
 

 

 University of Groningen

Activation and regulation of E. coli DNA Polymerase V studied at the single-molecule level
Caldas, Victor Emanoel Armini

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2016

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Caldas, V. E. A. (2016). Activation and regulation of E. coli DNA Polymerase V studied at the single-
molecule level. [Thesis fully internal (DIV), University of Groningen]. University of Groningen.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 25-05-2023

https://research.rug.nl/en/publications/b84ae014-e8c0-4d24-ad6e-95efd4711d3b


2
iSBatch: in Singulo Biology

plugin for batch analysis
Victor E. A. Caldas, Christiaan M. Punter, Harshad Ghodke, Andrew Robinson and
Antoine M. van Oijen.

iSBatch: a batch-processing platform for data analysis and exploration of live-cell single-molecule mi-
croscopy images and other hierarchical datasets. Molecular BioSystens, 2015,11, 2699-2708 [1]
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Abstract

Recent technical advances havemade it possible to visualize single molecules
inside live cells. Microscopeswith single-molecule sensitivity enable the imag-
ing of low-abundance proteins, allowing for a quantitative characterization of
molecular properties. Such data sets contain information on a wide spectrum
of important molecular properties, with different aspects highlighted in differ-
ent imaging strategies. The time-lapsed acquisition of images provides infor-
mation on protein dynamics over long time scales, giving insight into expres-
sion dynamics and localization properties. Rapid burst imaging reveals prop-
erties of individual molecules in real-time, informing on their diffusion char-
acteristics, binding dynamics and stoichiometries within complexes. This
richness of information, however, adds significant complexity to analysis pro-
tocols. In general, large datasets of images must be collected and processed
in order to produce statistically robust results and identify rare events. More
importantly, as live-cell single-molecule measurements remain on the cutting
edge of imaging, few protocols for analysis have been established and thus
analysis strategies need to be explored for each individual scenario. Exist-
ing analysis packages are geared towards either single-cell imaging data or
in vitro single-molecule data and typically operate with highly specific algo-
rithms developed for particular situations. Our tool, iSBatch, instead allows
users to exploit the inherent flexibility of the popular open-source package
ImageJ, providing a hierarchical framework in which existing plugins or cus-
tom macros may be executed over entire datasets or portions thereof. This
strategy affords users freedom to explore new analysis protocols within large
imaging datasets, while maintaining hierarchical relationships between ex-
periments, samples, fields of view, cells, and individual molecules.
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2.1. Introduction
Fluorescence microscopy has played an enormously important role in our under-
standing of biology. By tagging molecules of interest with fluorescent proteins, the
dynamics of many cellular systems have been observed within live cells. However,
many important cellular processes are carried out by proteins that are expressed
at very low levels and are therefore undetectable using standard fluorescence mi-
croscopes [2–4]. Proteins that replicate and repair chromosomes in bacteria, for
example, are often expressed at a level of less than 100 molecules per cell [5]. The
recent development of fluorescence microscopes with single-molecule sensitivity is
allowing us to peer into this world for the first time.

In addition to extending the sensitivity of established wide-field microscopy tech-
niques, single-molecule microscopes allow rapid image sequences to be recorded
that reveal the movements of individual molecules. Single-molecule microscopes
can be used to record wide-field video-rate movies, with exposure times of 10-100
ms for individual images. On this timescale, fluorescent signals from molecules
that diffuse freely within the cytosol of a bacterial cell or within the organelles of
eukaryotic cells, blur out over the accessible volume in the cell or organelle due to
rapid diffusion rates ( 𝐷 ∼ 1-10 μm2/s) [6–8]. On the other hand, molecules that
bind relatively static structures, such as chromosomal DNA, exhibit a much smaller
diffusion constant and thus present as static foci of diffraction-limited size (∼ 300
nm). Similarly, molecules that diffuse slowly, such as proteins associated with cell
membranes, present discrete foci that move along the cell periphery. Movements
of such single-molecule foci can be tracked in order to observe events that lead to
a change in diffusion rate, for example, binding of molecules to DNA or other large
structures. At the same time, intensities of foci in conjunction with photobleaching
can be tracked in order to measure the number of fluorescent molecules giving rise
to each focus, allowing the compositions of molecular complexes to be determined
[9].

