this stress is additive with other stress factors in the environment. This 

demonstrates that the relationship between the two is actively harmful to XH001 whereas it 

was previously unclearly if XH001 host was impacted by the growth of TM7x. Light 

microscopy and SEM were also used to demonstrate that TM7x divides by budding and that 

no flagella or pili are visible on either cell. This data suggests that TM7x adheres to the host 

cell in a directional manner using cell surface or membrane proteins. 

In chapter three, the cell envelope of the bacterium Syntrophamonus wolfei was 

characterized using biochemical assays and transmission electron microscopy (TEM). S. 

wolfei is a syntroph which must live in symbiotic relationships or consortium with other 

prokaryotes that consume the syntrophic metabolic products. A method was devised to 

separate the membrane portion of the cells from the soluble cell contents to produce cell 

ghosts. These cell ghosts were analyzed via mass spectroscopy to identify the three major 

protein components. One of these proteins, Swol_0141 has domains which identify it as a 

potential surface (S) layer protein domains. Transmission electron microscopy (TEM) of the 

cell ghosts revealed paracrystalline array of P4 symmetry, consistent with the production of a 
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proteinaceous S-layer. CryoEM of the cells shows the protein arrangement of the cell 

envelope.

Finally, I present an atomic structure of the archaeal flagellum from 

Methanospirillum hungatei strain JF-1, obtained with cryo electron microscopy, helical 

reconstruction, and de novo model building. The archaeal flagellum is a nanomachine 

which rotates to drive cell motility and adheres to other cells and surfaces. The thin 

filament of flagellum is only 10 nm in diameter, but can extend to be several times

longer than the cell length. This structure is the first complete atomic resolution model 

of an archaeal flagellin, and it describes the intermolecular interactions which allow for 

the stability of the flagellar filament under rotational stress. The cryoEM structure of 

the native protein also revealed eight sites of post-translational modification. To 

conclude, a comparison with the bacterial flagella and type IV pili shows that the 

archaeal flagellum is a structurally distinct cell motility and adhesion apparatus. 

In summary, these thesis projects demonstrate the breadth of utility electron 

microscopy has for studying microbes and their environmental interactions. These 

include the cell to cell interactions of an oral parasitic bacteria and host bacteria, the 

definitions of an undescribed single cell envelope, and the atomic resolution protein 

structure of a flagellar nanomachine. The depth of information which can be explored 

using electron microscopy to solve complex microbial cell and protein structures 

continues to expand. 
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CHAPTER 1: Introduction 

Overview 

Traditionally, the resolution of light microscopy has been limited by the 

wavelength of the light being used to form the image. Most conventional light 

microscopes are unable to achieve better than 200nm resolution or about half the 

wavelength of visible light, although in the past ten years, advances in super-resolution 

light microscopy have changed this paradigm. Electron microscopes were developed in 

the 1930’s and can achieve superior resolution, due to the smaller wavelength of the 

electron relative to the photons from visible light. Over the past ninety years, electron 

microscopy has developed into an essential tool in microbiology. This chapter gives an 

overview of a variety of sample preparation and imaging techniques used in electron 

microscopy with a focus on those techniques which are most important for studying 

microbial interactions.

Scanning electron microscopy 

Scanning electron microscopes (SEM) focus an electron beam to a small point 

and raster scan the focused beam across a sample (Fig. 1.1a)1. The electron beam in

an SEM has a low accelerating voltage and does not penetrate deeply into the sample, 

only mapping the surface. Either secondary or back scatter electrons are emitted from 

the atoms at the sample surface and detected to produce an image of the sample (Fig. 

1.1b).2

Typically, samples are fixed before being imaged by SEM as samples must be 

imaged in vacuum. Although, many modern instruments offer the option to switch into 



an Environmental SEM mode (ESEM) and image wet samples at micro-pressure which 

obviates the need for fixation. However, imaging at micro-pressure often results in 

poorer data quality as the back scattered electrons leaving the sample will interact with 

a thin layer of water vapor surrounding the sample. This interaction dampens the signal 

detected as fewer back scattered electrons reach the detector resulting in a decrease in 

signal and increase in noise and therefor, a lower signal to noise ratio3. The exact 

sample fixation procedure will differ somewhat from sample to sample, but for most 

biological samples, the following is the basic method followed: 1) fixation with a primary 

fixative such as glutaraldehyde or formaldehyde, 2) optionally, fix with a second fixative 

such as osmium tetroxide, 3) gradual dehydration into a volatile solution such as 

ethanol or propanol, 4) critical point drying to remove the volatile solution, 5) coating with 

a heavy metal to improve contrast. The sample preparation process can result in fixation 

artifacts for biological samples. However, SEM is still widely used in microbiology as it is 

effective at giving information about the gross organization of microbes and is not limited 

by sample thickness. 

SEM has been used to study microbial interactions in a variety of ways such as 

in the study of biofilms and the formation of microbial consortia. Myxoccocus xanthus is 

a bacterium which exhibits multicellular behavior. M. xanthus cells coordinate to form 

multicellular fruiting bodies and spores when the cells become stressed, and this 

behavior has been imaged extensively by SEM.4-6 Multispecies biofilms such as those in 

the human microbiome at wound sites7 and in the oral microbiome8, and bacterial 

biofilms which are useful for bioremediation9, are also frequently imaged by SEM. In both

cases, the number of prokaryotic cells involved in the interaction results in a  

2 



3 

Electron Beam

Sample surface 

Sample interior 

Incomplete 
penetration of the 
electron beam

Back scattered electrons 
 Detector

b a 

c 

Figure 1.1 | Overview of scanning electron microscopes. a, the arrangement of lenses in the first 
SEM adapted from Zworykin et al., 1942a b, How the electron beam in an SEM interacts with the 
sample. The relatively weak beam does not penetrate deeply into the sample and the back scattered 
electrons are collected to form an image of the sample surface adapted from a sketch by von Ardenne, 
1940 which appeared in McMullan 1995. c, An example micrograph taken with SEM. This is 
micrograph is of the bacteria XH001 described in chapter 2. 



 sample which is too thick to be effectively imaged by transmission electron microscopy 

(TEM). However, a recent development in SEM sample preparation technology, known 

as focused ion beam (FIB) milling10, allows for some of these thick samples to be cut 

down in an SEM by a focused ion beam and then imaged in a TEM. An example of this 

technique is also present in the Myxoccocus xanthus literature11.

For the work involving dental microbes in chapter two, we chose to use SEM 

because very little was known about the samples being studied. The two microbes 

being studied represent a unique type of epibiotic relationship and one of the microbes, 

TM7x, had been successfully cultured for the first time only a few months previous. As 

such, the gross morphological information provided by SEM complemented other lines 

of inquiry and helped characterize this novel microbe and its interaction with the host, 

Actinomyces odontolyticus species XH001 (Fig. 1.1c). SEM is a useful tool for 

characterizing novel microbes and microbial interactions, particularly when samples are 

too thick to be imaged by transmission electron microscopy. 

Transmission electron microscopy 

The optical path of a transmission electron microscope (TEM) is similar to that of 

a compound light microscope. An electron source is located at the top of the instrument 

and emits electrons into a column kept under vacuum. Early electron microscopes used 

tungsten filaments, like those used in incandescent bulbs, as an electron source. These 

filaments lack the coherence required for high resolution imaging, and the best electron 

microscopes now use field emission guns12. The electrons are then focused into a 

coherent beam using a series of electromagnetic lenses and apertures (Fig. 1.2a)13.

4 



Samples are inserted near the focal point of the beam and moved to an under focused 

position to provide contrast. Electrons which pass through the sample are recorded by a 

camera or detector. The original detectors used were film based cameras, in the 1990’s 

charged couple device (CCD) cameras became the standard digital cameras used for 

data collection14, and in the past five years, a new wave of direct electron detectors has 

greatly enhanced the imaging capabilities of TEMs (direct electron detectors are 

discussed in detail later in this chapter). 

In traditional TEM imaging, the sample is prepared by drying or fixing and 

staining with a heavy atom before insertion into the column under vacuum. Thin 

samples are deposited onto an electron microscopy grid and negatively or positively 

stained before being dehydrated. Thick samples are fixed en bloc and sectioned to 

create a thin enough sample that the electron beam may pass completely through the 

sample. These sample fixation procedures can cause artifacts which lead to the 

development of different sample preservation procedures to preserve proteins in near 

natural environments. 

Transmission electron microscopes are the workhorses of any electron 

microscopy lab and as such, they have been used extensively to study microbial 

interactions. For example, bacterial surface (S)-layer proteins have been studied 

extensively using traditional TEM sample preparation techniques15-18. S-layer proteins 

self-assemble to from paracrystalline sheets which completely cover the cell surface. 

