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IMPROVING RELIABILITY AND ROBUSTNESS

RATIONALE
SAMPLES REMAIN A SIGNIFICANT BOTTLENECK FOR CRYO-ET PROJECTS
‣ Samples need to be suitable for the 

experiment AND exhibit biologically 
relevant behaviour 

‣ Significant time, effort and resources 
are invested in producing appropriate 
samples

TO SPEED UP CRYO-ET…
‣ Samples that are reliably suitable for the experiment  
‣ Samples that robustly exhibit biologically relevant behaviour

‣ Get the most out of every sample



IMPROVING RELIABILITY AND ROBUSTNESS

CHALLENGES

‣ Sample preparation 
‣ Reducing heterogeneity (reliability) 
‣ Reproducing biology (robustness) 

‣ Data acquisition and analysis 
‣ Maximising data acquisition sessions 

(reliability) 
‣ Identifying patterns in complex systems 

(robustness) 
‣ Community wide potential 



IMPROVING RELIABILITY

SAMPLE PREPARATION - IMPROVING HETEROGENEITY
Distribution of cells on the support is critical for cryo-ET

“Good”Unusable Usable if desperate Slightly better

Images courtesy of Vojta Pražák 

“Good” = multiple grid squares have some part of a cell on themBut what if… 
‣ you’re trying to target a certain region of the cell?  
‣ you’re looking for rare events? 
‣ you want to FIB mill? 
‣ you have unusual cell morphologies (like neurons)?



IMPROVING RELIABILITY

SAMPLE PREPARATION - IMPROVING HETEROGENEITY

Advantages: 
‣Potential for automation 
‣Keep Finder grid squares empty for correlation 
‣ Increasing efficiency for all steps (LM, FIB, TEM)

Can we change the arrangement of cells for different samples?

For FIB milling For polar cells For cell-cell interactions For infection/co-culture



IMPROVING ROBUSTNESS

SAMPLE PREPARATION - RECAPITULATING BIOLOGY
Virus Receptor Merge

LM slide

EM grid

Vojta Pražák



IMPROVING ROBUSTNESS AND RELIABILITY

BETTER SAMPLE PREPARATION - HOW?

Vojta Pražák

Gold/carbon Acid	only
Acid	/	UV	

‣Changing surface treatments 
‣ Carboxylic acids (colour change) 
‣ Different protein coatings 
‣ Graphene with modifications 🍔



IMPROVING ROBUSTNESS AND RELIABILITY

BETTER SAMPLE PREPARATION - HOW?
‣Micropatterning

Théry (2010) J. Cell Sci.

‣Micro/Nanofabrication

Lautenschläger and Piel (2013) Curr Opin Cell Biol

https://www.sciencedirect.com/science/article/pii/S0955067412001810#!


IMPROVING RELIABILITY

DATA ACQUISITION - GETTING THE MOST FROM EACH SAMPLE
‣ For the project 

‣ For the lab 

‣ For the community

REAL TIME DATA PROCESSING 
Evaluate tilt series parameters and 
sample behaviour/quality

Best data collection efficiency/
quality

META DATA COLLECTION & TRACKING 
Follow equipment behaviour to anticipate 
issues

Minimal sample loss and best data quality

Minimal downtime
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Abstract

The exponential increase of image data in high-resolution reconstructions by electron cryomicroscopy (cryoEM) has posed a
need for efficient data management solutions in addition to powerful data processing procedures. Although relational databases and
web portals are commonly used to manage sequences and structures in biological research, their application in cryoEM has been
limited due to the complexity in accomplishing the dual tasks of interacting with proprietary software and simultaneously providing
data access to users without database knowledge. Here, we report our results in developing web portal to SQL image databases used
by the Image Management and Icosahedral Reconstruction System (IMIRS) to manage cryoEM images for subnanometer-reso-
lution reconstructions. Fundamental issues related to the design and deployment of web portals to image databases are described. A
web browser-based user interface was designed to accomplish data reporting and other database-related services, including user
authentication, data entry, graph-based data mining, and various query and reporting tasks with interactive image manipulation
capabilities. With an integrated web portal, IMIRS represents the first cryoEM application that incorporates both web-based data
reporting tools and a complete set of data processing modules. Our examples should thus provide general guidelines applicable to
other cryoEM technology development efforts.
! 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Recent advances in electron cryomicroscopy
(cryoEM) imaging and data processing had led to the
three-dimensional (3D) reconstructions of macromolec-
ular complexes at subnanometer resolutions (B€oottcher
et al., 1997; Conway et al., 1997; Gabashvili et al., 2000;
Golas et al., 2003; He et al., 2001; Jiang et al., 2003; Li
et al., 2002; Matadeen et al., 1999; Meissner et al., 2003;
Zhou et al., 2000; Zhou et al., 2001; Zhou et al., 2003).
These efforts demonstrated that the number of particle
images required for 3D reconstructions increases expo-
nentially as the targeted resolution improves, as predicted
previously based on theoretical estimations (Henderson,
1995). It was estimated that over one terabyte of image

