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SHORT ABSTRACT:

We present a simple protocol to obtain fluorescence microscopy movies of growing yeast cells,
and a GUI-based software package to extract single-cell time series data. The analysis includes
automated lineage and division time assignment integrated with visual inspection and manual
curation of tracked data.

LONG ABSTRACT:

Fluorescence time-lapse microscopy has become a powerful tool in the study of many biological
processes at the single-cell level. In particular, movies depicting the temporal dependence of
gene expression provide insight into the dynamics of its regulation; however, there are many
technical challenges to obtaining and analyzing fluorescence movies of single cells. We describe
here a simple protocol using a commercially available microfluidic culture device to generate
such data, and a MATLAB-based, graphical user interface (GUI) —based software package to
qguantify the fluorescence images. The software segments and track cells, enables the user to
visually curate errors in the data, and automatically assigns lineage and division times. The GUI
further analyzes the time series to produce whole cell traces as well as their first and second
time derivatives. While the software was designed for S. cerevisiae, its modularity and
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versatility should allow it to serve as a platform for studying other cell types with few
modifications.

INTRODUCTION:

Single-cell analysis of gene expression has furthered our understanding of many aspects of gene
regulation. Static snapshots of fluorescent reporter expression using flow cytometry or
microscopy provide useful information on the distribution of single-cell expression, but lack the
history and evolution of time series data required to directly inform gene expression dynamics.
Fluorescence time-lapse microscopy presents a means to obtain both single-cell measurements
and their history. Various experimental and analytical techniques have been developed to
obtain and quantify movies of fluorescent reporter expression, thus imparting insights into
gene regulation features (see * for a review) such as cell-to-cell variation*?, bacterial persister
formation®, transcription initiation and elongation, transcriptional bursting®’, cell-cycle
dependence®’, and heritability'®. However, obtaining quality single-cell fluorescence time
series involves significant technical challenges in culturing a monolayer of cells in a controllable
environment and in high-throughput quantification of the acquired fluorescence movies. Here,
we describe a procedure to obtain and analyze fluorescence movies of S. cerevisiae with no
required experience in cell culture device manufacture or in software development (Fig 1).
First, we detail an example protocol to generate fluorescence time series movies for budding
yeast expressing one or more fluorescent reporters. Though customized microfluidic culture
chambers have been built and successfully employed previously** ™3, we use a commercially
available microfluidic device from CellAsic (Hayward, CA). The system confines cells to
monolayer growth and allows continual control of the perfusion environment. The microscopy
protocol we present is a simple means to obtain fluorescence movies of budding yeast, but any
modified experimental protocol (a customized culture device, alternative media conditions,
etc.) yielding similar fluorescence movie data of single yeast cells may be substituted.

Next, we outline the analysis of the movies using a graphical user interface (GUI) —based
software package in MATLAB (Mathworks, Natick, MA), dubbed the GUI for Rapid Analysis of
Fluorescence Time Series (GRAFTS), to extract time series data for single cells. GRAFTS has
similar features to the versatile, open-source software package Cell-ID** in segmenting and
tracking cells and in extracting fluorescence intensity and geometric information. However,
GRAFTS provides important additional features. First, it offers easy interactive editing of
segmentation and tracking results to verify data accuracy, rather than just statistical gating of
outlier region traces after analysis. Moreover, it extends the analysis to automatically designate
lineage and cell-cycle points of interest of budding yeast. Determining when mother and
daughter divide to form two independent cell regions is crucial to determining whole cell
(mother including any connected bud) measurements throughout the cell cycle®. The suite
consists of three modules to accomplish these tasks. The first segments cell regions based on
the contrast between focused and unfocused bright field images, and allows the user to define
and visually test segmentation parameters. The second tracks (using Blair and Dufresne’s
MATLAB implementation of the Crocker et al. IDL routine, available at:
http://physics.georgetown.edu/MATLAB/) and measures cell regions through time;
automatically assigns lineages; and enables visual inspection and error correction. A simple
plotting GUI is included to query single-cell properties. The third module ascribes bud
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emergence and division times, and outputs whole cell time series data as well as their first and
second time derivatives (as discussed in °). The analysis module outputs the data as a space-
delimited text file for subsequent study in the statistical software of choice. Thus, the package
enables the user to extract high quality time series data through a graphical interface.

We have used this method to estimate real-time transcription rates in single budding yeast cells
as a function of the cell cycle®. While the modules have been optimized for budding yeast, the
parameters or, if necessary, the freely available code may be adapted for other organisms and
image types. Segmentation, tracking, and lineage assignment algorithms may be specific to
types of imaging assigned and the organism in question. The existing algorithms could be
replaced, but still retain the GUI interface that allows user-friendly visual inspection and
correction of segmentation and tracking errors that invariably occur with any algorithm.

PROTOCOL:
1) Obtain fluorescent microscopy movies of single yeast cells growing in a microfluidic
chamber.

1.1) Inoculate 1 mL SC media (synthetic defined media with 2% glucose and complete
complement of amino acids) with cells from a freshly growing plate, and incubate the culture
overnight ~16 hours on a roller drum at 30°C. Prepare the culture such that the final ODggonm is
~0.1 for early log-phase growth.

1.2) Dilute the starter culture as needed and regrow 1 mL in a fresh test tube an additional 6-8
hours to ODggonm = 0.1. This provides cells growing at a nutrient-rich steady state at a density
suitable for loading into the microfluidic device. (Alternatively, replace steps 1.1-1.2 with the
procedure necessary to prepare cells as required for the experiment.)

1.3) Prepare a YO4C microfluidic culture plate from CellAsic: remove the shipping solution; rinse
the wells with sterile water; and using the ONIX perfusion system flow water through wells 1-6
at 6 psi for 5 min to flush the channels. Then, flow from the loading well 8 at 6psi for 10 sec (the
loading channel has much higher flow rates and should be flushed separately).

1.4) Remove water from all wells and replace with 250 uL SC in the inlet wells 1-6 and 50 L of
the culture from step 1.2 in cell loading well 8. (Alternatively, place the desired media in the
inlet wells 1-6 for experiments requiring switching between different conditions.)

1.5) Seal the ONIX manifold to the plate, and begin priming the channels and culture chamber
by flowing from inlet wells 1-6 at 6 psi for 2 min followed by at least 5 min at 6 psi from only the
inlet well holding the starting media for the experiment. Flow this continually until step 1.7.