These extra layers of information provide fresh insight into the behaviors of
molecules within cells, but also pose a problem for the scientists who study them: in
order to obtain sufficient statistics to generalize observations, data must be recorded
for many molecules, within many cells. Single-molecule imaging requires the use
of high-magnification, high-numerical aperture objectives [8], limiting the size of
the field-of-view and thus the number of cells that can be observed simultaneously.
Typically, to discern statistically significant outcomes, hundreds of images must
be recorded for a particular a live-cell single-molecule sample. That sample may
contain hundreds of fields, potentially containing hundreds of time-points, up to
thousands of cells of which each contain a handful of foci. Furthermore, it is often
desirable to collect images in two or more fluorescence colors in order to correlate
the behaviors of multiple types of molecules, as well as bright-field or phase-contrast
images to define cell boundaries. These data are highly hierarchical in nature and
efficient analysis is only possible when the hierarchical relationships between the
different levels in the data are maintained during analysis.

A software package for single-molecule analysis in live-cells should meet four
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basic conditions. Firstly, it should allow for hierarchical classification of images
and regions-of-interest (ROIs): samples contain fields of view (images), fields of
view contain ROIs that capture individual cells (cell ROIs), and cells contain ROIs
that define single-molecule foci (focus ROIs). Secondly, it should allow for analysis
over both long and short time scales, resulting in the generation of different data
structures: in time-lapse datasets there is one cell ROI per time point, whereas in
rapid-imaging mode each cell ROI is typically used to analyze fluorescence signals
over many time-points (Fig. 2.1). Thirdly, and most importantly, a package for
live-cell single-molecule analysis should be highly flexible and allow for exploration
of new analysis techniques. Finally, the source code used in the package be made
available to users so that researchers can fully understand the algorithms they use
[10].

Sophisticated packages for both cell analysis and single-molecule analysis are
currently available, however none meet all of the requirements listed above [11].
Commercial packages typically offer out-of-the-box solutions to a particular set of
problems, often involve high licensing fees and utilize undisclosed source code, lim-
iting the users’ ability to adapt the software or to add their own customized code.
CellProfiler [12] (and its extension CellProfiler Analyst [13] is a free open-source
package with a robust set of algorithms for analysis of 2D images. CellProfiler ex-
cels at automated assignment of cellular phenotypes, as well as identification of
sub-cellular particles. However, with its focus on high-throughput screening data,
the package provides little support for time-resolved studies. MicrobeTracker [14]
allows users to conveniently assign outlines for microbial cells within time-lapse
datasets and provides some support for characterization of foci. It is, however, not
suitable for analysis of rapid-imaging data and is not geared towards exploration
of new analysis methods. In addition, while MicrobeTracker itself is free, it runs
within an environment that requires a paid licence (Matlab). Single-molecule pack-
ages such as the Mosaic Suite [15], as well as plugin collections, such as GDSC
ImageJ Plugins [16]1 offer a myriad of analysis methods for single-molecule image
processing, but are intended for in vitro analysis and thus lack the hierarchical clas-
sification systems that are required for the analysis of data derived from cellular
systems. A significant advantage of these packages, however, is that they are ex-
tensions of the popular image-analysis platform ImageJ [2, 17]; which is extremely
flexible, supported by a strong user community and a wealth of user-written ex-
tensions. Unfortunately, ImageJ is geared towards working with individual files,
making hierarchical analysis strategies difficult to implement.