These proteins form a symmetrical mesh which is easily observed by TEM imaging. As 

the outermost layer of the cell envelope, S-layer proteins are important for prokaryotes 

to interact with their environment and are important in biofilm formation and 

5 
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Figure 1.2 | An overview of transmission electron microscopes. a, Comparison between 
the optical paths of a light microscope, transmission electron microscope (TEM), and a 
scanning electron microscope (SEM) Figure adapted from the Central Microscopy Research 
Facility. b, An example of a TEM micrograph with a negatively stained sample, scale bar is 
100nm. The sample is the Methanospirillum hungatei flagellum described in detail in chapter 4. 



pathogenesis19. Traditional TEM sample preparation has also been used to study 

bacterial pili such as the Geobacter sulfurreducens type IV pili which allows the 

bacterium to break down inorganic material extracellularly and harvest the electrons for 

energy and was first visualized via traditional TEM20. Several other types of bacterial pili 

have been described via traditional TEM such as the conjugation pili21,22 and type IV pili 

used in adhesion23 and motility24,25.

In this thesis, every project described used a TEM at least once, even if the data 

did not make it into the final manuscript. All of the samples used had an initial quality 

assay performed by TEM negative staining (Fig. 1.2b). Negative staining is by far the 

simplest and least time consuming of any electron microscopy sample preparation 

technique and as such, it is used routinely to assess the quality of a new samples. For 

whole cells and purified proteins, negative staining can determine if the samples are 

intact and in good condition and what their approximate concentration is in solution. 

Negatively stained samples also have higher contrast relative to cryoEM sample 

preparations which can help to distinguish certain features, although the staining 

process does result in a loss of some high-resolution information and can introduce 

artifacts. 

For example, both chapter three where the S. wolfei S-layer proteins are 

characterized and chapter four where the M. hungatei flagella structure is characterized 

began with visualization of whole cells by negative stain TEM. As a syntrophic 

bacterium and methanogenic archaea, these two organisms have been isolated 

together and have a symbiotic relationship where M. hungatei cells consume the 

metabolic waste products of S. wolfei cells, thereby allowing both organisms to grow 

7 



effectively. The initial goal of this project was to use microscopy to characterize this 

interaction. However, after visualizing both cells by TEM and reviewing the literature, it 

became apparent that not enough was known about the extracellular assemblies, such 

as the archaeal flagella and bacterial S-layer proteins, to characterize this interaction. 

Cryo electron microscopy 

To overcome artifacts introduced by fixation, a new form of sample preparation 

was developed, cryo electron microscopy (cryoEM)26. Samples are flash frozen in liquid 

nitrogen cooled liquid ethane or propane. By rapidly freezing at very low temperatures, 

the water surrounding the sample does not have time to form ice crystals and is instead 

frozen in a liquid water like state called vitreous ice27. Vitreous ice does not diffract the 

electron beam as ice crystals do, and allows for samples to be imaged using a TEM 

microscope under near-native protein conditions (Fig. 1.3a)28.

Unfortunately, cryoEM has a major drawback. Biological samples frozen in 

vitreous ice without any staining have very little contrast and can be difficult to see. 

Typically, the only contrast provided is phase contrast produced by under focusing the 

sample. Imaging samples at an under focused position introduces a contrast transfer 

function which must be corrected for to achieve high resolution protein reconstructions. 

Additionally, the high energy electron beam damages samples frozen in vitreous ice 

more rapidly than fixed samples and results in more pronounced beam induced 

drifting29. As the electron beam impacts the sample, some volatile atoms are lost. 

Water molecules are unstable enough to have their bonds broken by the electron 

beam. As water molecules are stripped off, the water matrix distorts and causes

8 
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Figure 1.3 | An overview of 
the workflow for cryoEM 
data collection and 
processing. a, CryoEM 
sample preparation steps 
which are the same for 
tomography and single 
particle reconstruction, 
adapted from Doerr 2016 b, 
CryoEM tomography 
workflow from freezing to final 
result, adapted from 
Fernandez 2012 c, CryoEM 
single particle reconstruction 
work flow from sample 
freezing to de novo atomic 
model, adapted from Doerr 
2016. d, An example cryoEM 
micrograph, scale bar is 
50nm. The sample is the 
Methanospirillum hungatei 
flagellum described in 
chapter 4. 



samples embed in the ice to move resulting in sample drift30-32. Eventually, water around

the sample will be completely lost and the sample will be directly exposed to the beam 

resulting in boiling and other damage to the sample itself. There are two major imaging 

techniques used for cryoEM, which moderate the drawbacks of cryoEM and gain useful 

biological information about the sample in different ways, tomography and single particle 

reconstructions. 

In tomography imaging, a single specimen of interest, such as a whole 

prokaryotic cell33, very thin eukaryotic cell such as neurons34, or large protein complex 

such as the nuclear pore35, is positioned at the eucentric height in the microscope. At 

the eucentric height, the stage can be rotated in the z direction without changing the 

height or location of the particle of interest. The microscope stage is tilted over a wide 

range of heights to create a series of images. These images are then compiled to form a 

3D representation of a single particle of interest (Fig. 1.3b)36. By collecting a series of 

low electron dose images of a single specimen, tomography allows electron 

microscopists to mitigate the issue of sample damage while producing useful three-

dimensional information about the species of interest. Tomography is extremely useful 

for studying non-identical or large specimens which are not suitable to single particle 

imaging and can be used with samples prepared for cryoEM or traditional TEM sample 

preparation methods. Electron tomography allows for fascinating insights into cellular 

machinery. 

Unfortunately, tomography has two main limitations that hold it back from 

producing data with high enough resolution information to give rise to de novo protein

structures. The first is the decreased signal to noise ratio in each individual image within 

10 



the tomography tilt series. To prevent sample damage during the tilt series, each 

individual image only receives a low dose from the electron beam. This issue is 

overcome by sub-tomographic averaging. In subtomographic averaging, an area of 

interest within several tomograms is identified. These areas are then isolated and 

averaged together computationally to give a higher resolution structure for the area of 

interest. An example of subtomographic averaging which was used to study microbial 

interactions is the work done on the basal body of the bacterial type IV pili37,38.

The other factor which limits resolution of tomographic tilt series is the difficulty of 

properly correcting for the contrast transfer function (CTF) in tilted images39. In electron 

microscopy, images are typically taken at an under-focused position to give contrast to 

the specimen. This results in the CTF which needs to be corrected for during image 

processing. The CTF is dependent on the defocus value of an image. In images taken at 

high tilt, such as those taken in a tomography tilt series, the defocus value is different in 

different regions of the image, as one side of the grid is tilted closer to the electron 

beam and the other side is tilted further away. This results in a gradient of different 

CTFs across the image which need to corrected for. Currently, there is no one program 

which can completely deconvolute and correct for this effect, although several groups 

are working to create a solution40,41.

Single particle reconstructions are accomplished by taking images of several 

thousand particles. Ideally, these particles will be random in orientation and the data set 

will contain images (i.e. two-dimensional projections) of every view of the sample. Using 

the central projection theorem, these two-dimensional projections of the sample are 

then Fourier transformed. The Fourier transforms of the two-dimensional particles are

11 



combined computationally in three-dimensional Fourier space. The combined Fourier 

transform data is then inversely Fourier transformed back into real space in three-

dimensions to produce an electron density map of the particles that were imaged. In 

general, the workflow for single particle cryo electron microscopy is as follows: sample 

optimization and freezing, data collection, CTF correction, two-dimensional class 

averaging, three-dimensional class averaging, final reconstruction of the electron 

density map, and, if the electron density map is of sufficiently high resolution (usually 4 

Å resolution or better) building an atomic model and model refinement (Fig. 1.3c)28.

There is one major disadvantage to using single particle cryoEM which has 

traditionally held the technique back from routinely solving structures to atomic 

resolution, the low signal to noise ratio of cryoEM images. This has given rise to several 

data processing issues, for example, because cryoEM images have a low signal to 

noise ratio and are subject to extensive computational procedures, an issue with model 

bias was discovered42,43. In the early 2000’s it was demonstrated that using some 

existing data processing tools for cryoEM, any input reference model could adversely 

affect the result. Due to the noise in cryoEM images and the large size of the datasets 

being used to reconstruct electron density maps, an input model for refinement can bias 

the result and give rise to a structure which is closer to the original model than the data 

supports. This resulted in a number of controls being developed, such as the so-called 

“gold standard” FSC method, where the data set is divided in half and the two halves 

are reconstructed independently, and spurred a series of modifications to existing data 

processing programs and the development of new programs which dealt with this 

12 



problem44,45. However, the gold standard FSC method is not fool-proof as systematic 

errors in data processing can mask model bias. The development of the direct electron 

detector discussed in the next section has dramatically increased the number of cryoEM 

single particle reconstructions which achieve sufficient resolution to solve a protein 

structure de novo. At atomic resolution, using the sequence of the protein as an internal 

control is a more robust demonstration that the cryoEM density map is accurate. The 

FSC method remains an important tool for assessing the quality of cryoEM density 

maps and reducing model bias. 