1.6) Prepare the microscope for the experiment. We use a Zeiss Axio Observer.Z1 widefield
microscope with a Cascade Il back-illuminated EMCCD camera (Photometrics, Tuscon, AZ) and a
Lumen 200 metal-halide arc lamp (PRIOR Scientific, Rockland, MA) for fluorescence excitation
attenuated to 10% to prevent photobleaching. To minimize the switching time required to
acquire in multiple fluorescent channels, we couple a single, triple-bandpass dichroic filter cube



to appropriate excitation/emission filters for CFP, YFP, and RFP (Chroma Technology Corp,
Bellows Falls, VT; set 89006) set in external, fast-switching filter wheels (Ludl Electronic
Products, Novato, CA).

1.7) Place a few drops of immersion fluid on the objective (if needed, we use a Zeiss Plan-
Apochromat 63x/1.40 Qil DIC), and mount the microfluidic device securely in the stage of the
inverted microscope. Ensuring the plate does not shift at all in the stage throughout the
experiment improves cell tracking during data analysis. We simply tape the plate to the stage
mount to prevent its shifting.

1.8) Focus on the leftmost third of the first culture chamber (where the chamber height is
smallest) using one of the embedded position markers. Turn off flow from the media inlet well,
and flow from cell loading well 8 at 6 psi in 5 sec bursts. Move the stage to look around the
culture chamber for cells. Increase loading flow time and pressure until desired cell density is
achieved, but avoid overloading and clogging the leftmost barrier where fresh media enters the
chamber.

1.9) Begin flowing from the media inlet well containing the starting media at 6 psi.

1.10) In MetaMorph (Molecular Devices, Sunnyvale, CA) or other microscopy automation and
control software, setup a multi-dimensional acquisition to take multiple images at multiple
stage positions over time. Set the number of and interval between time points. Select several
stage positions with ~10 cells each (more will overcrowd quickly). We typically use 5 min
intervals and image up to 16 positions, which each require ~11 seconds for acquisition at each
time point.

1.11) Setup the acquisition so that at each stage position at each time point the program will:
focus on the transmitted light bright field (BF) image using MetaMorph’s built-in autofocus
method (details); acquire the BF image at +1 um to the focal place (f.p.); acquire a BF out of
focus (BFOOF) image at -4 um to the f.p.; and acquire one grayscale image for each fluorescent
reporter at the f.p. using settings optimized for rapid acquisition with minimal photobleaching.

1.12) If necessary, obtain background and shading correction images for each fluorescent
reporter in an area of the culture chamber with no cells.

1.13) Prepare the flow program for the experiment in the ONIX control software.
Simultaneously begin the acquisition program in MetaMorph and the flow program in the ONIX
control software.

1.14) At the end of the experiment, correct uneven background and shading in the fluorescent
images (if needed), and optionally combine the .tif files for each image channel at each stage

position into a .stk movie file (e.g., create BF, BFOOF, CFP, YFP and RFP movies for position 1).

2) Format and segment data for tracking using the FormatData GUI in MATLAB (Fig 2).



2.1) Run the FormatData.m file in MATLAB to open the data input GUI. At the top, specify or
browse to the folder containing the image files to set the data directory, and then use the GUI
to specify the data types and image files recorded in the experiment.

2.2) To the right, select the radio button next to “Time-lapse” to indicate which analysis type to
perform. “Time-lapse” will treat the image series as a time series (e.g., a movie of cells growing
in a microfluidic chamber). “Static” will treat each image series as a set of snapshots taken from
a population (e.g., multiple images taken at different positions on a single slide sample). In this
GRAFTS version, time-lapse data for multiple positions can be processed but as a separate file
for each position (see step 2.14).

2.3) Check the box for image registration to correct for imprecise stage movements by shifting
each image in the movies to minimize apparent cell movement within the frame. We strongly

recommend this as it greatly improves tracking (reducing manual track curation later), but will
add random, “white noise” pixel values to fill in where images have been shifted at the border.
It could also be selected after viewing segmented BF images in step 2.7 or at any point till until
step 2.13.

2.4) Check the “Bright Field” box in the “Data Channels” panel. Click “Select” to the right to load
the BF images. For *.TIF files, select all BF images corresponding to a single movie by holding
the Shift key while selecting, then click “Open”. For *.STK files, just select the BF stack of
interest. If the images are successfully recognized, the file names will be listed in the popup
menu to the right in the “Data Recognized” panel. For *.TIF files, be sure the file names appear
in the correct order (save files with sequential names during acquisition — BF_t001, etc.).

2.5) Check the “Bright Field (out of focus)” box and use the “Select” button as in step 2.4 to
load the BFOOF files, which will be listed in the popup to the right. (BFOOF obtained as BF -4
um relative to the f.p. at 63x segments well.)

2.6) Check the “Cell Mask” box. In the “Mask Source” panel, select the radio button next to
“Segment BF”. Push the “Parameters” button to open the segmentation GUI. (Alternatively,
select a pre-segmented mask movie by selecting the radio button next to the “Select Mask File”
button, pressing the latter, and selecting the movie as in step 2.4. In this case, a BFOOF movie is
not needed, and can skip to step 2.8.)

2.7) Set the different segmentation parameters (descriptions of each can be viewed by pressing
“Parameter descriptions”) and test the segmentation quality by clicking “Test” (Fig 3).
Successfully segmented regions will be green with magenta borders. Be sure to use the slider to
check multiple time points in the movie. When the segmentation is satisfactory, select “Done”
to return the segmentation parameters to the FormatData GUI.

2.8) Check the “Color Images” box. Enter the color name for the first fluorescent image channel
in the text edit box, and then press “Add and Select” to load the color files as in step 2.4. The



color name will be added to the list box on the left, and the file names will be added to the
table on the right. If a mistake is made in loading the color files, select the color name in the list
box on the left and click “Remove Color” to remove the files. Repeat for each color channel.

2.9) If additional sub-region masks based on one of the fluorescent colors (e.g., fluorescently
labeled nucleus = nuclear region mask) are desired, check the “Color Mask” box. If not, skip to
step 2.12. In the “Color Mask Source” panel, enter the sub-region mask name in the text edit
box. Choose a color from the popup menu in the “Color Mask Source” panel (requires the color
to have been added in step 6) and push “Parameters” to open a threshold testing GUI.