data would be needed for reconstructing a large icosa-
hedral virus to 4"AA resolution (Zhou and Chiu, 2003) and
this number is expected to increase when the envelope
functions due to alignment errors are taken into consid-
eration (Jensen, 2001). Thus, in addition to the tradi-
tionally important task of data processing, managing the
ever-increasing amount of images and their associated
parameter data has become an important task essential to
the success of high-resolution reconstructions (Fellmann
et al., 2002; Liang et al., 2002; Metoz et al., 2001).

As an initial step towards a solution to the data
management problem arising in high-resolution cryoEM
reconstruction, we designed and integrated a structured
query language (SQL) image database into our Image
Management and Icosahedral Reconstruction System
(IMIRS), which is a comprehensive suite of modular,
high-performance programs for subnanometer-resolu-
tion 3D reconstructions of icosahedral particles (Liang
et al., 2002). In IMIRS, modular data processing
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Abstract

A real-time alignment and reconstruction scheme for electron microscopic tomography (EMT) has been developed and integrated
within our UCSF tomography data collection software. This newly integrated software suite provides full automation from data collec-
tion to real-time reconstruction by which the three-dimensional (3D) reconstructed volume is immediately made available at the end of
each data collection. Real-time reconstruction is achieved by calculating a weighted back-projection on a small Linux cluster (five dual-
processor compute nodes) concurrently with the UCSF tomography data collection running on the microscope’s computer, and using the
fiducial-marker free alignment data generated during the data collection process. The real-time reconstructed 3D volume provides users
with immediate feedback to fully asses all aspects of the experiment ranging from sample choice, ice thickness, experimental parameters
to the quality of specimen preparation. This information can be used to guide subsequent data collections. Access to the reconstruction is
especially useful in low-dose cryo EMT where such information is very difficult to obtain due to extraordinary low signal to noise ratio in
each 2D image. In our environment, we generally collect 2048 · 2048 pixel images which are subsequently computationally binned four-
fold for the on-line reconstruction. Based upon experiments performed with thick and cryo specimens at various CCD magnifications
(50000·–80000·), alignment accuracy is sufficient to support this reduced resolution but should be refined before calculating a full res-
olution reconstruction. The reduced resolution has proven to be quite adequate to assess sample quality, or to screen for the best data set
for full-resolution reconstruction, significantly improving both productivity and efficiency of system resources. The total time from start
of data collection to a final reconstructed volume (512 · 512 · 256 pixels) is about 50 min for a ±70! 2k · 2k pixel tilt series acquired at
every 1!.
" 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Electron microscopic tomography (EMT) generates
three-dimensional (3D) images from a series of two-dimen-
sional (2D) projections obtained by tilting an object over a

wide angular range. EMT has its unique advantage in fill-
ing the wide gap between high-resolution methods (X-ray
crystallography or EM single particle reconstruction) and
light microscopy in examination of complex biological
structures. Cryo sample preservation combined with com-
puter controlled electron microscopes and scientific grade
slow-scan CCDs have made possible the examination of
unstained biological structures by low-dose cryo EMT.
Motivated by this progress, tremendous effort has been
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Abstract