Flexible software that links analysis routines used in single-molecule imaging
with those used in live-cell imaging is required for researchers to keep up with
the rapid development of new imaging techniques. Ideally, one would be able to
utilize ImageJ to develop code for new analysis routines, whilst being able to eas-
ily accommodate data structures that are large, hierarchical and multi-dimensional.
We present a free open-source ImageJ plugin, iSBatch, which allows users to use
batch processing to treat files within hierarchical datasets in a straightforward man-
ner. Routines built into ImageJ [2], downloadable plugins and even user-written
1http://www.sussex.ac.uk/gdsc/intranet/microscopy/imagej/gdsc_plugins

http://www.sussex.ac.uk/gdsc/intranet/microscopy/imagej/gdsc_plugins
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Figure 2.1 | Schematic design of a single-cell, single-molecule experiment. Panel A – Struc-
ture of a time-lapse experiment. Each time point shows a bright-field (BF) image and its corresponding
fluorescence channel (in this example 568-nm excitation). The intervals are on the time scale of minutes.
Panel B – Monitoring of cell fluorescence intensity and its relation to total observable protein concentra-
tion and protein number per cell throughout the experiment. Panel C – Structure of a rapid-acquisition
experiment. A single bright-field image is taken prior to subsequent rapid image acquisition in the fluo-
rescence channel (in this case 568-nm excitation). Panel D – Simulated data of binding dynamics of a
molecule

macros can be executed across any level of the dataset hierarchy. This strategy dra-
matically simplifies the often cumbersome tasks of scripting and data management,
allowing users to run scripts over their entire datasets or portions thereof. Our tool
complements existing single-cell and single-molecule analysis packages by allowing
cell and focus ROIs generated in single-cell packages to be applied across hierar-
chical time-lapse and rapid-imaging datasets, with complete flexibility in choice of
analysis methods.

2.2. Results and Discussion
iSBatch is straightforward to use, platform independent, and requires only ImageJ
and Java Virtual Machine, which are freely available. iSBatch provides an interface
to explore data in hierarchical datasets. Its graphical user interface (GUI) provides
an intuitive means for controlling the operations and manipulating datasets of any
size. iSBatch incorporates a powerful adapter for the ImageJ macro interpreter,
allowing users to implement existing or newly written macros within the data hi-
erarchy. Data is stored in an SQL database and displayed in a tree format for
manipulation (Fig. 2.2). The database format assists in managing the transfer and
back-up of large imaging datasets, which may contain hundreds or even thousands
of images and can be prone to errors when handled manually [18]). A file named
’iSBatch.zip’, which contains the plugin, its source code and user manual, is included
in the online Supplementary Material. To help to illustrate the concepts in the fol-
lowing sections of this report, we also include an example dataset containing three
Experiments in the Supplementary Material.

2.2.1. Data Structure and Graphical User Interface (GUI)
The fundamental unit of iSBatch is the image itself. Each image belongs to a Field of
View, representing the region of the sample that was imaged by the microscope. A
collection of Fields of View is called a Sample, and a collection of Samples is called an
Experiment. This hierarchy is assigned to each image by placing hierarchy param-
eters alongside the image within an image object. Image objects may contain an
unlimited number of additional parameters. Within iSBatch, image objects contain
information on the nature of the image, for example identifiers for color channels,
metadata generated during operations, such as peak tables and image projections,
as well as ROIs that designate the positions of cells and foci. A dedicated dialog
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Figure 2.2 | iSBatch Structure. Panel A – Schematic representation of data structure (Experiment
– E, Sample – S, Field of View – FoV) and its connections. Panel B – Logic structure of the algorithm;
Panel C – User interface including ImageJ main panel (upper part) and iSBatch interface with the main
commands.
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guides the import of imaging data and assures compatibility with iSBatch. There is
no specific requirement for file name structure, however we suggest the inclusion
of a useful identifier for the imaging channel (e.g. 514.tif, BF.tif, GFP.tif).