Single particle cryoEM has been used to study microbial interactions such as 

bacterial secretion systems and toxin export pores. The bacterial type II, type III46, and 

type IV47,48 secretion system complexes have been described at intermediate resolution 

using single particle cryoEM. The atomic structure of the anthrax pore complex shows 

how a pathogenic bacterium is able to export its toxin49. This structure also highlights 

one of the major advantages of single particle cryoEM over X-ray crystallography and 

NMR, the ability to routinely solve membrane protein structures. 

In this thesis, we used cryoEM for two separate capacities. To study the S. wolfei 

surface layer protein in chapter three, we imaged whole cells by cryoEM. This allowed 

us to confirm the existence of the S-layer and to characterize the density with which the 

protein covers the outside of the cell. To determine the structure of the M. hungatei 

flagellum in chapter four, we used single particle imaging (Fig. 1.3d) and helical 

reconstruction techniques, described in greater detail later in this chapter.  

Direct electron detectors 
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In 2005, a paper was published showing that a material used to detect single 

electron strikes in nuclear reactors, known as a high-sensitivity active pixel sensory, 

could be used to build a better detector for transmission electron microscopes (Fig. 

1.4a)50. Over the next ten years, three companies developed and released direct 

electron detectors based on this technology for commercial use. As a whole, these new 

detectors offer significant improvements in data quality by increasing the signal to noise 

ratio of individual micrographs and by making it possible to correct for beam induced 

sample damage and drifting. In contrast to CCDs or film cameras which collect a single 

image developed over the exposure period, direct electron detectors collect a short 

movie over the exposure period. Due to the increased sensitivity to electron strikes of 

the detector, a series of short, usually around 100-300 microsecond long, frames can be 

collected during each exposure period. These frames can then be aligned to form one 

image of the full exposure period. Frames from latter in the exposure process when the 

sample is damaged can be discarded, and beam induced motion of the sample can be 

corrected51. The invention of these new detectors coupled with ongoing improvements to

data processing software created what has been termed the “resolution revolution” in 

cryoEM. In the past four years, the number of cryoEM structures resolved to 5 Å or 

better has increased exponentially (Fig. 1.4b)52. Direct electron detectors have improved

resolution of cryoEM experiments across the board. This has included improvements to 

samples important for microbial interactions, including all of the samples referenced in 

the previous section about cryo electron microscopy. 

Chapter four of this thesis is an excellent example of how the resolution 

revolution has helped provide new insights into microbial interactions. This chapter 
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First commercially 
available direct electron 

detector

a 

b 

Figure 1.4 | The direct electron detector and the “resolution revolution”. a, Initial concept for the 
direct electron detector in a modified film tray, adapted from Milazzo et al 2005 b, The number of 5 Å 
or better cryo EM maps deposited in the EMDB per year since 2007, adapted from Egelman 2016. 



details the structure of an archaeal flagellum. This project began with single particle 

cryoEM data collection on photographic film. Issues with the sample, such as the thin 

diameter of the filaments and their lack of apparent high resolution features made 

structure determination with the film dataset impossible. However, new direct electron 

detectors and the incorporation of Baysian statistics into helical reconstruction of 

filaments through the RELION53 software package made it possible to solve this 

challenging structure to 3.4 Å resolution. This resolution was sufficient to allow for de 

novo backbone tracing of the flagellin monomer and was the first complete structure of 

an archaeal flagellin to be solved at atomic resolution. Previously, only the structure of a 

non-functional bacterial flagellum mutant had been solved to atomic detail using cryoEM 

helical reconstruction54. Motility filaments such as bacterial and archaeal flagella and pili

were extremely difficult to solve by cryoEM due to their small diameter, curvature, and 

lack of high resolution features; however, by demonstrating that this is now possible by 

solving the archaeal flagella structure, we hope to open the structure of bacterial and 

archaeal motility filaments up to further study by cryoEM. 

Helical reconstruction 

Solving atomic resolution structures of helical filaments is a unique challenge. 

Many of these filaments autopolymerize in high concentrations creating problems for X-

ray crystallography and NMR studies. Single particle cryo electron microscopy is ideal 

for structural determination of large complexes, and the first proof of concept article to 

demonstrate the ability of electron microscopy to solve protein structures used a helical 

sample, the tail of the T4 bacteriophage55. However, the nature of helical filaments 

results in a unique set of challenges when attempting to solve these structures. The 
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Helical parameter 
determination 

Figure 1.5 | An overview of the workflow for helical data 
processing. While the overall workflow is very similar to 
single particle reconstruction, note the addition of the helical 
parameter determination step, adapted from Doerr 2016. 



overall workflow for helical reconstruction is similar to single particle reconstruction with 

sample optimization, data collection, CTF correction, 2D class averaging, 3D class 

averaging, final refinement, and model building and refinement. However, the helicial 

organization results in the modification of some of these steps and inserts a new step, 

helical parameter determination, in between 2D class averaging and 3D class averaging 

(Fig. 1.5). 

Molecular complexes with helical symmetry are a unique challenge for cryoEM 

reconstructions. The filament does not provide every view of the protein complex as is 

desirable for single particle reconstructions (top views of the complex are completely 

absent). However, the helical symmetry itself can be used to align particles and back 

project a model for refinement, if the symmetry can be correctly identified. Yet applying 

incorrect helical parameters to the reconstruction will result in model bias, as discussed 

above for single particle reconstruction, and an incorrect structure. For this reason, 

correctly determining the helical parameters is the most crucial step when using cryoEM 

to reconstruct helical filaments. 

When the projection (i.e. the electron micrograph) of a helical filament is 

converted into Fourier space, the result is a Fourier transform with a characteristic X 

shape (Fig. 1.6a)56. This is due to the arrangement of subunits in the helical polymer. 

Every continuous helix in the real space projection of a helical polymer can be defined 

by a characteristic cylindrical harmonic function.  A cylindrical harmonic function is a 

Bessel function where the Bessel order (n) is an integer value. When the solutions to a 

cylindrical harmonic function are plotted in three dimensions, the result is a wave. The 

arrangement of subunits in a helical polymer can be described by a series of 
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characteristic cylindrical harmonic functions which are unique to that filament. 

Transforming the two-dimensional projection (electron micrograph) of a helical polymer 

into Fourier space decomposes the polymer’s characteristic Bessel functions into their 

frequencies. This results in only the Bessel orders with an integer value being plotted in 

Fourier space. These are known as layer lines and the layer lines form a characteristic 

X shape. A sample’s layer lines can be indexed to identify the cylindrical coordinates of 

each Bessel function using a helical net (Fig. 1.6b)57 and the selection rule:

(1)

Where l, n, and m are cylindrical coordinates which can be determined from the helical 

net, t is the number of turns around the filament needed to return to a point identical to 

the helical starting point, and u is the number of subunits in the filament needed to 

return to a point identical to the helical starting point. The selection rule for any one 

cylindrical coordinate is undetermined and impossible to solve, however by defining 

the helical net in terms of l,n, and m for two characteristic lines we are able to solve an 

algebraic system of two equations which provide the basic information needed to 

define the arrangement of subunits in a helical polymer by a cylindrical harmonic 

function. Due to the undetermined nature of the selection rule and the difficulty of 

indexing the layer lines from noisy data, correctly determining helical parameters is 

very difficult and time consuming. By imposing these helical parameters on a cryoEM 

dataset of helical filaments, we are able to reconstruct the filament in three 

dimensions and solve its structure using single particle cryoEM methods as described 

above58.
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Figure 1.6 | An overview of helical parameter determination. a, The Fourier transform of 
Tabaco Mosaic Virus (TMV) with a helical net overlaid in red. b, A plot of the layer line number 
and Bessel order of the points in the helical net. Both panels adapted from Egelman 2000. 
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Helical reconstruction has been used to study a variety of bacterial and archaeal 

flagella, pili, and adhesion filaments as well as the bacterial type VI secretion system. 

These extracellular filaments are important players in microbial interactions and 

studying their structures offers insight into how each filament is able to assemble and 

function. In 2003 the first atomic resolution bacterial flagellin structure was solved using 

helicial reconstruction of a straight, non-functional mutant of the Salmonella enterica 

flagella54. Several intermediate resolution cryoEM structures have been published for 

bacterial pili59, archaeal flagella60,61, and archaeal pili62, and a partial atomic model was 

published for an archaeal adhesion filament63. These intermediate resolution structures 

were often combined with partial or full length atomic resolution x-ray crystallography 

and NMR protein structures to give an idea of how these extracellular filaments are 

assembled and function. The trunk portion of the bacterial type VI secretion system was 

solved to atomic resolution via helical reconstruction64,65.