For the past year we have been using a relational database as part of an automated data collection system for cryoEM. The
database is vital for keeping track of the very large number of images collected and analyzed by the automated system and essential
for quantitatively evaluating the utility of methods and algorithms used in the data collection. The database can be accessed using a
variety of tools including specially developed Web-based interfaces that enable a user to annotate and categorize images using a
Web-based form. ! 2002 Elsevier Science (USA). All rights reserved.
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1. Introduction

A relational database has the potential to be of great
benefit in the analysis of cryo-electron microscopy
(cryoEM) images. The nature of this technique is such
that it requires the collection and analysis of very large
numbers of electron micrographs (Henderson, 1995)
under conditions which result in a very poor signal to
noise ratio for each image. These images must subse-
quently be processed to correct them for the effects of
the contrast transfer function of the microscope, seg-
mented to extract relevant regions of interest, analyzed
to determine the relative orientation of the structure
which has been imaged, and then recombined to form a
final three-dimensional electron-density map (see, for
example, Baker and Henderson, 2002; Chiu et al.,
1999). During this process the number of images and
data sets involved will normally proliferate and various
parameters relating to each image and how it must be
processed and combined into the 3D map must be
measured and tracked. In a typical case in which a
macromolecular protein complex is reconstructed from
individual images of the structure as a single particle

(Gabashvili et al., 2000; Matadeen et al., 1999) it might
be necessary to keep track of thousands to tens of
thousands of images, subimages, and parameters de-
rived from them. The benefits of a relational database
in helping to organize and manage these data are thus
obvious. Despite this it is only very recently that the
first paper has appeared in which the implementation of
a database for managing electron image data is de-
scribed (Metoz et al., 2001). In that paper the authors
describe how they successfully implemented a relational
database to help manage the data processing require-
ments for the reconstruction of biological bundles. We
should also note, however, that there is an ambitious
and fairly mature effort underway to develop a Web-
based database to contain the 3D maps produced using
cryoEM, and to link these data to other multidimen-
sional biological data sets (Carazo and Stelzer, 1999;
Lindek et al., 1999). This project does not, however,
include the underlying data and images used to produce
the maps in the database.

A relational database has been an integral part of a
software system that we are developing aimed toward
completely automating the process of data collection
and analysis for reconstructing a three-dimensional
electron-density map of a macromolecular structure
(Carragher et al., 2000; Fellmann et al., 2001; Potter
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a b s t r a c t

Here we describe the Caltech Tomography Database and automatic image processing pipeline, designed
to process, store, display, and distribute electron tomographic data including tilt-series, sample informa-
tion, data collection parameters, 3D reconstructions, correlated light microscope images, snapshots,
segmentations, movies, and other associated files. Tilt-series are typically uploaded automatically during
collection to a user’s ‘‘Inbox’’ and processed automatically, but can also be entered and processed in
batches via scripts or file-by-file through an internet interface. As with the video website YouTube, each
tilt-series is represented on the browsing page with a link to the full record, a thumbnail image and a
video icon that delivers a movie of the tomogram in a pop-out window. Annotation tools allow users
to add notes and snapshots. The database is fully searchable, and sets of tilt-series can be selected and
re-processed, edited, or downloaded to a personal workstation. The results of further processing and
snapshots of key results can be recorded in the database, automatically linked to the appropriate
tilt-series. While the database is password-protected for local browsing and searching, datasets can be
made public and individual files can be shared with collaborators over the Internet. Together these tools
facilitate high-throughput tomography work by both individuals and groups.

! 2015 Elsevier Inc. All rights reserved.

1. Introduction

In electron tomography (ET), samples are repeatedly imaged
in an electron microscope as they are tilted incrementally
around an axis, producing a ‘‘tilt-series’’ of projection images.
Three-dimensional reconstructions are then calculated from the
tilt-series. ET is currently being applied to both biological and
‘‘materials science’’ samples, at both room- and cryo-temperatures
(Gan and Jensen, 2012; Van Tendeloo et al., 2012). In the case of
biological samples, cryotomography can produce 3-D views of cellu-
lar ultrastructure to !4-6 nm resolution in a near-native,
‘‘frozen-hydrated’’ state. When multiple copies of structures of
interest are present in the tomograms, sub-tomogram averaging
can overcome dose limitations and reveal details reliably at even
higher resolution (Briegel et al., 2012; Briggs, 2013).