The general workflow within iSBatch is straightforward (Fig. 2.2B). In short,
the user selects which subset needs to be processed, chooses the operation to
be performed and indicates either to save results and images to disc or keep it
in the database. The graphic user interface is divided into subpanels containing
the navigation tree, file lists, buttons to run built-in functions or custom macros
and a log panel (Fig. 2.2C). The GUI also has buttons to add images to the data
structure, as well as cell ROIs generated in ImageJ or in MicrobeTracker [19]. We
have included several operations commonly used in single-molecule analysis within
iSBatch, such as functions to correct images for uneven illumination, find and fit
peaks inside or outside of cells, and basic peak table operations. These operations
will be explored in detail in the form of case studies in the sections below.

2.2.2. Case studies
To demonstrate the applicability of our iSBatch software we present here a case
in which the custom macro interpreter was applied to a dataset, as well as two
detailed case studies based on the most common types of data generated by single-
molecule single-cell measurements: rapid-acquisition movies and time-lapse series.
We imaged Escherichia coli cells in which two different subunits of the replisome
were tagged with fluorescent proteins at their carboxy-termini; the 𝜖 subunit (DnaQ
gene) is tagged with red mKate2 (DnaQ-mKate2) and the 𝜏-subunit (DnaX gene) is
tagged with yellow YPet (DnaX-YPet). The E. coli replisomes contain ten different
proteins, each at different copy numbers, including up to three molecules of 𝜏 (a
component of the clamp loader complex) and three molecules of 𝜖 (proof-reading
exonuclease) [5]. Replisome proteins are of particular interest for single-molecule
studies [5, 20] both because of their biological role of importance (replisomes du-
plicate the genome prior to cell division) [21] and because the replisomal proteins
are present at extremely low levels within cells. A single E. coli cell produces only
about 100 molecules of τ per cell and ∼ 250 molecules of 𝜖 [5].

The example data is comprised of a single database containing three exper-
iments, labeled RA_DnaX-YPet, RA_DnaQ-mKate2 and TimeLapse). RA_-
DnaX-YPet and RA_DnaQ-mKate2 are Rapid Acquisition (RA) experiments (500
times 34 ms) that each contain three samples recorded at different excitation laser
powers. Each of these samples contains 10 fields of view. TimeLapse contains just
one sample and 10 fields of view (50 ms every 20 min, repeated for 400 minutes).
RA_DnaX-YPet includes 134 cell selections, RA_DnaQ-mKate2 contains 107
and TimeLapse contains 10 fully tracked cells. iSBatch assumes that, if no cell ROIs
are provided, the entire image is selected. This scenario is applicable to analyses
that do not rely on cell outlines, such as reconstruction of super-resolution images
by PALM [22, 23] or STORM [24], or even to the analysis of in vitro single-molecule
data.
When loaded into iSBatch, our datasets appear in the operation panel (Fig. 2.2C).
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Selecting a node within one of the datasets allows image-processing operations to
be executed across all images falling under that node. For example, when the user
selects the node RA_DnaQ in the tree and the operation flatten, iSBatch guides the
user through the steps required for image flattening and correction for the uneven-
ness of the beam profile (more details found in the User Manual – Supplementary
Materials) within selected images in the RA_DnaQ experiment. Next, iSBatch as-
sumes that operations will be performed on the resulting flattened images as will
be shown in the following sections.

2.2.3. Custom macro interpreter
The ImageJ support to macros is a powerful tool to execute a sequence of oper-
ations in an image. Traditionally, in order to apply basic ImageJ functions across
portions of a dataset, the user has to write sequences of steps and functions to navi-
gate through the folders, to identity the required files, and to save the results. Even
small changes in the folder or file structure prevent the code from running prop-
erly and troubleshooting becomes a daunting task. iSBatch, via its custom macro
interpreter, provides the necessary tools to automatize these steps (Fig. 2.3).