Knowing how the structure of bacterial pilin and flagellins as well as how the 

subunits are arranged to from a filament has helped answer many questions about the 

function of these filaments, yet no comparable structures existed for any of the archeal 

motility and adhesion filaments. Chapter four of this thesis is the final draft of an article 

in which we solved the first complete atomic model of an archaeal flagellin using 

cryoEM and helical reconstruction. This model allowed us to compare the archaeal 

flagellum to the bacterial type IV pili and flagellum and demonstrates that the archaeal 

flagellum is structurally distinct from the two bacterial filaments. 
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Supplementary Information 

Supplementary Figure 1 | TM7x induces morphological changes in XH001. a XH001/TM7x co-
culture grown under microaerophilic condition for 24 h showing clear micro-aggregation. Scale bar is 10 
μm. b Monoculture of XH001. c, d Establishment of physical association between XH001 and TM7x via 
attachment assay (see supplementary methods). The re-attached XH001 cells were passaged two 
times (c) and four times (d) respectively in fresh medium. Scale bars are 5 μm (PDF 4683 kb)  
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Supplementary Figure 2 | Morphology of XH001 under different oxygen conditions. Phase 
contrast image of XH001 alone a under high oxygen condition (19.7 % O2, 5 % CO2). Phase contrast 
images of XH001 alone b and with TM7x c under normal atmospheric condition (20.9 % O2, 0.04 % 
CO2) after 24 h. d–f XH001 alone cells grown in microaerophilic condition d were shifted to anaerobic 
condition e and then back to the microaerophilic condition f before taking the phase contrast images. 
All scale bars indicate 5 μm (PDF 8569 kb) 
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Supplementary Figure 3 | FISH staining of XH001 alone and with TM7x. FISH probes specific to 

TM7x (white) and XH001 (red) were used to stain the fixed samples. Green represents syto9 staining of 

all bacteria. a XH001 monoculture grown under a microaerophilic condition for 24 h shows short rod 

morphology with XH001-specific probe (red) and universal DNA stain syto9 (green), but no staining 

with TM7x-specific probe, confirming our probe specificity. b, cXH001 alone (b) and with TM7x (c) 

grown under anaerobic condition for 24 h. Similar to a, we do not see any staining of TM7x probe in the 

XH001 alone cells, whereas in the co-culture, we saw elongated TM7x. Under anaerobic condition, 

XH001-specific probe stained the cells non-uniformly, suggesting that these cells were stressed and 

probably lost their cell content. All scale bars indicate 10 μm. (PDF 26435 kb 
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Table S1. qPCR primers targeting 16S and stress genes 

Primer name Primer target sequence 

F5 XH001 16S 5’-GCGGAGCATGCGGATTA-3’ 

R3 XH001 16S 5’-AACGTGCTGGCAACATAGGG-3’ 

STRS1F Potassium efflux system KefA protein 5’-AAGACGTACGCCGTGCTCGTCATC-3’ 

STRS1R Potassium efflux system KefA protein 5’-GTGCCGAGTTGAGTCGTCGTTAGC-3’ 

STRS7F Potassium uptake protein 5’-CTGATCCTTGCATTCGTGG-3’ 

STRS7R Potassium uptake protein 5’-GGACGAGCGCGAGTTAACG-3’ 

STRS2F Heat shock protein 60, GroES 5’-AAGGAGAAGCCGCAGGAAG-3’ 

STRS2R Heat shock protein 60, GroES 5’-GTCGTACTTGACCTCGGTGC-3’ 

STRS3F Chaperone protein DnaJ 5’-ACGGTAAGAAGACCGTGACG-3’ 

STRS3R Chaperone protein DnaJ 5’-GAATCTGAACGTCCACGTGC-3’ 

0867F Universal stress family protein 5’-GAGGGAATGGATACTGCGAT-3’ 

0867R Universal stress family protein 5’-GTGGAGAACTCGATGAGCAG-3’ 

0069F NADPH-quinone reductase 5’-ATGTCCAACGTGCTGATTGT-3’ 

0069R NADPH-quinone reductase 5’-ACTCCGGATAGAGGTCATCG-3’ 
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Supplementary Methods. This section contains detailed procedure regarding 

disaggregation of coculture, XH001 cell quantification, re-attachement of TM7x to 

XH001, isolation of mRNA, construction of cDNA, and qPCR of key stress genes. 

Disaggregation of micro-aggregated XH001/TM7x. XH001/TM7x coculture tends to 

form micro-aggregates and in order to accurately quantify the cell length and branch 

points, we attempted to disperse the micro-aggregates using different reagents, 

including complexing agents: EDTA, EGTA, sodium pyrophosphate, sodium citrate and 

sodium potassium tartrate, sugars: D-glucose, L-arabinose, L-fucose, D-galactose, D-

mannose and N-acetyl-glucoseamine, denaturant: urea and formamide, detergents: 

SDS and Triton x-100,  hydrolytic enzymes: proteinase K and lysozyme, and reducing 

agent: L-cystein. We also tried physical separation including vigorously pipetting or mild 

sonication. Sonication was carried out by using 60 Sonic Dismembrator (Fisher 

Scientific) with power output setting between 2-3. Our data demonstrated that only mild 

sonication resulted in dispersed cells, although we observed that a small amount of 

cells also lysed during the sonication, particularly the longer and swollen cells (data not 

shown). Therefore, quantification in Figure 2 is an underestimation of cell length and 

branching. 
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Abstract 

Syntrophomonas wolfei subsp. wolfei str. Goettingen G311 stains as a Gram-negative 

bacterium; yet it is phylogenetically a member of the Gram-positive Firmicutes and has 

a complex cell wall ultrastructure which may prevent them from staining Gram-positive. 

A tryptic digest of the whole cell revealed a number of highly expressed proteins of 

unknown function with possible transmembrane domains. These candidates were 

analyzed using bioinformatic tools to determine proteins of related function in other 

organisms as well as in S. wolfei itself. To resolve which of these hypothetical proteins 

were present in the cell envelope, cell protein fractionations were prepared and 

analyzed by SDS-page and LC-MS MS mass spectrometry methods. Products of the 

putative operon of Swol_0141, Swol_0142, and Swol_0143 as well as the protein coded 

by Swol_0133 were identified as the major cell envelope proteins. By glycostaining, 

conventional and cryo electron microscopy, we show that these cell envelop proteins 

form ordered arrays, are not glycosylated and form a multi-layered structure. 

Introduction 

Syntrophomonas wolfei is a syntroph which grows in association with other 

microorganisms that use hydrogen and formate in an anaerobic environment1. 

Syntrophy is an essential step in the degradation of natural polymers and accounts for 

much of the carbon interconversion in methanogenic ecosystems2,3. However, under 

standard biochemical conditions it is an endothermic process and the symbiotic partners 

of syntrophic organisms are required to consume the reaction end products in the 

surroundings so as to make this process energetically favorable4.  In the environment, 
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this is accomplished by growth alongside a partner, for S. wolfei the specific partner is 

the methanogic archaea Methanospirillum hungatei5, which consumes H2 and/or 

formate in its own energetic processes6. 

A metabolic specialist, S. wolfei inhabits a narrow niche where it metabolizes four 

to eight-carbon saturated and unsaturated fatty acids by the β-oxidation pathway5,7. The 

means of acquiring these starting materials as well as the removal of end products from 

the cell are unknown. S. wolfei interacts with its symbiotic partner M. hungatei through 

hydrogen and formate transfer8 and has been shown to have adhesive properties 

critical for the formation of syntrophic consortium9,10. One might expect the S. wolfei cell 

envelope, of which the surface layer proteins are a part, and its partner to be involved in 

this relationship. Indeed, several recent studies have shown that external cellular 

machinery such as flagella11, pili12-15, and the cell envelope16 can be directly involved in 

electron transport17,18. However, S. wolfei lacks any of the genes known to be required 

for the formation of bionanowires, although a flagellum synthesis operon is present in 

the genome19. Studying the cell envelope of S. wolfei helps elucidate how the bacteria 

establishes functional syntrophic relationships. 

While the genome study of S. wolfei place it in a Gram positive family19, it was 

observed to stain Gram negatively1. The anomaly between staining and phylogeny, as 

well as the high abundance of putative S-layer protein (SLP) detected by quantitative 

proteomics20 indicate the possibility of a previously undescribed S-layer involved in 

syntrophic growth. Many archaea and bacteria have S-layer proteins which form a 

paracrystalline array completely covering the cell21. S-layers are shown to have an 

important role in adhesion22-25 for symbiosis and pathogeneses and as barriers to entry 
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to the cell. S. wolfei is related to the class Clostridia, including some human pathogens. 