Over the past decade our lab has collected more than forty
thousand electron tomograms of cells, viruses, and purified
macromolecular complexes. While most of the tomograms were
collected with the aim of characterizing a particular cellular ultra-
structure, most also contain a plethora of interesting structural

information about other known and unknown structures. As the
number of different purifications, species, strains, and growth
conditions we have imaged has increased, unanticipated discover-
ies have come from cross-comparisons. As examples, after we
obtained the first 3-D images of complete flagellar motors within
intact cells in Treponema primitia (Murphy et al., 2006), we later
compared that structure to the structures of flagellar motors from
10 other species (Chen et al., 2011). In similar fashion, after we first
discovered that bacterial chemoreceptor arrays were arranged in
12-nm hexagonal arrays inside Caulobacter crescentus cells
(Briegel et al., 2008), we later found that this architecture is univer-
sally conserved across bacteria (Briegel et al., 2009) and archaea
(Briegel et al., 2015). Other structures went unidentified, some-
times for years, until new clues emerged. This was the case, for
instance, for CTP synthase filaments (Ingerson-Mahar et al.,
2010) and the bacterial type VI secretion system (Basler et al.,
2012). Many of the biological questions we are now tackling
require recognizing patterns across hundreds of tomograms. This
requires long-term access and facile comparison of tomograms
taken over periods of many years by many different users.

Before we built the database, each user organized and stored
their own tilt-series and reconstructions on disks attached to their
personal workstations. In addition to the risk of such individual
drives failing, this made it time-consuming for subsequent users

http://dx.doi.org/10.1016/j.jsb.2015.06.016
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to add notes and snapshots. The database is fully searchable, and sets of tilt-series can be selected and
re-processed, edited, or downloaded to a personal workstation. The results of further processing and
snapshots of key results can be recorded in the database, automatically linked to the appropriate
tilt-series. While the database is password-protected for local browsing and searching, datasets can be
made public and individual files can be shared with collaborators over the Internet. Together these tools
facilitate high-throughput tomography work by both individuals and groups.

! 2015 Elsevier Inc. All rights reserved.

1. Introduction

In electron tomography (ET), samples are repeatedly imaged
in an electron microscope as they are tilted incrementally
around an axis, producing a ‘‘tilt-series’’ of projection images.
Three-dimensional reconstructions are then calculated from the
tilt-series. ET is currently being applied to both biological and
‘‘materials science’’ samples, at both room- and cryo-temperatures
(Gan and Jensen, 2012; Van Tendeloo et al., 2012). In the case of
biological samples, cryotomography can produce 3-D views of cellu-
lar ultrastructure to !4-6 nm resolution in a near-native,
‘‘frozen-hydrated’’ state. When multiple copies of structures of
interest are present in the tomograms, sub-tomogram averaging
can overcome dose limitations and reveal details reliably at even
higher resolution (Briegel et al., 2012; Briggs, 2013).

Over the past decade our lab has collected more than forty
thousand electron tomograms of cells, viruses, and purified
macromolecular complexes. While most of the tomograms were
collected with the aim of characterizing a particular cellular ultra-
structure, most also contain a plethora of interesting structural

information about other known and unknown structures. As the
number of different purifications, species, strains, and growth
conditions we have imaged has increased, unanticipated discover-
ies have come from cross-comparisons. As examples, after we
obtained the first 3-D images of complete flagellar motors within
intact cells in Treponema primitia (Murphy et al., 2006), we later
compared that structure to the structures of flagellar motors from
10 other species (Chen et al., 2011). In similar fashion, after we first
discovered that bacterial chemoreceptor arrays were arranged in
12-nm hexagonal arrays inside Caulobacter crescentus cells
(Briegel et al., 2008), we later found that this architecture is univer-
sally conserved across bacteria (Briegel et al., 2009) and archaea
(Briegel et al., 2015). Other structures went unidentified, some-
times for years, until new clues emerged. This was the case, for
instance, for CTP synthase filaments (Ingerson-Mahar et al.,
2010) and the bacterial type VI secretion system (Basler et al.,
2012). Many of the biological questions we are now tackling
require recognizing patterns across hundreds of tomograms. This
requires long-term access and facile comparison of tomograms
taken over periods of many years by many different users.