Within our rapid acquisition data, for instance, stacks exported from the micro-
scope contain dark frames at the beginning of the image series, resulting from a
small delay before the opening of the laser shutter. The custom macro interpreter
can be easily used to trim stacks in order to remove these frames. There are two
possibilities of implementation: an experienced user may just write a macro to trim
one image and them use it within the custom macro interpreter; or could take ad-
vantage of ImageJ Macro Recorder – a panel that stores all commands performed
by the user while processing an image – and then simply paste the sequence of
steps into the iSBatch custom macro interpreter. The user then can analyse the
images further in a statistical package, like R [25]).

2.2.4. Rapid-Acquisition Analysis
Rapid-Acquisition experiments usually result in a stack of fluorescence images, con-
taining hundreds or thousands of individual frames, acquired at rapid frame rates
(typically continuous series of frames, 10-100 ms duration each, with a total dura-
tion of seconds), as well as a bright-field image enabling the identification of cell
boundaries in cases of low fluorescence signals. This type of imaging allows the
behaviors of individual molecules to be monitored in real time. It is typically used
to count molecules within foci, to count the total number of molecules in cells, to
measure diffusive behavior and to observe binding kinetics [3, 5, 9].

In our datasets, DnaX-YPet and DnaQ-mKate2 frequently are associated with
DNA-bound replisomes, and as a result form immobile foci on the imaging timescale
(34 ms). We used iSBatch to detect foci and measure their integrated intensities
using the peak fitter operation in a selected node (Fig. 2.4A). The built-in peak fitter
fits each peak to a Gaussian profile using least-squares fitting. It takes into account
sources of noise, such as general background noise, and uses a non-symmetric
2D Gaussian, so peaks can be later filtered based on their symmetry [26]. The
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iSBatch custom macro panel

Figure 2.3 | Custom Macro runner. iSBatch contains a custom macro runner that support syntax-
highlighting for creating, running and editing existing ImageJ macros and plugin commands from the
MacroRecorder.

properties of foci in single-molecule single-cell measurements can vary between
experiments, depending on the brightness of the fluorophore and the amount of
background fluorescence arising from cellular auto fluorescence.

It is therefore desirable to be able to explore parameters such as peak-detection
thresholds for individual samples. iSBatch automatically stores peak tables gener-
ated from the peak fitter module, appending the results with the values of key
parameters used. In this way, the user can explore different parameters and plot
the resulting peaks lists in an external plotting or statistical analysis package, for
example GNU Octave [27] or R [25]. In our example data, we see that for both
fluorescent species the intensities of peaks increase with higher excitation power,
as expected (Fig. 2.4).

Foci containing fewer than about 10 molecules show step-wise photobleaching
behavior that can be used to quantify the number of fluorescent molecules within
each focus [7, 28]. Using iSBatch, trajectories of intensity versus time can be
generated for foci using the traces module. This can be done in two different ways.
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One option is to produce an average projection of each image stack, assign
focus ROIs in the projected image using peak finder and measure the integrated
intensity under each ROI for each frame of the stack. The second option is to
use peak fitter to measure foci throughout the entire stack of a ’Field of View’ and
then use track to identify foci falling within a small, user-defined search radius of
a focus that appeared in the first frame and produce a time-ordered list of their
intensities. As expected, traces for DnaQ-mKate2 show step-wise photobleaching
behavior (Fig. 2.5). Intensity levels within traces can be automatically assigned
using the changepoint analysis (Fig. 2.5C, red lines).

This algorithm estimates the time point at which the statistical properties of a
sequence change, e.g. photobleaching causing a discrete jump in intensity followed
by a period of constant intensity [29, 30].

