
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Live-imaging of Bacillus subtilis spore germination and outgrowth

Pandey, R.

Publication date
2014
Document Version
Final published version

Link to publication

Citation for published version (APA):
Pandey, R. (2014). Live-imaging of Bacillus subtilis spore germination and outgrowth. [Thesis,
fully internal, Universiteit van Amsterdam].

General rights
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), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:26 May 2023

https://dare.uva.nl/personal/pure/en/publications/liveimaging-of-bacillus-subtilis-spore-germination-and-outgrowth(239bd494-2ed9-4a4c-be7e-da1616073165).html


Chapter 2
SporeTracker: An analysis
tool to measure germination
and outgrowth at single cell
resolution

Rachna Pandey and Norbert O.E. Vischer

21



22
Chapter 2: SporeTracker: An analysis tool to measure germination and

outgrowth at single cell resolution

2.1 Abstract

Bacillus spp. spores are problems for the food industry. They are relatively resistant
to the harsh preservation treatments used in the food industries. Bacterial spore ger-
mination and outgrowth are processes that tend to proceed heterogeneously within a
population. Such heterogeneity poses a significant challenge to studies aimed at un-
raveling the molecular mechanisms that govern germination and outgrowth.To mea-
sure the level of heterogeneity in the different phases of germination and outgrowth
of spores in a population, as well as to probe the intracellular pH of the emerging
cells, a semi-automated image analysis program was developed. We coined the pro-
gram as SporeTracker and its extension with ratiometric internal pH assessment as
Multichannel-SporeTracker. The program uses different important features of the free-
ware ObjectJ plugin for ImageJ that allows for a smooth running of the program. Here
we describe the features of SporeTracker such that a user can analyze his/her own
samples seamlessly.

Rachna Pandey and Norbert O.E. Vischer
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2.2 Introduction

Spores of Gram-positive bacteria such as Bacillus and Clostridium cause signif-
icant problems to the food industry. They are resistant to harsh preservation
processes that are commonly used in the food industry. Such resistance may al-
low the spores to subsequently germinate in processed food, thus causing food
spoilage and possibly food poisoning and food borne infectious diseases. It is well
known that the spore germination and outgrowth process is often very hetero-
geneous (Eijlander et al., 2011; Stringer et al., 2011; Barker et al., 2005). At
the population level, not all spores germinate and /or initiate outgrowth at the
same time, therefore it is difficult to predict accurately the timing of germination
and outgrowth to spoilage levels or levels of food safety concern. The germina-
tion heterogeneity occurs because not every spore within a dormant population
exhibits the same level of sensitivity toward applied germinants. Due to this, a
part of the spore population germinates rapidly, while another part (superdor-
mant spores) remains actually dormant when exposed to germinants (Ghosh et
al., 2009, 2010). It was hypothesized that the number of germinant receptors in
the dormant spore and the levels of cations available during sporulation play an
important role (Ghosh et al., 2012). However, Zhang et al. (2013) indicated that
this is likely not the primary cause of germination heterogeneity. Hence the cause
for the heterogeneity is still not fully understood. Furthermore, in addition to
germination-heterogeneity, there can also be considerable variability in lag period
between the different phases of outgrowth of germinating spores (Yi et al., 2010;
Stringer et al., 2005). The germination and outgrowth-heterogeneity complicates
the prediction of outgrowth behaviour especially when growth initiates from low
numbers of spores. A large number of factors can play a role in outgrowth het-
erogeneity, including both stresses during sporulation and stresses in the spore’s
immediate environment. For example, the temperature at the time of sporulation
plays an important role in the level of heat resistance of the dormant spore (Melly
et al., 2002; Condon et al., 1992), which in turn determines the survival rates of
a spore population under thermal processing conditions. Stress induced during
food processing can also have a significant impact on the performance of the out-
growing spore population. Smelt et al. (2008) showed that the germination and
outgrowth, measured as one event in a micro titer plate after single spore sorting
in individual wells using a fluorescence activated cell sorter, may occur until up
to 150 hrs. Outgrowth was assessed under product-relevant conditions, and the
method gave clear insight in the heterogeneity of the timing of outgrowth, which
was impaired by the thermal stress. The approach, however, did not allow the
monitoring of the individual successive developmental processes from spore ger-
mination, outgrowth to vegetative cells and subsequent cell divisions. In order to
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de-convolute and enhance our understanding in the process of spore germination
and outgrowth, live-imaging techniques are required. Moreover, the food industry
uses various weak-acid preservatives to prevent food spoilage. These weak-acids
have effects on the internal pH of the bacterial cell. Measurement of the internal
pH at single cell level may give a clue on metabolic activity and thereby provide
insight in survival strategies.