2.10) Push the “Auto-threshold” button to automatically determine the threshold using Otsu’s
method®®, and the image will highlight the areas preserved above the threshold (Fig 4). The
threshold can be manually adjusted using the edit box. Use the scroll bar to confirm the
threshold is appropriate for all time points. When satisfied, push “Done” to return the
threshold to the FormatData GUI.

2.11) Push “Add and Segment” to generate the sub-region mask using the threshold module
applied to the selected color images. The color mask name and source will be displayed in the
table to the left, with the relevant recognized file names appearing in the table on the right.
(Alternatively, push “Add and Select” to load pre-made sub-region mask files.)

2.12) At the bottom, specify or browse to the desired folder to be used as the save directory.

2.13) Press “Format Data” to read the image files (using the tiffread2.m code developed by
Francois Nedelec, available at:
http://www.mathworks.com/MATLABcentral/fileexchange/10298), process the data, and
create a *.mat file in the specified folder. This file will serve as the input to the
ProcessTimeSeries GUI.

2.14) Repeat step 2.4-2.13 for the set of movies for each stage position.

3) Track cells and lineages through time with ProcessTimeSeries GUI, and curate ID and
lineage assignments (Fig 5).

3.1) Run the ProcessTimeSeries.m file in MATLAB to open the tracking GUI. Set the following
parameters after opening the GUI:
e “Chamber height” (“File I/0” panel, upper left) — this indicates the height of the
chamber in which the cells are trapped. It is used as a constraint in approximating cell
volume as a 3D ellipsoid based on the major and minor axis of the cell region as in ®.
e “um/pixel” (“File 1/0” panel) — the conversion factor to calibrate pixel to um distance
in the images so cross-sectional area and volume can be calculated in pm? and pm?,
respectively.



e “Filters panel” (below “File I/0” panel) — set minimum and maximum parameters to
filter out junk regions in the mask: “Area” — region area in pixels; “Ecc” — eccentricity
factor, more circular as =2 0; “SF” — shape factor, more circular as 2 1.

3.2) Click “Load Images” in the “File I/O” panel and select the *.mat data file of interest output
by the FormatData GUI. The region mask (and any sub-region masks) will be applied to each
color channel and a number of different measurements are made (Table 1). The data file is then
saved. (If loading a file into ProcessTimeSeries from a previous session, it will ask if the analysis
should be restarted from the beginning. CAUTION: This will erase any track curation already
completed and treat the data as if it were fresh from the FormatData GUI. If accidentally
restarted, quickly hit Ctrl+C in the MATLAB command window to prevent the previously curated
*.mat file from being overwritten.)

3.3) Next, track the cells. In the “Track Cells” panel (next to the “Filters” panel), set the
following parameters:
e “Max Displacement” — the maximum distance in pixels a cell can travel between
adjacent images before being labeled as a different cell. Higher displacement means the
algorithm can account for cells moving more, but it also increases the complexity of
matching cell regions in crowds. We start at 12 and decrease if an error occurs in
tracking (see step 3.4).
e “Minimum Length” — minimum number of occurrences for a cell trace to be
considered a valid data series. We use 1 to prevent removal of any real traces, but this
can be increased if segmentation results in short-lived, spurious region traces.
¢ “Frame Memory” — maximum number of consecutive frames a cell region can
disappear and be given the same ID when it returns. If it disappears for longer than
“Frame Memory”, it will be given a new ID upon returning. We use 2 to allow regions to
be missed by segmentation for 2 frames before returning.

3.4) Click “Track Cells” to track regions from one frame to the next using the region centroids
(Blair and Dufresne MATLAB implementation of Crocker, Grier, and Weeks IDL routine, available
at: http://physics.georgetown.edu/MATLAB/), to assign lineages for newly appearing buds, and
to save the data. Lineages are automatically assigned by minimizing distances between putative
buds and potential mothers in each frame. (If an error appears in the MATLAB command
window due to “difficult combinatorics”, decrease “Max Displacement” and repeat tracking.)

3.5) Curate poorly segmented regions and mistakes in ID or lineage assignments using the
various GUI tools or shortcut keys (shown in a popup window by pressing the button above
“Selected Cell Information” panel).
e Slider, “Prev Image”, “Next Image” (Ctrl+left/right) — use to display and move between
frames in the image series.
e “Image #” — displays the frame number of the current image in the left and right axes.
Move to a specified frame by typing its number in the right “Image #” edit box.
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e “Delta frame” — shows the difference in frame number between the right and left axes

(A = right — left).

e “Hide Text”, (Ctrl+T) — toggles between displaying the cell IDs in the right axes or not.

e “Hide Labels”, (Ctrl+L) — toggles between displaying the cell IDs in the left axes or not.

e “Mask” popup menu — choose between displaying no mask, the cellular mask, or any

user-defined sub-masks for display in the left panel.

e “Overlay” popup menu (Ctrl+1-9) — choose to display BF and color layers in the left

frame. Show BF is the only one that toggles the BF layer on or off in both axes. Toggle

between display or not by selecting the overlay name in the menu again (“*” denotes

overlay is displayed). Ctrl+1 toggles BF overlay, with 2-9 toggling the color overlays in

order.

e “Set Colors” — use to determine color for overlay display. A popup window will query

which fluorescence channel to set, and then the color palette will appear for user

definition.

¢ “Modify Regions and Tracks” panel — these controls effect changes on the cell region

mask and trace information:
e “Update tracks” (Ctrl+U) — use to reassign cell IDs. If no cells are selected in right
axes, the GUI will prompt for a cell ID to change. When ID X is changed to Y, all
future instances of X will be changed to Y, and any future instances of the current,
will be switched to X. (Occasionally one cell will switch back and forth between 2 IDs,
repeatedly. This is due to the tracking trying to accommodate multiple IDs in an
oversegmented region rather than an error in the update ID function.) Multiple cells
can be selected and their IDs changed simultaneously, but be sure to give each a
unique ID. To assign a region to an ID that does not exist in the current file, enter “0”
and one will be generated. Use Ctrl+W to swap the IDs of two highlight cells.
e “Delete Selected Tracks” (Ctrl+D) — use to delete the selected cell or multiple cell
regions in the current right axes frame. (If no cells are selected, will prompt for ID.)
To permanently delete all instances of an ID trace, check the box next to the Delete
Selected Tracks button (text will change to “Delete ALL”). This is useful for getting rid
of persistent junk regions, but first check future frames to make sure the ID doesn’t
switch to a valid cell or bud region.
e “Merge Regions” (Ctrl+A or M) — smooths and combines cell regions. Click a cell or
cells in the right axes to select (region will turn red if selected). Merging on one
region will morphologically close to fill in cracks or small missing chunks using a disk-
shaped element. Merging two or more nearby regions will combine them into one
region and give the lowest ID to the new region. This is useful for over-segmented
regions (often when cells have large vacuoles).
e “Draw region” — use the mouse to draw a region in the right axes where desired
and double click to finish. Provide a unique ID not present in the data set (between 1
and 65535). Cancel by pressing delete on the keyboard.