As well as quantifying the number of molecules in each focus, the single-molecule
intensity determined within the change-point module can be used to determine the
total number of molecules in each cell. For this, it is necessary to have ROIs defining
the cell boundaries. These can be generated in ImageJ or imported from Microbe-
Tracker using the module MicrobeTracker I/O. In iSBatch, the total fluorescence sig-
nal originating from a cell as it photobleaches can be measured by applying the cell
intensity operation to a batch (Fig. 2.6). Comparing the three DnaQ-mKate2 sam-
ples within the RA_DnaQ experiment (Fig. 2.6), we observe that DnaQ-mKate2
photobleaches faster at higher laser excitation intensities, as expected (Fig. 2.6B).
Comparing the OD1 samples between the RA_DnaX and RA_DnaQ experiments
(Fig. 2.6C), we observed that YPet photobleaches faster than mKate2 (Fig. 2.6D),
as expected [31, 32]. Using the cellular concentration operation, the amplitudes
of these decays (representing the total fluorescence of the cell) is divided by the
intensity of a single molecule in order to obtain the number of molecules in that cell
and the cellular concentration. For DnaX-YPet and DnaQ-mKate2 we measure 110
± 35 and 95 ± 22 molecules per cell respectively. Based on the mean volume of
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Figure 2.5 | Step-wise photobleaching. Panel A – Selected node highlighting a ’Field of View’ level.
Panel B – Selected cell within a ’Field of View’ with the boundaries assigned in yellow and a selection
box in red. Panel C – Representative photobleaching trace of a detected focus. Red traces represent
the detected steps by change-point analysis algorithm.

cells as measured from bright field images (4.6 ± 0.9 fL), these values correspond
to concentrations of approximately 23 and 20 nM for DnaX-YPet and DnaQ-mKate2
respectively.

Rapid-acquisition imaging can also be used to measure the movements of molecules.
Single-particle tracking can be used to measure the diffusional motions of molecules.
In iSBatch this operation is implemented in the tracking module. Here foci within the
tables generated by peak fitter are assigned to trajectories if they fall within a set
distance on consecutive frames and, optionally, are within the same cell ROI (Fig.
2.7A). These trajectories can be used to build step-size distributions or mean-square
displacement plots that allow for measurement of properties such as diffusion coef-
ficients. For DnaQ-mKate2, which present long-lived trackable foci, we observe two
populations: one with low diffusion coefficients corresponding to molecules bound
to DNA, and one with higher diffusion coefficients corresponding to freely-diffusing
molecules [7] (Fig. 2.7B).

2.2.5. Time-Lapse Analysis
Time-lapse datasets consist of image stacks containing equal numbers of bright-field
images and fluorescence images, with individual frames corresponding to measure-
ments at periodically sampled time-points. Time-lapse measurements can be used
to monitor temporal changes in the expression level of a protein, the number of foci
within cells, or the localization of proteins within cells. With the availability of auto-
mated microscopes, we can monitor hundreds cells in several fields of view over a
period of minutes to days [33]. Our example dataset, TimeLapse, contains images
of cells expressing DnaX-YPet and DnaQ-mKate2 recorded over 400 minutes. Using
the module cell intensity, we measured the levels of each fluorescent protein for ten
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Figure 2.6 | Cellular fluorescence obtained by Rapid Acquisition. Panel A – Selected node
highlighting a ’Experiment’ level Panel B – Dependence of cellular fluorescence photobleaching on laser
intensity for DnaQ-mKate2. Panel C – Selected node highlighting two ’Samples’ selected within different
experiments. Panel D – Comparison of photobleaching properties of YPet and mKate2 when excited with
same laser intensity (180 W.cm-2).

cells over time. The levels of DnaX and DnaQ remain relatively constant through-
out the measurement (Fig. 2.8A). Using the number of foci detected by peak finder
or peak fitter, we quantified the number of DnaX-YPet and DnaQ-mKate2 foci ob-
served over time. As expected, cells periodically changed between zero, one, two
and occasionally three foci (Fig. 2.8B). Because we imaged in time-lapse mode,
movie sequences of individual cells could be synchronized to the beginning of the
cell cycle. This analysis shows that after division, daughter cells contain one foci on
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Figure 2.7 | Particle tracking within cells. Panel A – DnaQ-mKate2 particles tracked inside a live
E. coli cell (fluorescence on the left, tracked positions on the right). The confined nature of the track
indicates protein bound to DNA. Panel B – Analysis of all detected focus tracks within a ’Sample’ level,
e.g. DnaQ-mKate2 acquired at 180 W.cm-2. Left panel shows the peak lifetime distribution and right
panel the calculated diffusion coefficient for the same population.