The S-layer proteins of the Clostridia species are the best studied S-layer proteins 

amongst bacteria as S-layer proteins play a critical role in host infection26-30. Yet 

relatively little is known about S-layer assembly and function when compared to other 

cell envelope structures such as flagella, pili, or the peptidoglycan cell wall21. 

The mutualistic interactions between S. wolfei and its archaeal partner may 

provide insight into the pathogenic interactions between Clostridium species and 

humans. With little known about the surface layer proteins of S. wolfei, a general study 

to determine which genes encode them and general physical properties. To this end, 

cells were fractionated and subjected to SDS-PAGE, LC MS-MS analysis, and 

glycostaining. Electron microscopy was employed to image the outer surface of whole 

cells and cell ghosts and a bioinformatic study was undertaken to determine relative 

abundance and phylogeny of the S-layer proteins. 

Materials and Methods 

Cell Culture. Syntrophomonas wolfei ssp. wolfei strain Göttingen DSM 2245B was 

grown anaerobically in basal medium31 as previously described with 20mM sodium 

crotonate. 50mL of culture was grown in a 200mL serum bottle, and the headspace was 

N2/CO2 (80:20 v/v). Cultures were incubated at 37˚C with gentle shaking until an OD 

600nm of at least 0.26 was achieved, typically at least three weeks. 

SDS-PAGE and glycostain. A 2mL aliquot of the culture was collected by centrifuging 

at 13,000g for 10 minutes at 4˚C, and the pellet was resuspended in dionized water for 

a final optical density of 8. The remaining culture (about 48mL) was centrifuged for 10 
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minutes at 7,500g at 4˚C. The cell pellet was washed in 1mL of TBS (100 mM Tris 

50mM NaCl at pH 7.2) buffer 3 times and the washes were pooled and saved. The cell 

pellet was resuspended in TBS buffer and passed through a French Press 3 times at a 

pressure of 800psi at room temperature. The lysate was then centrifuged at 13,000g for 

10 minutes at 4˚C, the supernatant was saved, and the pellet which contained the cell 

membrane fraction was resuspended in 1mL TBS. The fractions which were collected 

were then run on 4-12% NuPage gradient gels (Invitrogen) using a MES buffer per 

manufactures recommendation.  Gels were stained for protein with the Coomassie 

based Imperial Stain (Thermo Scientific). 

For glycostaining, samples were run on 4-12% NuPage gradient gels (Invitrogen) 

using a MES buffer per manufactures recommendation and stained with SYPRO Ruby 

protein stain (Invitrogen) and for glycoprotein with Pro-Q Emerald 300 glycoprotein stain 

(Invitrogen) per the manufactures protocols. 

Protease time course. A 50mL S. wolfei cell culture was concentrated as described 

above for SDS-PAGE electrophoresis. Pelleted cells were resuspended in 1mL of TBS 

and aliquoted out in ten reaction tubes each with 100µL of cell suspension. 2.0 ng/mL of 

proteinase were added to each tube and the tubes were incubated at 60˚C. Tubes were 

removed from heat and immediately put on ice at 10 minute intervals. Samples were run 

on an SDS-PAGE gel as described above and the gel was stained with SYPRO Ruby 

total protein stain (Invitrogen) as per the manufactures protocol. 

In-gel tryptic digestion and mass spectroscopy. Protein bands from Coomassie 

stained SDS-PAGE gels were digested by trypsin in-gel as previously described32. The 
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proteolytic peptides were injected for analysis by LC-MS/MS on a Thermo-Fisher Q-

Exactive. 

Informatics analysis and data visualization. Protein super families were determined 

using BLAST33,34, and sequence comparisons were done using Clustal Omega35. 

Electron Microscopy. Electron microscopy was performed using an FEI Tecnai 20 

microscope at an accelerating voltage of 200kV with a Gatan 2kx2k CCD camera. 

Whole cell samples were concentrated to an optical density of 8. Ghosts were prepared 

by 10 freeze/thaw cycles of whole cells in ethanol and dry ice. The lysate was 

centrifuged at 7,500g for 20 minutes at 4˚C. The pellet was washed once in 1 M NaCl, 

then 3 more times in deionized water to remove salt. 

The ghosts and whole cells were negatively stained with 0.5% uranyl acetate, 

4µL of sample was deposited on a carbon coated copper grid and allowed to settle for 1 

minute. Excess sample was blotted away and 4µL of stain was added for 1 minute. 

Excess stain was blotted away and the grids were washed with stain 2 more times to 

remove any debris. 

For cryo electron microscopy (CryoEM) of whole cells, 4µL of sample was 

applied to a holey carbon quantifoil grid. Grids were manually blotted and plunge frozen 

into liquid nitrogen cooled liquid ethane. Samples were loaded into a Gatan 626 cryo 

holder, and imaged on the same FEI Tecnai 20 described above using low dose 

imaging conditions. 
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Figure 1 | SDS-PAGE analysis of the S. wolfei S-layer. a, SDS-PAGE gel of S. 
wolfei cell fractionation. Lane M is the ladder, Lane 1 is whole cells, lane 2 is the 
soluble fraction of lysed cells, and lane 3 is the membrane fraction of lysed cells. b, 
SDS-PAGE gel of S. wolfei whole cells treated with proteinase over a time course. 
Lane M is ladder, lane 0 is the whole cells which were not treated with proteinase, 
and lanes 1-10 are whole cells treated with proteinase at 60˚C over an increasing 
period from 10 to 100 minutes. 
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Results and Discussion 

Identification of the major cell surface protein in S. wolfei. SDS-PAGE of cell 

extracts revealed five major bands in the membrane fraction of approximate size of 

87.4kDa, 114.9 kDa, 149.4 kDa and a doublet centered at 179.4kDa (Fig. 1a). In order 

to confirm the localization of these proteins to the outside of the cell, whole cells were 

exposed to protease over a time course of 100 minutes. The bands corresponding to 

the membrane fraction disappeared from the SDS-PAGE gel before any of the bands 

recovered in the soluble fraction, suggesting they are surface exposed (Fig. 1b). 

The major protein bands in Figure 1a were excised from the SDS-PAGE gel, in-

gel tryptic digested, and identified by tandem mass spectrometry analysis. One 

standalone gene, Swol_0133 and three genes in a cluster, Swol_0141-0143 were 

identified to encode the major S-layer components (Fig. 2a). This analysis revealed the 

four bands at 114.9 kDa, 149.4 kDa, and the 179.4 kDa doublet were a mixture of 

Swol_0141 and Swol_0143, both genes were annotated in the genome as encoding 

surface layer proteins based on the presence of signal peptide (SP) and S-layer protein 

homology domains (Fig. 2bc). Swol_0143 has a predicted size of 141 kDa after removal 

of the signal peptide, while the Swol_0141 has a predicted size of 75.5 kDa after 

removal of the signal peptide, making the apparent molecular weight of both proteins 

larger on the SDS-PAGE gel. The other gene in this cluster, Swol_0142 is only 

annotated as encoding a 129 amino acid long gene product and does not produce any 

unique peptides by tryptic digest, making it impossible to confirm the presence of this 

protein. The major component of the 87.4 kDa band was Swol_0133 which has a 

predicted size of 78 kDa, and no SP sequence (Fig. 2d). However, analysis of the  
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a

Swol_0133 as annotated in the genome: 

MRLPADFDFGLTVGNDYTLTQIANTDTFGVNGAASTLQIRIPTQANAFSA…  d

Swol_0133  re-annotation: 

MLKRRSKHFALLLVLTMFVGVGTASAGASYSVGSVVKVNAGAAQDLGKIIVNVT

ASELNTTSVDFFTLRLPADFDFGLTVGNDYTLTQIANTDTFGVNGAMRLPADFD

FGLTVGNDYTLTQIANTDTFGVNGAASTLQIRIPTQANAFSA…

 

e

b

c

Swol_0141

MRKRSHLSWLVLAVFTMTIFFGSGLTAVAAPGLSDVQGHWAADTIQKMVDAGVVAG

QPDGTFKPDNNISRAEFATLVVKAFKLEEKAGKVFTDTSDHWAKAFISTANANGIV

SGYSDTEFGPNDPITREQMAVMIVKAAG…

Swol_0143

MIKRRNYKVIALTLTFLMLFASVASAAIPTDSVIIGDKAYSIGYVTNPANAAEIQA

ALDNLGTGQLAYNIDGQTSGWTSIMEGTPLTADQITALPPITYKNDAGEVSNYAAG

DGDLIPSGLAVSNVVADNGNITITVTGE…

Figure 2 | Putative S-layer proteins. a, Context of the putative S. wolfei S-layer 
protein encoding genes, Swol_0133 and Swol_0141-Swol_0143. b, First 100 amino 
acids of Swol_0141 with signal peptide indicated in bold. c, First 100 amino acids of 
Swol_0143 with signal peptide indicated in bold. d, First forty amino acids of 
Swol_0133 as originally annotated in the genome, e, Frist 100 amino acids of 
Swol_0133 as re-annotated based on mass spectroscopy data. Signal peptide in 
bold, underlined region was not previously annotated as being part of this protein, 
and the boxed regions were recovered in the tryptic digest of this protein. 