Before we built the database, each user organized and stored
their own tilt-series and reconstructions on disks attached to their
personal workstations. In addition to the risk of such individual
drives failing, this made it time-consuming for subsequent users
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a b s t r a c t

The MRC binary file format is widely used in the three-dimensional electron microscopy field for storing
image and volume data. Files contain a header which describes the kind of data held, together with other
important metadata. In response to advances in electron microscopy techniques, a number of variants to
the file format have emerged which contain useful additional data, but which limit interoperability
between different software packages. Following extensive discussions, the authors, who represent lead-
ing software packages in the field, propose a set of extensions to the MRC format standard designed to
accommodate these variants, while restoring interoperability. The MRC format is equivalent to the
map format used in the CCP4 suite for macromolecular crystallography, and the proposal also maintains
interoperability with crystallography software. This Technical Note describes the proposed extensions,
and serves as a reference for the standard.

! 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Electron cryo-microscopy is a rapidly advancing technique in
structural biology. Together with advances in sample preparation
and in instrumentation, there are increasing efforts in software.
The processing and interpretation of micrographs requires the seri-
alization of a number of data objects into files for storage. These
include the original and filtered micrographs, particle images,
reconstructed single particle volumes, tomograms and
sub-tomograms. Associated file formats need to store this data
efficiently, and provide a clear description of the characteristics
and provenance of the data.

The MRC file format for image and volume data describes an
uncompressed single file with a defined header followed by a sin-
gle data block. The format was created at the Medical Research
Council Laboratory of Molecular Biology (MRC-LMB) in the 1980s
to handle images and volumes obtained from 3DEM, and continues
to be used in the suite of programs distributed by the MRC-LMB
(Crowther et al., 1996). To maintain compatibility with the soft-
ware library for electron density maps used by the Collaborative
Computational Project No. 4 (CCP4) in MX (Winn et al., 2011),
agreement between the two communities was reached in 1982
on a shared format specification. An update to this format was
agreed in 2000 to include a machine stamp in the file header, to
aid file portability.

The MRC format is widely used in the 3DEM field because of its
simplicity and efficiency. It is used by the EMDataBank (Lawson
et al., 2011) for the deposition and distribution of 3DEM volumes.
As the 3DEM field has expanded, however, several variants of the
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1047-8477/! 2015 The Authors. Published by Elsevier Inc.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Abbreviations: 3DEM, three-dimensional electron microscopy; MX, macro-
molecular crystallography.
⇑ Corresponding authors.

E-mail addresses: acheng@nysbc.org (A. Cheng), martyn.winn@stfc.ac.uk
(M. Winn).

Journal of Structural Biology 192 (2015) 146–150

Contents lists available at ScienceDirect

Journal of Structural Biology

journal homepage: www.elsevier .com/ locate/y jsbi

Technical Note

MRC2014: Extensions to the MRC format header for electron
cryo-microscopy and tomography

Anchi Cheng a,⇑, Richard Henderson b, David Mastronarde c, Steven J. Ludtke d, Remco H.M. Schoenmakers e,
Judith Short b, Roberto Marabini f, Sargis Dallakyan a, David Agard g, Martyn Winn h,⇑
a National Resource for Automated Molecular Microscopy, Electron Microscopy Group, New York Structural Biology Center, 89 Convent Ave, New York, NY 10027, USA
b MRC Laboratory of Molecular Biology, Francis Crick Avenue, Cambridge Biomedical Campus, Cambridge CB2 0QH, United Kingdom
c Department of Molecular, Cellular, and Developmental Biology, University of Colorado, Boulder, CO 80309-0347, USA
d Verna and Marrs McLean Department of Biochemistry and Molecular Biology, National Center for Macromolecular Imaging, Baylor College of Medicine, 1 Baylor Plaza, Houston,
TX 70030, USA
e FEI, Achsteweg Noord 5, 5600 KK Eindhoven, The Netherlands
f Univ Autonoma Madrid, Escuela Politécnia Superior, E-28049 Madrid, Spain
g Howard Hughes Medical Institute and the Department of Biochemistry and Biophysics, University of California at San Francisco UCSF, MC 2240 600 16th Street, Room S412D,
San Francisco, CA 94158-2517, USA
h Scientific Computing Department, STFC Daresbury Laboratory, Daresbury, Warrington WA4 4AD, United Kingdom

a r t i c l e i n f o

Article history:
Received 26 November 2014
Received in revised form 29 March 2015
Accepted 4 April 2015
Available online 13 April 2015