average, then the increases to two foci later in the cell cycle (Fig. 2.8C). If cell ROIs
have been imported from MicrobeTracker, it is possible to produce maps of focus
locations within cells using the location maps module. MicrobeTracker ROIs consist
of high-resolution meshes, allowing the relative positions of foci to be mapped to
their relative cellular coordinates. For DnaX-YPet and DnaQ-mKate2 cells, one focus
was present from 0 to 40 min after birth (Fig. 2.8C). This focus was located close
to the mid-cell position (Fig. 2.8D). In contrast, 60 to 120 min after division, cells
exhibited two foci (Fig. 2.8C). These foci were more evenly distributed through the
entire cell (Fig. 2.8D).

2.3. Materials and Methods

2.3.1. Implementation

Software
iSBatch is a Java 1.6-based plugin for ImageJ [2] (version 1.50a) or its distribution
Fiji [34]. iSBatch is designed for quick evaluation of analysis pipelines and visual
exploration of datasets. It is distributed under an open open-source [35] license
(GNU General Public License, version 3). iSBatch handles the data in a hierarchical
fashion based on a source folder containing all data and little guidance provided
by the user. Due to memory limitations when handling large datasets, iSBatch
alleviates memory overload by loading only the minimum set of images required
for a process. Garbage collection is done after each cycle so effective memory
limitations are imposed by the amount of memory available in the system and not
by the size of the database.

The software is designed for rapid exploration of large datasets and it includes an
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Figure 2.8 | Built-in Time-Lapse analysis. Panel A – Fluorescence cell intensity over time for DnaX-
YPet and DnaQ-mKate2. Panel B – Number of long-lived immobile peaks per cell, i.e. foci. Panel C –
Data synchronization considering cell division times. Time zero is the first frame after cell division; cell
division time is 100 – 120 min. Panel D – Location maps. A projection of detected peaks in an artificial,
normalized cell. Left: projected cells with one detected focus, distributed towards the centre of the cell;
Right: projected cells with two detected foci, distributed more towards the ¼ and ¾ positions in the
cell.

internal SQLite database2 for convenience. All files related to the iSBatch platform,
including source codes and API for developers can be accessed directly from the
plugin website 3.

General workflow
In the following subsections, we describe the general workflow and how to use the
plugin for accessing basic cellular information. iSBatch guides the user in the initial
configuration steps to proper categorization of the input data.

Processing and Exploring Data – Custom functions
iSBatch couples its hierarchical data structure management to an extended version
of ImageJ’s macro interpreter. The user can record the executed operations, e.g.
using ImageJ’s built in macro recorder, and simply copy and paste the code in
2http://sqljet.com
3https://github.com/SingleMolecule/iSBatch

http://sqljet.com
https://github.com/SingleMolecule/iSBatch
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iSBatch interpreter. After selecting the desired parameters, the results are displayed,
allowing the user to quickly check the results.

Built-in functions
Data preprocessing involves image operations as well. Image Flattening is available
and follows the equation:

𝐹𝑙𝑎𝑡𝐼𝑚𝑎𝑔𝑒 = 𝑅𝑎𝑤𝐼𝑚𝑎𝑔𝑒 − 𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑𝐼𝑚𝑎𝑔𝑒
𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑𝐼𝑚𝑎𝑔𝑒 − 𝐶𝑎𝑚𝑒𝑟𝑎𝐷𝑎𝑟𝑘𝐶𝑜𝑢𝑛𝑡 × 𝐼𝑚𝑎𝑔𝑒𝑅𝑎𝑛𝑔𝑒 (2.1)

were ImageRange depends on the image type (8-, 16- or 32-bit), the CameraDark-
Count can be provided either as a constant or an image; BackgroundImage, if not
available, can be generated from all images acquired. Generating the Background
image may lead to biased correction if saturated peaks or high intensity regions are
found for long time in the movies. A Gaussian filter with a default value of four
pixels is applied to reduce the influence of bright spots. Ideally, the background
should be an image taken in the same conditions of the experiment prior to have
the sample in the Field Of View.