e “Lineage Tracking” panel — after tracking, lineage assignments are automatically

generated. When new ID regions appear, the new cell ID appears in pink and a red line is

drawn to the mother region. New regions too large to be buds or too far away from



potential mothers appear in green and are assigned a mother ID of “NaN” (“not a
number”, see Table 2). Regions existing at the first time point have a mother ID of “0”.
To fix individual assignments, enter the mother and bud IDs in the text edit fields and
click “Fix”. To erase a cell’s mother, enter “0” as its mother. A faster method is to select
two regions in the right image and press Ctrl+F. This will automatically assign the older
region as the mother and the newer region as the daughter, while erasing any
previously existing mother assignments for the daughter cell. CAUTION: Clicking
“Calculate Lineages” at any time will recalculate all lineage assignments, including those
the user has previously curated.

e “Selected Cell Information” panel — “Get Info” will display some measurements of the
regions selected in the right axes. “Measurements...” allows the user to determine
which measurements are displayed (as well as define the default list for other
operations such as “Export Data”). Can be used to determine correct IDs and lineages
(e.g., if cell X has a bud at time t, it most likely does not have another bud at time
t+5mins).

e “Save Changes” (Ctrl+S) — updates the *.mat file to reflect user changes. USE
FREQUENTLY (there is no undo function)!

e “Generate Plots” — opens the GeneratePlots GUI. Used to quickly plot selected
variable information and simple calculations for single-cell regions highlighted in the
right axes of the ProcessTimeSeries GUI, their mean, or the mean of all regions in each
frame. This GUI can calculate rough first derivatives, but be sure to specify the correct
time interval at the top left. Plots may be output to a figure for saving by pressing
“Generate Figure”.

3.6) To properly curate data: merge any oversegmented regions; delete any regions not
capturing the whole cell; be sure mother-bud relationships are properly assigned (a red line
appears between them at the time of bud emergence, when the bud ID is pink, see Table 2);
and eliminate any green IDs by fixing the ID, assigning the region a mother, assigning no mother
(“0”), or deleting the region. Bud data will be added to that of the mother during the final
analysis so do not merge a bud region to its mother (it will lead to inaccurate volume
estimation).

3.7) Visually inspect data for each frame up to the last time of interest, but it is not required of
the entire time series if not using the later frames.

3.8) Be sure to save changes.

3.9) Repeat steps 3.1-3.7 for the *.mat file for each stage position.

4) Exporting data for analysis.

4.1) To simply export raw region measurements for each cell through time, push “Export Data”.

The measurements of interest can be selected in the GUI that opens, and they will be output in
a space-delimited *.txt file with variable names as column headers.



4.2) To analyze the time series for whole cells over time, calculate cell-cycle information, and
take derivatives, push “Time Series Analysis”. A window will open allowing selection of the
measurements of interest and input of analysis parameters (Fig 6).

4.3) Enter the last time point curated in the GUI (all subsequent frames will be ignored). The
default smoothing and cell-cycle assignment parameters work well for our haploid and diploid
strains imaged in 5 min intervals, but these may need to be varied for best results. (Check that
the parameter values are appropriate by manually determining budding and division time for a
test data set and comparing to the performance of the automated algorithm.)

4.4) When all parameters are set, push “Analyze” to:
e Construct arrays for each raw measurement and subtract the background (measured
as the average intensity of the non-cell area of the first frame in each fluorescent movie
or can be specified to account for average autofluorescence per cell pixel).
e Fit a smoothing spline to the selected measurements to eliminate high-frequency
measurement noise (as discussed in °).
e Automatically determine bud emergence and cell division times for each cell based on
changes in the slope of the volume time series as discussed in °. The bud measurements
will then be added to the mother’s measurements between emergence and division
each cycle for a contiguous whole cell time series. A normalized cell-cycle progression
will also be calculated ranging from 0 to 2 from division to division.
e Fit a smoothing spline to take stable 1 and 2" derivatives of the selected
measurements. (For the purpose of well-defined derivatives, time series are made
continuous across division by shifting data for the following cell cycle to meet the
endpoint for the previous cycle.)
e Output raw and smoothed time series for all regions, and whole cell smoothed,
continuous, and differentiated time series as an array for each measurement. The first
element is a color index for background subtraction, the rest of the first row holds cell
IDs, the rest of the first column is the frame number, and the remaining elements hold
the time series for each single cell in a column with each row corresponding to the
frame in the first column. A similar array of cell-cycle progression time series and lineage
information will also be output. Data is exported to a *.mat file (MATLAB data file).

REPRESENTATIVE RESULTS:

A successfully performed and analyzed experiment will yield mostly continuous time series for
single whole cells with realistically assigned bud emergence and division times. As an example,
we performed the above protocol with a haploid yeast strain expressing an integrated copy of
Cerulean fluorescent protein (CFP) driven by the constitutive ADH1 promoter to observe how
growth and global expression may vary over time in single cells (Table 4, Y47). We ran the time
series analysis to obtain whole cell (Fig 7A) measurements over time, and a dependence on the
cell cycle emerges for both volume and expression as found in °. After bud formation, the total
combined volume (mother + bud) increases more quickly than before bud emergence
(consistent with ®) while protein concentration, or average intensity, decreases slightly (Fig