55 

genome indicated a possible mis-call of the open reading frame encoding Swol_0133. 

Two peptide fragments from region upstream of the annotated gene were recovered 

during the mass spectroscopy experiment, leading us to conclude the open reading 

frame begins at an earlier methionine (Fig. 2e). Based on the re-assigned reading 

frame, Swol_0133 is predicted to have a signal peptide, and the protein’s predicted 

molecular weight is 87 kDa, consistent with the observed molecular weight. Analysis of 

the whole cell tryptic digest of S. wolfei identified Swol_0143, Swol_0141, and 

Swol_0134 as the 24th, 28th, and 3rd most abundant proteins in the cell respectively20. 

S-layer proteins are typically some of the most abundant proteins in the cell as they

must cover the entire cell surface. 

Bioinformatic analysis of the putative S-layer genes. Bioinformatic analysis of the 

putative S-layer proteins encoded by Swol_0133, Swol_0141, Swol_0142, and 

Swol_0143 creates a more complex picture of the putative S-layer proteins we 

identified. BLAST analysis of Swol_0133 reveals a single protein domain super family at 

the C-terminus of the protein corresponding to a copper amine oxidase superfamily (Fig. 

3a). Swol_0141 has four protein domain super family regions (Fig. 3b). Three regions 

belong to the SLH, S-layer homology domain a protein domain shown to be involved in 

non-covalently linking S-layer proteins to the peptidoglycan cell wall36. The final domain 

identified by BLAST of Swol_0141 is part of the E “early” set superfamily, a group of 

protein with carbohydrate binding regions. Phylogenetic comparisons between the S. 

wolfei putative S-layer proteins and other known bacterial S-layer proteins demonstrates 

the gene products of Swol_0142, and Swol_0143 group are closely related to each 

other. Swol_0133 and the Swol_0141-Swol_0143 group have limited similarity to each  
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Swol_0141

Swol_0133

S. wolfei Swol_0143

B. cereus S-layer protein

B. anthracis S-layer protein

S. wolfei Swol_0141

C. difficile SlpA

L. helveticus S-layer protein

L. crispatus S-layer protein

S. wolfei Swol_0142

S. wolfei Swol_0134

Figure 3 | Bioinformatic analysis of S. wolfei S-layer proteins. a, BLASTP results 
for Swol_0133 b, BLATP results for Swol_0141 c, phylogenetic tree of the S. wolfei 

S-layer proteins and other well studied bacterial S-layer proteins.
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other and to the other bacterial S-layer proteins (Fig. 3c); however, bacterial S-layer 

proteins are known to be a very diverse group of proteins with limited sequence and 

functional homology. 

Post-translational modification of the S-layer proteins. Due to the higher apparent 

molecular mass of the Swol_141-Swol_0143 bands, we suspect these proteins were 

post-translationally modified. However, a glycostain of the membrane fraction was 

negative (Fig. 4), ruling out the presence of the most common glycan moieties, N or O 

linked glycans, attached to the S-layer. 

Electron microscopy of S. wolfei. Negative stain electron microscopy of the whole 

cells revealed a repeating pattern in the cell envelope (Fig. 5a). Unfortunately, the 

curvature of the whole cell distorts the pattern. We therefore prepared ghosts of the S-

layer where the cells were lysed by freeze-thaw to release the cell contents, without 

destroying the S-layer (Fig. 5b). Close inspection of the negative stained cell ghosts 

reveals a 4-fold symmetrical pattern (Fig. 5c,d). 

Cryo electron microscopy (cryoEM) of S. wolfei whole cells shows a cell 

architecture consisting of three layers (Fig. 6). A diffuse outer layer resembling other S-

layer proteins is present, followed by a middle layer which could be an extremely thick 

peptidoglycan layer, and the inner layer which is the cell inner membrane. The 

outermost layer near the ends of the cell appear abraded or incomplete in both the 

cryoEM and negative stain micrographs (Fig. 5a and Fig. 6). Under the conditions 

imaged, S. wolfei was not observed to produce flagella, although the cells have 

previously been reported to be flagellated in co-culture1.  
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Figure 4 | Glycostain of S. wolfei cell envelope proteins. Lane M is the ladder, 
lane 1 is S. wolfei whole cells, and lane 2 is the S. wolfei envelope fraction. The 
bands in the envelop fraction did not react to the glycostain, suggesting these 
proteins are not glycosylated. 
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ca
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Figure 5 | Negative stain electron microscopy of S. wolfei S-layer. 
a, Negative stain electron micrograph of an S. wolfei whole cell b, Negative stain 
electron micrograph of an S. wolfei cell ghost c,d, enlarged views of the S. wolfei cell 
ghost to show P4 protein symmetry, e, Fourier transform of d clearly showing P4 
symmetry. All scale bars 50nm. 
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Figure 6 | Cryo electron microscopy of S. wolfei whole cells. The S. 
wolfei cell envelope has three layers. The inner membrane (green), 
peptidoglycan (yellow), and S-layer (red). At the cell ends, the outermost S-
layer is abraded (blue). Scale bar 100nm.  
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The S-layer of S. wolfei is more complex than the typical bacterial S-layer with as 

many as four proteins comprising the paracrystalline array. Three of these proteins, 

Swol_0134, Swol_0141, and Swol_143 were directly identified by in-gel tryptic digest. 

The open reading frame for Swol_0133 was incorrectly assigned in the genome and 

translation of the protein begins at a methionine in the same frame, but upstream of the 

original genome annotation. With the change in start site for Swol_0133, all three of the 

directly observed S-layer proteins contain signal peptides. While Swol_0133 runs close 

to the predicted size of the protein on SDS-PAGE gels, the four bands from which 

Swol_0141 and Swol_0143 were recovered run anomalously high. None of the S-layer 

bands reacted positively to a glycostain, which suggests the Swol_0141-Swol_0143 

undergoes some other type of modification to produce four bands of anomalously high 

molecular weight. Bioinformatics show Swol_0141 has three S-layer homology domains 

and is distantly related to Swol_0133 and other bacterial S-layer proteins. Electron 

microscopy of S. wolfei whole cells and ghosts reveals a paracrystalline protein array 

with P4 symmetry on the cell surface and a three-layered cell envelope. 

The expression of multiple S-layer proteins and their presence in multiple highly 

abundant bands on SDS-PAGE gels suggests the S. wolfei S-layer proteins have some 

type of alternative splicing as observed in the C. difficile slpA protein system. In C. 

difficle, alternative splicing is used to facilitate infection and it could conceivably be used 

to facilitate the formation of symbiotic consortium in S. wolfei. Unfortunately, the lack of 

genetics tools available for S. wolfei and the long growth time of this organism makes 

experiments to confirm this hypothesis difficult to perform. 
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Supplemental Figures 
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Supplementary Figure 1 | Additional representative micrographs from the K2 data set. a-h, 
Representative aligned movies, all scale bars 50 nm. i, Representative Fourier transforms of aligned 
movies in the dataset. j, A complementary rotational average of the Fourier transform shown in i. 
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Supplementary Figure 2 | Resolution validation. a, Cross section of the M. hungatei flagella final 
refinement (before application of b-factors). b, Estimated resolution of the voxels from the slice 
depicted in a as determined by ResMap. c, Histogram of the resolution of each voxel in the 
reconstructed M. hungatei flagella as determined by ResMap. d, Fourier shell correlation curve from 
the refinement of the electron microscopy density map showing an average resolution for the structure 
of 3.4 Å. 
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Supplementary Figure 3 | Additional regions of fit between the EM density and atomic model. 
a, One M. hungatei flagellin with the EM density map (grey) filtered to 2.9 Å.  b,c, Atomic model fit to 
the EM density map in the alpha helix domain to demonstrate the fit of amino acid side chains at this 
resolution. d, Atomic model fit to the EM density map along beta strand #6 in the beta barrel region. 
e, Atomic model to the EM density map along beta strand #3 in the beta barrel domain. 
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ba