Here we describe a semi-automated program, called SporeTracker, which is
used as image analysis tool to resolve the population heterogeneity of the differ-
ent phases of spore germination and outgrowth at single cell level. In addition, we
describe the extension of SporeTracker to "Multichannel-SporeTracker", which al-
lows for a detailed calculation of the internal pH of green fluorescent protein that
is calculated by measuring the ratio of the emission intensities at 510 nm of IpHlu-
orin upon excitation at 390 and 470 nm respectively (E390/E470) and generation
time at single cell level. SporeTracker and its extension are used in chapter 3 to 6
of this thesis. They were developed in ObjectJ (http://simon.bio.uva.nl/objectJ),
which is a free plugin for ImageJ
(http://rsb.info.nih.gov/ij). A speciality of ObjectJ is that it integrates all rele-
vant components needed for the analysis of multiple images into a single project
file (with extension ".ojj"). These components include embedded macro com-
mands, marker types with specific names, a customised results table with live
statistics, and qualifiers for analysing subsets of a population. The image files
(movies) to be analysed must be in the same folder as the project file because
only their names are recorded in the project as "linked images", in order to keep
the project file small. The integrated concept allows for easy navigation between
images, plots and numerical results. This advantage would be lost if data were
exported and processed in an external spreadsheet program. The user interface
of ImageJ is extended by three ObjectJ-specific windows: Project Window,
ObjectJ Tools, and ObjectJ Results (Fig 2.1).

2.2.1 Project Window

The Project Window provides four panels for arranging and settings up the pa-
rameters of a project (Fig 2.1A): The first panel is the “Images” panel that
shows the movies that are to be analysed. Movies can be added via dragging and
dropping in the project window, where their names, together with metadata like
scaling and dimensions, are listed as “Linked Images”. A movie becomes visible
(opened) by a double-click. The second panel is the “Objects” panel that is used
to define the structure of an object for subsequent non-destructive marking. In
our case, an object contains information of the lifetime of a spore and its emerging
cell colony. Generally, an object accommodates a collection of different marker
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types called "items". For example, an object can hold several geometric param-
eters of a single cell that are displayed as differently colored markers, while the
cell-object still can be addressed as a single unit. The third panel, “Columns”
provides a control area where the desired set of numerical properties per object
can be defined and visualised in the ObjectJ results table. Basic properties, such
as the length of a line or the area of a polygon, are available as automatic results.
Results relying on more complex algorithms need to be handled and updated via
the macro language. The fourth panel, “Qualifiers” , is intended to apply cri-
teria to the ObjectJ results table in order to focus on a subset of the available
data. Objects that do not meet the criteria are visually greyed out both in the
images and in the results. They also are excluded from statistics, sorting, plots
and histograms.

2.2.2 ObjectJ Results

The ObjectJ Results window shows the ObjectJ specific results table, which is
saved as part of the project file (Fig 2.1B). It shows as many rows as there are
objects, and can contain any number of columns to hold user-defined object prop-
erties. For better organisation and visualisation, columns can have specific colors,
decimal digits, histogram settings, and can be visible or hidden. Similarly, col-
umn statistics can be shown or hidden. The concept of back-and-forth navigation
allows double-clicking a certain row in order to expose the corresponding marked
object in its image.

2.2.3 ObjectJ Tools

The ObjectJ Tools window provides a number of tools for manual marking, select-
ing, moving or deleting either entire object markers, or any one of the items. It
also lists the names of the item types in their specific colors, and can be activated
by a mouse click for subsequent manual or automatic marking. Using the features
of ObjectJ (described above) the SporeTracker program was developed.