7B&C). The rise in combined integrated protein (volume x concentration in this case) also
accelerates after budding (Fig 7D). Comparing to the mother region alone (Fig 7B&D), these
results demonstrate the importance of properly incorporating bud contributions to the whole
cell measurement and highlight the need for proper bud formation and division time
assighments. As we have reported °, we can use the differentiated time series to calculate an
instantaneous relative mRNA level M(t) and transcription rate A(t), which both also increase
after budding (Fig 7E&F):
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where P(t) is the total protein at time t and yu, is the mRNA degradation rate 0.04 min™ *’.
These are not absolute quantities as our protein time series are measured in an arbitrary
fluorescent unit.
The ability to generate stable time derivatives of measurement time series also benefits kinetic
studies. We use a yeast strain expressing an observable, chimerical transcription factor with
switchable transcription activity (Table 4, Y962). The master transcription factor of the
phosphate starvation pathway, Pho4p, is controlled through nucleo-cytoplasmic localization in
response to extracellular phosphate concentration®. We replaced the DNA binding domain of
Pho4p with tetR, which binds the tet operon (tetO), and C-terminally fused the new
transcription factor to a yellow fluorescent protein to create Pho4-tetR-YFP®. By switching the
phosphate level in the perfusion media, we could then toggle expression of an integrated CFP
driven by a synthetic promoter composed of 7 tetO binding sites and the CYCI minimal
promoter (7xtetOpr-CFP). A time series analysis shows when the transcription factor is localized
to the nucleus (using a fusion of RFP and the nuclear protein Nhp2p to create an RFP-based
nuclear submask as in step 2.9-10), and when the target gene starts and stops transcription (Fig
8). By analyzing the derivative series over time, activation and deactivation times of the target
promoter in each single cell can be inferred even when the concentration of the stable
fluorescent reporter is high.

(TABLES AND FIGURES)

Figure 1: Schematic of protocol. The protocol describes steps for 1) microfluidic culture, 2)
fluorescence, time-lapse microscopy, 3) data analysis, and 4) output of single-cell time series of
cell measurments. Text in red indicates information required for data analysis.

Figure 2: FormatData GUI. The interface is used to import, format, and segment image data for
later calculations and visual inspection. Numbers indicate the protocol step corresponding to
each component.

Figure 3: SegTest GUI. The interface is used to test cell segmentation parameters and visually
confirm segmentation accuracy as in step 2.7.



Figure 4: ColorThreshTest GUI. The interface is used to test the intensity threshold needed to
create a subcellular mask from the chosen fluorescence channel as in step 2.10.

Figure 5: ProcessTimeSeries GUI. The interface is used to measure, track, visually inspect, and
edit cell regions and lineage assignments. Numbers indicate the protocol step corresponding to
each component.

Figure 6: AnalysisParams GUI. The interface is used to enter parameters required for the time
series analysis as in steps 4.3 and 4.4.

Figure 7: Single-cell time series of a haploid yeast expressing ADH1pr-CFP in microfluidic
culture over several generations. (A) Bright field (top row) and CFP (bottom row) micrographs
are shown at the indicated time points for a cell throughout the experiment. For the segmented
mother cell (blue outline) and its buds (green outline), the contiguous whole cell is outlined in
red. Raw mother and bud (B) volume and (C) protein concentration time series were smoothed
to remove measurement noise, and (D) integrated CFP fluorescence was calculated as the
product of volume and concentration. The whole cell (red) trace is extended past division to
keep a running total that is easy fit to a differentiable smoothing spline across divisions (B&D).
The (E) relative mRNA level and (F) instantaneous transcription rate are calculated using
equations (1-2) and the spline fit in (D).

Figure 8: Promoter transcription rate response to nucleo-cytoplasmic shuttling of a Pho4-YFP
fusion in single yeast cells. (A) Micrographs from the four indicated acquisition channels are
shown for a cell with a switchable YFP-fused Pho4-tetR transactivator that (B) localizes to the
RFP-marked nucleus in response to low phosphate and (C) drives expression of a 7xtetOpr-CFP
reporter. (D) The inferred transcription rate changes with localization on average (black line)
and at the single-cell level (red and magenta lines, where red represents the contiguous cell
region outlined in red in A). Sharp drops in CFP expression in B coincide with cell division when
some protein is lost to the daughter cell.

Table 1: Measurement variable nomenclature in ProcessTimeSeries GUI.

Measurement Name Description

Time Image frame number

Area Total number of pixels comprising the region

Volume (4/3)rabc, where a = % major axis length of region, b = % minor axis
length, and ¢ = b or % “Chamber height” (whichever is smaller)

(X)_(Y)mean Mean pixel intensity for the region mask (Y) in color channel (X)

(X)_(Y)median Median pixel intensity for the region mask (Y) in color channel (X)

(X)_(Y)std Standard deviation of pixel intensities for the region mask (Y) in color
channel (X)

(X)_(Y)igr Interquartile range of pixel intensities for the region mask (Y) in color
channel (X), 75" percentile — 25™ percentile value

(X)_(Y)T20pct Mean intensity for the top 20% of pixel intensities for region mask (Y)




in color channel (X). Useful in comparison with the next measurement
to determine subcellular localization without a submask.

(X)_(Y)B80pct

Mean intensity for the bottom 80% of pixel intensities for region mask
(Y) in color channel (X). Useful in comparison with the previous
measurement to determine subcellular localization without a
submask.

(X)_(Y)M50pct

Mean intensity for the middle 50% of pixel intensities for region mask
(Y) in color channel (X)

(X)_cellint Integrated fluorescence of color channel (X) (mean pixel intensity x
volume) for the whole cell (mother and any connected bud)

(Z)Raw Raw time series data output by “Time Series Analysis” for variable (Z)

(Z)Smooth Spline-smoothed raw time series data output by “Time Series
Analysis” for variable (2)

(Z)Whole Whole cell (mother + attached bud (Z)Rawsmooth) time series data
output by “Time Series Analysis” for variable (Z)

(Z)Cont Whole cell time series data made continuous at divisions (“running
total”) output by “Time Series Analysis” for variable (Z)

(Z)WhSmooth Spline-smoothed (Z)Whole cell time series data output by “Time Series
Analysis” for variable (2)

(z)ddt First time-derivative of spline-smoothed (Z)Whole cell time series data
output by “Time Series Analysis” for variable (Z)

(z)d2dt2 Second time-derivative of spline-smoothed (Z)Whole cell time series

data output by “Time Series Analysis” for variable (Z)

Table 2: Cell ID color code for lineage assignment status

Cell ID color Lineage status

yellow mother assigned

pink new bud (red line drawn to assigned mother)
green no mother assigned

Table 3: GRAFTS file descriptions.