Supplementary Figure 4 | Comparison between predicted secondary structure and observed 
secondary structure of Mhun_3140. a, Predicted secondary structure of the Mhun_3140 gene 
product from psipred. b, Observed secondary structure of the M. hungatei flagella. 
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Supplementary Figure 5 | Local context of all post translational modifications. a, Archaeal 
flagellin monomer from glycine 58 to alanine 68 with extra cryoEM density extending from serine 
residues 59,61, and 65 clearly visible. The cryoEM mesh is colored red in surface exposed areas 
changing to blue and then cyan closer to the helical axis of the filament. b, Flagellin from threonine 
100 to leucine 102 with extra cryoEM density over threonine 100 visible. c, Flagellin from serine 104 to 
aspargine 109 with extra cryoEM density around serine 104 and threonine 108. d, Flagellin from 
proline 130 to glutamine 134 with extra cryoEM density around glutamine 134. e, Two adjacent 
flagellins (cyan and blue) with extra cryoEM density around asparagine 159 (cyan) and glutamine 134 
(blue). 
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Supplementary Figure 6 | Minority filament. a, Aligned movie from K2 cryoEM dataset with thinner 
filament indicated by a red arrow. b, Ctf corrected 2D classification of minority filament which is about 
7 nm in diameter. c, Fourier transform of the class2D representation in b. d, Ctf corrected 2D 
classification of majority filament (flagellin) is 10 nm in diameter. e, Fourier transform of the class2D 
representation in d. 
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Supplementary Figure 7 | Representative data from four M. hungatei flagella datasets. a, 
Representative micrograph from the negatively stained flagella dataset. b, Two-dimensional class 
averages from the negatively stained dataset. c, Fourier transform from the negatively stained dataset 
with helical indexing. d, Representative micrograph from the cryoEM collected on photographic films 
dataset. e, Two-dimensional class averages from the film dataset. f, Fourier transform of the class 
averages from the film dataset with helical indexing. g, Representative aligned movie from the cryoEM 
dataset collected on the FEI Falcon II direct electron detector. h, Two-dimensional class averages 
from the Falcon II dataset. i, Fourier transform of class averages from the Falcon II dataset with helical 
indexing. j, Representative aligned movie from the cryoEM dataset collected on the Gatan K2 Summit 
direct electron detector. k, Two-dimensional class averages from the K2 dataset. l, Fourier transform 
of class averages from the K2 dataset with helical indexing. 
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Supplementary Figure 8 | Comparison between reconstructions of three cryo EM M. hungatei 
flagella datasets. a, CryoEM data collected on photographic films resolved to about 7Å resolution 
using the (incorrect) helicity determined from the negative stain dataset of 8 subunits per 3 turns. b, A 
small test cryoEM dataset collected on the FEI Falcon II direct electron detector and resolved to 4.8 Å 
resolution using the correct helicity of 10 subunits per 3 turns. c, CryoEM data collected with Gatan K2 
Summit direct electron detector (data set used in this paper) at 3.4 Å resolution using the correct 
helicity of 10 subunits per 3 turns. d, Closer view of the Falcon II dataset reconstruction. e, Closer view 
of the K2 dataset reconstruction 



K2 Summit Dataset

Data collection

Pixel size (Å) 1.325

Defocus range (µm) 1.5-3

Voltage (kV) 300

Particle overview

Total particles boxed 175,801

Particles used in Class3D 154,278

Particles used in final refinement 90,118

Minority filament particles 6,441

Refinement

Resolution 3.4

Map sharpening B factor (Å2) 100

Model validation

R-work 0.3575

R-free 0.3771

All-atom clashscore (percentile) 17.26

Poor rotamers (%) 2.7

Ramachandran favored (%) 95.1

Ramachandran allowed (%) 4.9

Ramachandran outliers (%) 0

r.m.s.d bonds (Å) 0.0068

Supplementary Table 1 | Refinement and model statistics for the dataset collected on the K2 
Summit direct electron detector.  
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Log 

Number gi|
Name

Protein 

Score

Unique 

Seqs
Single or Interesting Peptides

Met. hungatei Flagella 35K

F200608 88604366 Mhun_3140 YP_504544.1 flagellin 229 6

F200608 88603503 Mhun_2257 YP_503681.1

methylenetetrahydromethanopterin 

reductase 163 5

F200608 88602826 Mhun_1554 YP_503004.1 beta lactamase-like protein 78 2

F200608 88602947 Mhun_1648 YP_503125.1 adenosine/AMP deaminase 40 1 R.YIYEALR.F

F200608 88601953 Mhun_0656 YP_502131.1 50S ribosomal protein L1 19 < 1+ K.IAVLGSGDIVTQAR.E (19) & K.TTMGPSVK.V ox (7)

Error Tolerant Below

F200998 88604366 Mhun_3140 YP_504544.1 flagellin 360=ET K.SQEVTYSGMK.Q ox

F200998 88604366 Mhun_3140 YP_504544.1 flagellin 360=ET K.VPEGGETQDLK.Y

F200998 88604366 Mhun_3140 YP_504544.1 flagellin 360=ET K.YVTYLWTK.E

F200998 88604366 Mhun_3140 YP_504544.1 flagellin 360=ET K.YVTYLWTK.E +16

F200998 88604366 Mhun_3140 YP_504544.1 flagellin 360=ET K.YVTYLWTK.E +32

F200998 88604366 Mhun_3140 YP_504544.1 flagellin 360=ET K.YVTYLWTK.E +32

F200998 88604366 Mhun_3140 YP_504544.1 flagellin 360=ET R.VKVTITAPTG.Y -0.984

F200998 88604366 Mhun_3140 YP_504544.1 flagellin 360=ET K.VTITAPTGYK.P

F200998 88604366 Mhun_3140 YP_504544.1 flagellin 360=ET K.VTITAPTGYKPIAG.Q

F200998 88604366 Mhun_3140 YP_504544.1 flagellin 360=ET K.VTITAPTGYKPIAGQK.F

F200998 88604366 Mhun_3140 YP_504544.1 flagellin 360=ET K.PKTGASTIVTR.T +14

F200998 88604366 Mhun_3140 YP_504544.1 flagellin 360=ET K.TGASTIVTR.T

F200998 88604366 Mhun_3140 YP_504544.1 flagellin 360=ET K.TGASTIVTR.T +28

F200998 88604366 Mhun_3140 YP_504544.1 flagellin 360=ET K.TGASTIVTR.T +28

F200998 88604366 Mhun_3140 YP_504544.1 flagellin 360=ET K.TGASTIVTR.T  +96

F200998 88604366 Mhun_3140 YP_504544.1 flagellin 360=ET KT.GASTIVTR.T + 141

F200998 88604366 Mhun_3140 YP_504544.1 flagellin 360=ET KT.GASTIVTR.T + 184

Supplementary Table 2 | Raw Mass spec data form Mhun_3140 identification. 
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Supplementary Table 3 | Edman sequencing data confirm N-terminal identification. Six cycles of 
Edman degradation occurred; however, the first amino acid could not be conclusively determined based 
on mass. Amino acids 2-6 were recovered as SGLEA. The recovered N-terminus of the expressed 
flagellin is XSGLEA. 
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Supplementary Information Movie Legends 

Movie 1 | Overview of the M. hungatei cryoEM density map. :00-:03, Full cryoEM 

density map with helical axis vertical. :04-:09, Cut away of cryoEM density map to show 

internal filament density with helical axis vertical. :10-:15, Rotate full cryoEM density 

map from vertical to horizontal view of helical axis. :16-:20, Cut away of cryoEM density 

map to show internal filament density with helical axis horizontal. :21-:26, Rotate full 

cryoEM density map from horizontal to vertical. :27-:31, Segmentation of a single 

subunit’s density shown in color 

Movie 2 | Overview of the M. hungatei FlaB monomer model. :00-:03, Single subunit 

segmentation in color with ribbon of atomic model fades to single subunit segmentation 

in transparent grey with amino acids of atomic model. :04-:18, Rotation of single subunit 

to show fit of amino acids in cryoEM density map. :19-30, Close up fly over alpha helix 

domain to show fit of amino acids in cryoEM density map. :31-:50, Close up fly over 

beta barrel domain to show fit of amino acids in cryoEM density map. :51-:56, Remove 

cryoEM density and show ribbon view to highlight domain structure. :57-1:09, Rotation 

of monomer in ribbon view to show domain structure. 

Movie 3 | Posttranslational modifications – an overview of the extra densities in 

the cryoEM map. :00-:08, Fly from full filament reconstruction to focusing on regions of 

post-translational modification. CryoEM density map shown transparently in color with 

outermost regions in red/pink. Ribbon view of seven subunits with each subunit a 

different color and the primary subunit being focused on in cyan. Amino acid side chains 

of posttranslational modified residues are shown on all subunits. :09-:31, CryoEM 
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density of all sites of possible post-translational modification are shown in order of 

increasing amino acid sequence (i.e. Ser-59, Ser-61, Ser-65, Thr-100, Ser-104, Thr-

108, Gln-134, and Asn-159). :32-:41, Return to original view. 

Movie 4 | Overview of inter subunit interactions. :00-:09, Twenty-one subunits 

docked into cryoEM density map. :10-:15, Nine subunits which form a complete 

interaction unit for the central cyan residue. :16-:35, Showing nine subunits interacting 

with a focus on the seven subunits which interact along the alpha helical domains. :36-

1:03, Showing the interaction of Phe-1 residues along the length of the helical axis in 

the central core of the flagellar filament. 