2.2.4 SporeTracker

Phase-contrast images were recorded for a time resolved analysis of the complete
sequence of germination, outgrowth and subsequent cell division of the bacteria
emerging from the spores. SporeTracker is configured to measure the time to
start of germination, the germination time (duration of phase-bright to phase-
dark transition), the outgrowth time (from phase-dark to first division), burst
time (time when emerging bacteria shedds or remove their spore coat) as well as
generation time of vegetative bacteria emerging from the spores in any desired
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time range. For visual explanation of the various phases see Fig 3.2 in chapter 3
and work flow in Fig 2.3. The spores appeared as bright spots upon germination,
their microscopic appearance becomes phase-dark due to inversion in phase con-
trast. Thus the germination is indicated by the decrease in pixel intensity whereas
the growth of the bacteria is measured by the increase in area of the micro colony
with time. SporeTracker generates the corresponding plots and numerical output
from any number of movies. An important feature of SporeTracker is that the
growth plots can be recreated from the map at any time. These plots can then be
used as a navigation panel, showing live cell growth while the cursor is dragged
along the time axis of a plot. Further, a plot can be used for manually setting
“signs” which is to define a desired time window for calculating the growth rate.
The actual analysis is in practice performed in different steps (Fig 2.2).
(i) Mark spores in the first slice/frame: The spores are marked with a numbered
dot in the first frame of the movie. SporeTracker detects bright spots in the first
slice and sets blue “Bright” markers. Before marking, a command appears to ask
for threshold adjustment so that all bright spots are above the set threshold (ap-
pearing as red particles). (ii) Mark phase dark: Creates a circular area (radius 2
pixel) around each “Bright” marker and evaluates "intensity vs. time". Then a
“Dark” object marker (green) is set at the place where the gray value drops below
the set threshold. The data of the plots are stored in a map (Map.tif), which is
a 32-bit stack containing arrays of intensity versus time. The plots are derived
from the data in Map.tif, and are displayed as a stack of images called “Plots.tif”.
Two small magenta circles indicate the 90% to 10% positions of the drop range.
(iii) Measure growth: The program follows the area from phase-dark until the
end of the movie, or until the growing colony touches the edge or another colony.
Data are put into channel 2 of Map.tif, which is saved in the project folder. The
corresponding plot of area (log2) versus time is updated in the lower panel of
“Plots.tif”.
(iv) Show collective plots: This shows the stacks of plots that are located in the
project folder “Plots.tif”. The stack contains as many plots as there are marked
spores, plus one extra collective plot at the end. These plots can be used as nav-
igation panels, so one can browse with the Navigation tool "N" and follow the
image of the corresponding cell/colony in time.
We use the term “Sign” to mark a dedicated time point during cell growth.
(v) Set Burst sign [F4]: We used the “Burst” sign to mark the burst or shedding
of the spore coat after germination. To set a “Burst” sign, position the mouse
cursor above the time axis and hit the F4 key in the computer. A triangle will
be painted into the plot window and the corresponding time point is entered in
the results column “tBurst ”. If the cursor was positioned below the time line, any
“Burst” sign is removed.
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(vi) Set a Start sign [F5]: To set a “Start” sign, position the mouse cursor above
the time axis in the plot window and hit the F5 key in the computer. A triangle
will be painted into the plot window and the corresponding time point is entered
in the results column “t1”. If the cursor was positioned below the time line, any
“Start” sign is removed. The "Start" sign is used for defining the left border of
the time window that is used for evaluating the generation time (TD).
(vii) Set Stop sign [F6]: Similar to “Start” sign, the Stop sign is for defining the
right border of the time window used for evaluating the generation time (TD).
(viii) Fit Growth Plots: Performs linear regression curve fit on the log(area) data
inside the evaluation time window. If no “Start” sign was set, the evaluation win-
dow will be set automatically. It detects the straight end of the plot that conforms
to the desired fit quality (default: R2=0.99).

Figure 2.1: Screen shots of (A) the Project Window showing four panels
i.e. Images, Objects, Columns and Qualifiers. (B) ObjectJ Tool and (C)
ObjectJ commands of sporeTracker.

2.2.5 Multichannel-SporeTracker

The Multichannel-SporeTracker program is an extension of SporeTracker for ac-
curate pH measurements at the single cell level. It calculates the generation time
by calculating the growing (log2) area of cells with time, and in addition the ex-
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Figure 2.2: Screen shoots of macro commands of sporeTracker and multi
channel sporeTracker.

tension monitors the emission intensity (510 nm) of the green fluorescent protein
derivative IpHluorin, which is expressed in the cytoplasm of our bacteria of in-
terest, after excitation at two wavelengths (390 and 470 nm). The ratios of these
emission intensities, measured inside the contours derived from the phase con-
trast channel, were calculated and converted to pH values. This was done with
a calibration curve in which the emission intensities of IpHluorin after excitation
at 390 and 470 nm are calibrated to solution pH values. Thus the internal pH of
vegetative cells can be assessed as a function of their growth status and cultur-
ing time. Two pre-processing steps were necesseray before the described analysis
could be performed. First, a simple background subtraction in the fluorescence
images that was performed by subtracting the modal (most frequent) value. Sec-
ond, any lateral (x-y) misalignment of the fluorescent channels with respect to the
phase contrast channel was calculated and corrected for by appropriate transla-
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Figure 2.3: Workflow of sporeTracker for spores and vegetative cells.
See section 2.2.4 for details

tion. Figure 2.2 shows a snapshot of the ObjectJ menu that has macro commands
written for the Multichannel-SporeTracker extension. It has the extra command
“Show pH Calibration”, which is needed for the ratiometric pH measurement at
single cell level. “Subset of Plot” allows the researcher to make the different com-
binations of plots. For example ratio vs. growth or pH vs. growth whereas the
“Export Map as Table” allows to extract the numerical data from the different
plots such as growth plots, pH plots etc.

In this thesis, these programs were used for data analysis. SporeTracker was
used in chapters 3 to 5 for germination and outgrowth measurements at single
spore level. The Multichannel-SporeTracker, which is an extension of Spore-
Tracker was used in chapter 6 for internal pH measurement at single cell level.
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