File Name

Description

FormatData.m

Data input GUI that formats movies and
segments BF images for processing by
ProcessTimeSeries.m

FormatData.fig

FormatData GUI window layout

BFsegment.m

BF segmentation module, with
extractregions2.m and segmentregions.m

SegTest.m

Segmentation quality testing GUI

SegTest.fig

SegTest GUI window layout

extractregions2.m

First component of BF segmentation module
to identify regions

segmentregions.m

Second component of BF segmentation




module to separate and clean cell regions

color2submask.m

Fluorescence-based submask segmentation
module

ColorThreshTest.m

Fluorescence-based threshold mask testing
GUI

ColorThreshTest.fig

ColorThreshTest GUI window layout

tiffread2.m Extracts data *.TIF or *.STK files for use in
MATLAB
imalign.m Image registration using 2D cross correlation

ProcessTimeSeries.m

Data processing GUI that tracks regions,
assigns lineages, and enables visual correction
of errors. Also provides GUI-based plotting
capability and outputs whole-cell time series
data

ProcessTimeSeries.fig

ProcessTimeSeries GUI window layout

cleanMask.m

Eliminates mask regions based on parameters
in ProcessTimeSeries GUI

track.m

Tracks cell regions based on region centroids

Optimizelineages.m

Lineage assignment module determines
optimal mother-bud relationships based on
physical distance and past and future budding
events

getClosestObjects.m

Finds neighbor cells for each new cell ID (bud)

SelectVariables.m

Measurement selection GUI for choosing
variables of interest

SelectVariables.fig

SelectVariables GUI window layout

GeneratePlots.m

Plotting GUI for data in ProcessTimeSeries
window

GeneratePlots.fig

GeneratePlots GUI window layout

AnalyzeCellSeries.m

Time series analysis module determines cell
division time and outputs whole cell
measurements as described in the text

assignDivisionsInf2.m

Assigns bud sprout and cell division times

AnalysisParams.m

Cell time series analysis parameter input

AnalysisParams.fig

AnalysisParams GUI window layout

Table 4. Yeast strains used in this study

Strain ID Genotype (W303-based) Reference
Y47 MATa leu2::ADH1pr-CFP-hisG::URA3::kanR::hisG | *°
Y962 MATa ADE+ NHP2::RFP-NAT spl2A::LEU2 9

URA3::7xtetOpr-CFP

phod::TRP1 pho84A::klura3 phm4::HIS3MX6
leu2A::TEFIm7pr-PHO4AP2-tetR-cYFP




DISCUSSION:

The above protocol describes a simple method to obtain and analyze fluorescence time series
data with limited experience in microfluidics or in software development. It allows one to
obtain time-lapse fluorescence movies of single yeast cells; extract relevant cell size and
expression measurements; curate tracking and lineage assignments; and analyze the behavior
of whole cells over time using a commercially available microfluidic culture device and a
versatile graphical user interface (GUI). While the experimental, segmentation, and tracking
steps have been approached in various ways previously'**** the above procedure is designed
to make these techniques more accessible to a wider subset of the biology community. While
the above procedure is optimized for a particular microfluidic culture device, the overall
analysis can be adapted to similar devices as off-the-shelf microfluidic culture technologies
become cheaper and more customizable. Fundamentally, the segmentation and region
measurement algorithms we employ are similar to existing methods****, but the GRAFTS
software adds the ability to visually curate region tracking and lineage assignments and to
assign cell-cycle phases accurately. Both of these features are crucial to accurately calculating
the time-derivatives of data series.

The above protocol describes a simple method to obtain and analyze fluorescence time-series
data with limited experience in microfluidics or in software development. It allows one to
obtain time-lapse fluorescence movies of single yeast cells; extract relevant cell size and
expression measurements; curate tracking and lineage assignments; and analyze the behavior
of whole cells over time using a commercially available microfluidic culture device and a
versatile graphical user interface (GUI). While the experimental, segmentation, and tracking
steps have been approached in various ways previouslylo'lz'la, the above procedure is readily
accessible to a wider subset of the biology community. Fundamentally, the segmentation and
region measurement In addition, the software described improves upon previous analysis
algorithms by including the ability to visually curate region tracking and lineage assignments
and by the accurate assignment of division times, both of which are crucial to accurately time-
differentiating data series.

There are several steps in the protocol which significantly impact the quality of the resulting
time series data. Initially overloading the culture chamber with cells will decrease perfusion in
the chamber (especially noticeable in kinetic experiments where chamber refresh time is
important), and overgrowth will occur earlier in the experiment time course. This can best be
avoided by starting with lower cell loading pressure for shorter times and gradually increasing
one or both until an appropriate cell density is achieved. Stage position selection for imaging is
a related and equally important consideration. Knowing the doubling time of the strain, plan
how many cells will be in the image frame over time and anticipate how crowding will affect
media diffusion. Ten dispersed cells will grow into ten microcolonies, but ten cells initially
grouped together will grow into a single, large colony (we have noticed nutrient diffusion
limitations at 6 psi to the center of a colony when it is greater than ~14 cells in diameter). Extra
effort in the upstream protocol steps also facilitates manual data curation later, and improves
the output time series. Ensure the plate is firmly mounted in the stage and use the image



registration option in the FormatData GUI to vastly improve the accuracy in automatically
tracking single cells through time. Spend time in choosing the best possible segmentation
parameters to reduce also the number of errors which require attention. The tracking software
works best with slight oversegmentation of cell regions rather than undersegmentation
because remerging a split cell is a simpler task than drawing lines to divide regions; however,
increased oversegmentation increases errors in lineage assignments due to the presence of
false, new regions. Furthermore, be sure that all mother-bud relationships are properly
assigned so that measurements for the whole cell will be accurate. If a bud is missed by the
segmentation or grows outside of the image boundary, consider ending the mother’s data
series to prevent spurious results. This is easily done by changing the mother region to a unique
ID (enter ID of “0”) at the erroneous frame, and using the “Delete ALL” feature to remove all
future instances of the new ID. Close attention to these steps will greatly increase the accuracy
of the raw time series data.