To allow for fast and accurate detection of peaks, we implemented the fluo-
roBancrof algorithm [36]. This algorithm localizes peaks with sub-diffraction limit
accuracy without the need of numerical fitting [37]. All the results will be available
in human-readable format like comma-separated-values (csv).

Acquiring peak tables from the images configures a starting point of a whole
new section of analysis of single molecule data. Change point analysis is used to
assign steps to single-molecule traces and infer stoichiometry of molecules. Cellular
ROIS can be either added manually or imported from MicrobeTracker. In the later,
a detailed subdivision of each cell with meshes is available. Therefore, is possible
to localize every peak in relation to the mesh and assign relative positions. With
the cellular parameters, such as cell length, width, area, can be obtained from the
imported ROIs and an artificial cell is created for the peaks to be inserted.

2.3.2. Image Acquisition

Cell Culture
Derivatives of E. coli K12 MG1655 carrying a chromosomal C-terminal fusions [38]
containing DnaX-YPet and DnaQ-mKate2 were grown overnight in M9 Minimal medium
supplemented with Glycerol 2% and 10 mM thiamine hydrochloride; Cell cultures
were diluted to 1:100 and grown from 4 hours at 37 °C at 1100 rpm prior to the
start of the imaging experiment.

Image Acquisition
The images were taken on a home-built single-molecule fluorescence microscope
consisting of a fully-automated inverted microscope body (Olympus IX-81) with
excitation light provided by 514 nm and 568 nm Sapphire lasers (Coherent) and
equipped with a 1.49 NA 100x objective and a 512 X 512 pixel EM-CCD cam-
era (C9100-13, Hamamatsu). For imaging we used flow cells derivatized with 3-
aminopropyl triethoxy silane (APTES, Sigma) and kept the flow at 10 µl/min.
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The datasets are described as follows: 1) Rapid acquisition of DnaX-YPet and
DnaQ-mKate2 each containing 10 Fields of View. A Field of View comprises a ref-
erence bright field image and a fluorescence movie (500 frames each with 34ms
interval between acquisitions under different laser intensities); 2) Time Lapse ac-
quisition of DnaX-YPet and DnaQ-mKate2 containing 10 fields of View containing
a bright field and two fluorescent images of 50 ms for each fluorescent protein.
The cycle time is 20 minutes and the experiment was carried out for 400 minutes.
Datasets are available as supplementary materials S1 and S24;

2.4. Conclusion
We present here a fully open-source and community-driven ImageJ plugin for single-
molecule analysis focused on hierarchical data obtained from live-cell single-molecule
experiments. The plugin facilitates data exploration and bookkeeping of datasets
with large number of images in multiple colour channels, including basic pipelines
and support for custom macros. We present case studies that illustrate the ability to
carry out analysis in a structured way, minimizing the burden of code development.
With this in mind, we envision that the user will be able to place a larger focus
on exploration of biological phenomena and new analysis routines. The develop-
ment of open-source analysis tools such as the ones presented here allows for a
community-based sharing and development [39] of the platforms required to anal-
yse experiments that increasingly grow in complexity and data richness. Software
documentation is included within the Supplementary Material. The source code is
available for download5.

4http://singlemolecule.nl/~vcaldas/iSBatch/
5https://github.com/SingleMolecule/iSBatch

http://singlemolecule.nl/~vcaldas/iSBatch/
https://github.com/SingleMolecule/iSBatch
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