Keywords:
Electron microscopy
Macromolecular crystallography
File format
Image data

a b s t r a c t

The MRC binary file format is widely used in the three-dimensional electron microscopy field for storing
image and volume data. Files contain a header which describes the kind of data held, together with other
important metadata. In response to advances in electron microscopy techniques, a number of variants to
the file format have emerged which contain useful additional data, but which limit interoperability
between different software packages. Following extensive discussions, the authors, who represent lead-
ing software packages in the field, propose a set of extensions to the MRC format standard designed to
accommodate these variants, while restoring interoperability. The MRC format is equivalent to the
map format used in the CCP4 suite for macromolecular crystallography, and the proposal also maintains
interoperability with crystallography software. This Technical Note describes the proposed extensions,
and serves as a reference for the standard.

! 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Electron cryo-microscopy is a rapidly advancing technique in
structural biology. Together with advances in sample preparation
and in instrumentation, there are increasing efforts in software.
The processing and interpretation of micrographs requires the seri-
alization of a number of data objects into files for storage. These
include the original and filtered micrographs, particle images,
reconstructed single particle volumes, tomograms and
sub-tomograms. Associated file formats need to store this data
efficiently, and provide a clear description of the characteristics
and provenance of the data.

The MRC file format for image and volume data describes an
uncompressed single file with a defined header followed by a sin-
gle data block. The format was created at the Medical Research
Council Laboratory of Molecular Biology (MRC-LMB) in the 1980s
to handle images and volumes obtained from 3DEM, and continues
to be used in the suite of programs distributed by the MRC-LMB
(Crowther et al., 1996). To maintain compatibility with the soft-
ware library for electron density maps used by the Collaborative
Computational Project No. 4 (CCP4) in MX (Winn et al., 2011),
agreement between the two communities was reached in 1982
on a shared format specification. An update to this format was
agreed in 2000 to include a machine stamp in the file header, to
aid file portability.

The MRC format is widely used in the 3DEM field because of its
simplicity and efficiency. It is used by the EMDataBank (Lawson
et al., 2011) for the deposition and distribution of 3DEM volumes.
As the 3DEM field has expanded, however, several variants of the

http://dx.doi.org/10.1016/j.jsb.2015.04.002
1047-8477/! 2015 The Authors. Published by Elsevier Inc.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Abbreviations: 3DEM, three-dimensional electron microscopy; MX, macro-
molecular crystallography.
⇑ Corresponding authors.

E-mail addresses: acheng@nysbc.org (A. Cheng), martyn.winn@stfc.ac.uk
(M. Winn).

Journal of Structural Biology 192 (2015) 146–150

Contents lists available at ScienceDirect

Journal of Structural Biology

journal homepage: www.elsevier .com/ locate/y jsbi



IMPROVING ROBUSTNESS

DATA ANALYSIS - GETTING THE MOST FROM EACH SAMPLE
‣ For the project 

‣ For the lab 

‣ For the community

META DATA COLLECTION & TRACKING 
Microscopy parameters

META DATA COLLECTION & TRACKING 
Sample preparation

‣ Improved reproducibility 
‣ Better understanding of cellular behaviours



IMPROVING RELIABILITY AND ROBUSTNESS

MOVING FORWARD
‣ Need new approaches to sample preparation to 
‣ improve throughput (reliability) 
‣ better reproduce biology (robustness) 

‣ Need to use available but also new resources to  
‣ maximise data acquisition sessions (reliability) 
‣ include sample preparation in identifying patterns in complex 

systems (robustness) 
‣ Community wide potential 
‣ Encourage software developers to  make meta-data more 

accessible 
‣ Work with electronic lab notebooks 