To establish valid interpretation of the data output by pressing “Time Series Analysis”, we
recommend a few additional inquiries. Verify bud emergence and division times are accurately
determined based on the user-input parameters. Manually record budding and division times
for a test movie set and compare to the algorithm results. To visually estimate the time
cytokinesis completes between a mother and daughter, look for their boundary to narrow and
darken. (NB: A test strain with a fluorescently-marked nucleus aids in manual observation of
division time. Another method would be to fluorescently-mark the plasma membrane and look
for the gap between mother and daughter cells to close.). Also, check whether total
fluorescence for a cell is better calculated as the average region intensity multiplied by the
volume (when captured light originates from a thin cross-section of the cell) or as the
integrated fluorescence over the region (when captured light originates from the entire cell). If
the fluorescence profile across a cell matches the curve of a semi-ellipse described by the major
and minor axes of the region’, captured light originates from the entire cell, and total
fluorescence should be calculated as (mean intensity) x (area). In our case at 63x with a depth
of field much less than the cell height, the fluorescence profile is relatively flat and total
fluorescence is calculated as (mean intensity) x (volume). Another consideration is the
photobleaching of the fluorophore. The software does not consider photobleaching in the
analysis, and thus the fluorescence time series output represents only the observable reporter.
Photobleaching processes depend heavily on the acquisition settings and time interval used to
obtain fluorescence images, the nature of the fluorophore, and various other experiment-
specific parameters. Photobleaching also may not be well-described by a simple, first-order rate
expression, which prevents a general algorithm for its treatment. We therefore do not account
for photobleaching in the time series output, but the analytical method may be used to
measure the kinetics of this process to aid the user’s interpretation. Lastly, choose smoothing
parameters suitable for the observed time series. Ideally, the smoothing splines will eliminate
high-frequency measurement noise while preserving real features in the data. The parameter
required to achieve this depends on the characteristics of the particular time series and may
vary between experiments.



The software was intended to be flexible for analysis of various time-lapse fluorescence
microscopy data. Any number of color channels can be included and any may be used to create
a sub-region mask. While the algorithms work well for movies of budding yeast cells, many of
the functionalities should extend to movies of other organisms as well. Region measurement
(excepting volume), tracking, and curation depend only on the cell mask and are thus
adaptable. The segmentation, lineage assignment, cell division determination, and time series
analysis modules can be independently modified to suit specific needs. In addition, rather than
using the included segmentation module, a pre-segmented mask movie can be input, and
phase-contrast or differential interference contrast images can be substituted for bright field.
The GUIs can then be used primarily to track and curate ID and lineage assignments.
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Name of Reagent/Material

YOA4C Yeast Perfusion Plate

ONIX Microfluidic Perfusion Platform
Axio Observer.Z1 Microscope
Plan-Apochromat 63x/1.40 Qil DIC objective
Cascade Il EMCCD camera

Lumen 200 metal-halide arc lamp
Triple-bandpass dichroic filter cube and
excitation and emission filter set

MAC 5000 controller and filter wheels
MATLAB R2011a

Company

CellAsic

CellAsic

Zeiss

Zeiss

Photometrics

PRIOR Scientific

Chroma Technology Corp

Ludl Electronic Products
Mathworks

Catalog Number
Y04C-02
EV-262

440762-9904-000

set #89006

Comments

Used for YFP (Venus/Citrine), CFP
(Cerulean), RFP (mCherry/tdTomato)

64-bit version handles large data files
better than 32-bit
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without limitation, the Video) or Collective Works based on all
or any portion of the Article and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works and
{c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically necessary
to exercise the rights in other media and formats. If the “Open
Access” box has been checked in Item 1 above, JoVE and the
Author hereby grant to the public all such rights in the Article
as provided in, but subject to all limitations and requirements
set farth in, the CRC License.

4. Retention of Rights in_Article. Notwithstanding the
exclusive license granted to JoVE in Section 3 above, the
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Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in each
case provided that a link to the Article on the JoVE website is
provided and notice of JoVE's copyright in the Article is
included. All non-copyright intellectual property rights in and
to the Article, such as patent rights, shall remain with the
Author.

5. Grant of Rights in Video — Standard Access. This Section S
applies if the “Standard Access” box has been checked in Item
1 above or if no box has been checked in Item 1 above. In
consideration of loVE agreeing to produce, display or
otherwise assist with the Video, the Author hereby
acknowledges and agrees that, Subject to Section 7 below,
JoVE is and shall be the sole and exclusive owner of all rights of
any nature, inciuding, without limitation, all copyrights, in and
to the Video. To the extent that, by law, the Author is
deemed, now or at any time in the future, to have any rights
of any nature in or to the Video, the Author hereby disclaims
all such rights and transfers all such rights to foVE.

6. Grant of Rights in Video — Open Access. This Section 6
applies only if the “Open Access” box has been checked in

Item 1 above. in consideration of JoVE agreeing to prodtce,
display or otherwise assist with the Video, the Author hereby
grants to JoVE, subject to Section 7 below, the exclusive,
royalty-free, perpetual {for the full term of copyright in the
Article, including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Video in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, {b) to translate the
Video into other languages, create adaptations, summaries or
extracts of the Video or other Derivative Works or Collective
Works based on all or any portion of the Video and exercise all
of the rights set forth in {a) above in such translations,
adaptations, summaries, extracts, Derivative Works or
Collective Works and (c) to license others to do any or alt of
the above. The foregoing rights may be exercised in all media
and formats, whether now known or hereafter devised, and
include the right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees. If the Author is a United States
government employee and the Article was prepared in the
course of his or her duties as a United States government
employee, as indicated in Mtem 2 above, and any of the
licenses or grants granted by the Author hereunder exceed the
scope of the 17 U.S.C. 403, then the rights granted hereunder
shall be limited to the maximum rights permitted under such
statute. In such case, all provisions contained herein that are
not in conflict with such statute shall remain in full force and
effect, and all provisions contained herein that do so conflict
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shall be deemed to be amended so as to provide to JoVE the
maximum rights permissible within such statute.

8. Likeness, Privacy, Personality. The Author hereby grants
JoVE the right to use the Author’s name, vaice, likeness,
picture, photograph, image, biography and performance in any
way, commercial or otherwise, in connection with the
Materials and the sale, promotion and distribution thereof.
The Author hereby waives any and all rights he or she may
have, relating to his or her appearance in the Video or
otherwise relating to the Materials, under all applicable
privacy, likeness, personality or similar laws.