Movie 5 | Focus on inter subunit hydrophobic interactions. This movie shows the 

hydrophobic interactions between seven adjacent subunits. :00-:03, Ribbon of the 

atomic model of the central cyan subunit which is present in all frames of this movie. 

:04-:07, Hydrophobic surface for the central subunit. :08-:15, The three interacting 

subunits labeled 2, central, and 5 in the cartoon in Fig. 4c in ribbon view and as 

hydrophobic surfaces. :16-:22, The three interacting subunits labeled 3, central, and 6 

in the cartoon in Fig. 4c in ribbon view and as hydrophobic surfaces. :23-:28, The three 

interacting subunits labeled 1, central, and 4 in the cartoon in Fig. 4c in ribbon view and 

as hydrophobic surfaces. :29-:40, The entire seven subunit adjacent interaction unit as 

ribbons and hydrophobic surfaces. :41-:45, Hydrophobic surfaces of a twenty-one 

subunit proteofilament. 

Movie 6 | Focus on inter subunit ionic interactions. The central cyan residue forms 

ionic interactions at four sites with six adjacent subunits as depicted in figure 5e-i (the 

seven subunits shown are the same interaction unit as shown in movie 5.) 
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Movie 7 | Comparison between a bacterial pilin, archaeal flagellin, and bacterial 

flagellin. :00-:14, Side by side comparison of hydrophobic surfaces of a single subunit 

from left to right of a bacterial pilin, an archaeal flagellin, and a bacterial flagellin. :15-

:26, Side by side comparison of atomic models of the same bacterial pilin (orange), 

archaeal flagellin (cyan), and bacterial flagellin (pink). :27-:39, Comparison of most 

similar structural element between bacterial pilin, archaeal flagellin, and bacterial 

flagellin. :40-:52, Comparison of the similar alpha helix domain between bacterial pilin 

(orange) and archaeal flagellin (cyan). 

Movie 8 | Comparison between protofilaments of a bacterial pili, archaeal flagella, 

and bacterial flagella. :00-:07, From left to right: bacterial pili (orange), archaeal 

flagella (cyan), and bacterial flagella (pink) protofilaments as seen with vertical helical 

axis. :08-:12, Three filaments viewed with horizontal helical axis. :13-:20, Filaments cut 

along the helical axis to show a slice one helical repeat tall. 
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CHAPTER 5: Conclusions 

In the introduction of this thesis, we gave an overview of the electron microscopy 

techniques, recent advances in electron microscopy, and how those techniques and 

advances have been applied to studying microbial interactions. A huge variety of 

electron microscopy sample preparation and imaging techniques have been used to 

study microbial interactions. Microbiology as a field stands to benefit immensely from 

recent advances in electron microscopy as new hardware and software make it possible 

to study both smaller samples such as protein complexes and extracellular machinery 

and larger samples, such as whole bacterial and archaeal cells and how cellular 

components are organized within the cell itself. 

For example, it is possible to use SEM and conventional TEM sample 

preparations to study large samples such as bacterial consortium and symbiosis. The 

second chapter of this thesis is a study which characterizes the epibiotic symbiosis 

between Actinomyces odontolyticus species XH001 and TM7x. In this study, a variety of 

techniques including light microscopy, genetic approaches, and SEM were used to 

describe the relationship between a well-known member of the microbiota, XH001, and 

a newly described, previously unculturable microbe, TM7x. This study showed how the 

well-established sample preparation and imaging techniques associated with SEM can 

still be useful for studying microbial interactions, especially, when used in conjunction 

with other microscopy and genetic tools. The work answered basic biological questions 

about the relationship between TM7x and XH001 by showing that TM7x is a parasite of 

XH001 and causes the host cell stress which adds to any environmental stress 
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experienced by the host. It also shows that TM7x divides by budding which was 

previously unknown. 

Intermittently sized samples such as whole bacteria can be studied by 

conventional TEM and cryo electron tomography. The third chapter of this thesis 

described the cell envelope and identified the surface layer proteins of the bacterium 

Syntrophomus wolfei. Biochemical characterization by SDS-PAGE and mass 

spectroscopy complimented efforts to describe the cell envelope by negative stain TEM 

and whole cell cryoEM. This study shows how cryoEM can be used to better understand 

cell envelope architecture and answer other questions where studying whole bacterial 

cells rather than purified protein complexes is useful. Very few bacterial S-layer proteins 

have been characterized biochemically or genetically, and no syntrophic bacterial cell 

envelopes had previously been described. As syntrophs live in symbiosis or consortium 

with other prokaryotes, knowing how these cells interact with their environment is 

crucial. 

In the final case study of this thesis, the atomic structure of the Methanospirillum 

hungatei flagellum was solved by cryoEM using helical reconstruction techniques. This 

is the first complete atomic structure of an archaeal flagellin, and solving it by cryoEM 

allowed us to elucidate the inter-subunit interactions within the flagellar filament. By 

using native protein for this study, we identified previously unknown post-translational 

modifications to the M. hungatei flagellin. Comparison between the archaeal flagellum, 

bacterial flagellum, and bacterial type IV pili showed that the archaeal flagellum is a 

structurally distinct filament (Table 5.1). Early attempts at solving the structure of the 

archaeal flagellum by cryoEM using photographic film for data collection were unable to 
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reach atomic resolution as the filaments were too thin and flexible. However, the 

creation direct electron detectors in the past five years has caused cryoEM to take a 

massive step forward and enabled the technique to solve the de novo structure of 

several previously unsolvable protein structures, including the protein structure of the 

archaeal flagella reported here. This structure is representative of the coming of age 

cryoEM has experienced during my doctoral career, and shows how cryoEM will 

become a major driving force in structural biology and the study of microbial 

interactions. 

Electron microscopy has many uses for studying microbial interactions as 

illustrated by the three cases described in this thesis. Scanning electron microscopy is 

useful for characterizing the direct interactions between symbiotic partners such as 

XH001 and TM7x as described in chapter two. Transmission electron microscopy can 

be used to describe details of a microbial cell envelope as described in chapter three. In 

chapter four, I show how advances in TEM imaging technology and helical 

reconstruction techniques make it possible to solve protein structures at atomic detail 

with cryoEM. Electron microscopy has been an important tool in the microbiologist’s 

toolbox for over half a century, and recent advances in hardware and software are 

making it indispensable. 

It is a very exciting time to be working in the electron microscopy field. In addition 

to direct electron detectors, several other new advances in electron microscopy 

hardware, such as phase plates and correlative light and electron microscopy, are in 

development or newly available for commercial purchase. Advances in software, such 

as the Baysian statistical approaches discussed above and the development of GPU 
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image processing, will further advance the field by increasing the quality of final 

structural refinements and by decreasing the amount of time and computer resources it 

takes to produce the final refinements. New types of sample preparation techniques 

such as SEM based FIB milling are making it possible to examine protein complexes 

inside of cells. The next ten years promise to bring many amazing advances which can 

be applied to a variety of biological systems including the study of microbial interactions. 
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Property/feature Archaeal flagellum Bacterial flagellum Bacterial pilus 

Species used M. hungatei S. enteracia N. gonorrhoeae

Gene FlaB3 FlaF PilE 

Method of Structure 
Determination CryoEM CryoEM 

CryoEM with docked 
crystal structure 

Monomer size* 17.5 kDa 53.2 kDa 17.2 kDa 

# of amino acids 164 494 158 

Resolution 
3.4 Å 4 Å 

12.5 Å cryoEM map, 
2.3 Å X-ray structure 

Axial Rise 5.2 Å 4.7 Å 10.5 Å 

Subunits per turn 3.3 5.5 3.6 

Filament diameter 10 nm 24 nm 6 nm 

Pore size none 20 Å 6-10 Å

Protein domains NTD, CTD 
NDO, ND1a, ND1b, 
CDO, CD1, D1, D2, D3 

NTD, CTD 

% beta sheet 30.5 21.3 24.7 

% alpha helix 28.6 52.0 32.3 

alpha helix 
arrangement 

single mild bend coiled-coil double kink 

alpha helix angle to 
filament axis 

20° offset 0°, parallel variable offset 

# of subunit helixes in 
an axial slice 12 20 7 

subunits needed to 
span 26 nm 26 20 15 

Post Translational 
Modifications 

O-linked glycans
N-linked glycans
unknown N-linked glycans O-linked glycans

*molecular weight of protein without the N-terminal signal peptide and post-translational
modifications

Table 5.1 | Comparison between archaeal flagellum, bacterial flagellum, and 

bacterial pilus structures 
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APPENDIX 1: Complete genome sequence of Methanospirillum hungatei 

type strain JF1 
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