9. Author Warranties. The Author represents and warrants
that the Article is original, that it has not been published, that
the copyright interest is owned by the Author {or, if more than
one author is listed at the beginning of this Agreement, by
such authors collectively) and has not been assigned, licensed,
or otherwise transferred to any other party. The Author
represents and warrants that the author(s} listed at the top of
this Agreement are the only authors of the Materials. If mare
than one author is listed at the top of this Agreement and if
any such author has not entered into a separate Article and
Video License Agreement with JoVE relating to the Materials,
the Author represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreament on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them had
been a party hereto as an Author. The Author warrants that
the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate, infringe
and/or misappropriate the patent, trademark, intellectual
property or other rights of any third party. The Author
represents and warrants that it has and will continue to
comply with all government, institutional and other
regulations, including, without limitation all institutional,
laboratory, haspital, ethical, human and animal treatment,
privacy, and all other rules, regulations, laws, procedures or
guidelines, applicable to the Materials, and that all research
involving human and animal subjects has been approved by
the Author's relevant institutional review board.

10. JoVE Discretion. If the Author requests the assistance of
JoVE in producing the Video in the Author’s facility, the Author
shall ensure that the presence of JoVE employees, agents or
independent contractors is in accordance with the relevant
regulations of the Author's institution. If more than one
author is listed at the beginning of this Agreement, JoVE may,
in its sole discretion, elect not take any action with respect to
the Article until such time as it has received complete,
executed Article and Video License Agreements from each
such author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to accept
or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
full, unfettered access to the facilities of the Author or of the
Author’s institution as necessary to make the Video, whether
actually published or not. JoVE has sole discretion as to the
method of making and publishing the Materials, including,
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without limitation, to all decisions regarding editing, lighting,
filming, timing of publication, if any, length, quality, content
and the like.

11, Indemnification. The Author agrees to indemnify JoVE
and/or its successors and assigns from and against any and ali
claims, costs, and expenses, including attorney’s fees, arising
out of any breach of any warranty or other representations
contained herein. The Author further agrees to indemnify and
hold harmless JoVE from and against any and alf claims, costs,
and expenses, including attorney’s fees, resulting from the
breach by the Author of any representation or warranty
contained herein or from allegations or instances of violation
of intellectual property rights, damage to the Authar’s or the
Author’s institution’s facilities, fraud, libel, defamation,
research, equipment, experiments, property damage, personal
injury, violations of institutional, laboratory, hospital, ethical,
human and animal treatment, privacy or other rules,
regulations, laws, procedures or guidelines, liabilities and
other losses or damages related in any way to the submission
of work to IoVE, making of videos by JOVE, or publication in
JoVE or elsewhere by loVE. The Author shall be responsible
for, and shall hold JoVE harmless from, dar:nages caused by
lack of sterilization, lack of cleanliness or by contamination
due to the making of a video by JoVE its employees, agents or
independent contractors.  All sterilization, cleanliness or
decontamination procedures shall be solely the responsibility
of the Author and shall be undertaken at the Author's
expense. Al indemnifications provided herein shall include
loVE's attarney’s fees and costs related to said losses or
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damages. Such indemnification and holding harmless shall
include such losses or damages incurred by, or in connection
with, acts or omissions of JoVE, its employees, agents or
independent contractors.

12. Fees. To cover the cost incurred for publication, JoVE
must receive payment before production and publication the
Materials. Payment is due in 21 days of invoice. Should the
Materials not be published due to an editarial or production
decision, these funds will be returned to the Author.
Withdrawal by the Author of any submitted Materials after
final peer review approval will result in a U551,200 fee to
cover pre-production expenses incurred by JoVE. If payment is
not received by the completion of filming, production and
publication of the Materials will be suspended until payment is
received.

13. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE's successors and assignees. This Agreement shall be
governed and construed by the internali laws of the
Commonwealth of Massachusetts without giving effect to any
conflict of law provision thereunder. This Agreement may be
executed in counterparts, each of which shall be deemed an
original, but all of which together shall be deemed to me one
and the same agreement. A signed copy of this Agreement
delivered by facsimile, e-mail or other means of electronic
transmission shall be deemed to have the same legal effect as
delivery of an original sighed copy of this Agreement.

.
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Massachusetts Institute of Technology Department of Chemical 77 Massachusetts Avenue
Engineering Cambridge, Massachusetts
Building 66-558 02139-4307

Phone 617-258-8986
Fax 617-258-8224

January 15, 2012
JoVE Editorial Office
Dear Dr. Nandita Singh:

I am pleased to submit our revised manuscript. Based on reviewer’s suggestions we have made significant changes
to the manuscript and have created additional figures which we believe improves it greatly. We address reviewers’
comments point-by-point below and have highlighted the changes we made in the manuscript using red font. We
are also including an up-to-date copy of reference 9 which gives a full explanation and further insights gained from
the ability to infer transcription rates from long-lived fluorescent reporters that is concurrently under review
elsewhere.

Sincerely,

Narendra Maheshri
St. Laurent Assistant Professor of Chemical Engineering, MIT

Response to reviewers' comments for manuscript JOVE50456R1:

Reviewer #1:

Summary:

In this manuscript, the authors utilized an image processing pipeline to perform single cell analysis on
yeast. The time-lapse images were acquired via commercially available microfluidic devices, but
importantly, the pipeline can also be used on any customized culture device. This method is able to
extract out basic measurements (e.g. cell lineage, volume, and fluorescence intensity) while still having
the flexibility to correct for error and be adapted to different experimental conditions. The technique will
be especially useful in laboratories with little expertise in microfluidics and image processing. This paper
clearly describes the technique and serves as important groundwork to enable quantitative
measurements of yeast on the single cell level. For these reasons, | endorse the publication of this
manuscript in JOVE.

We thank the reviewer for these kind comments.

Major Concerns:

-A main point of the manuscript is the ability to use this technique freely in laboratories with no
microfluidic/ image processing expertise; however, one of the major limitations is the cost of
commercially available devices and their ability to be adapted/customized to different experiments. The
usefulness of this technique is then limited by a process upstream of it. Perhaps the authors can
comment on this, and discuss prospects for microfluidic technologies becoming more mainstream and
customizable.

We do agree with the reviewer that the commercially available microfluidic platform we have used comes
at a cost. But so does much of the equipment used here —the microscope, camera, acquisition software,
and MATLARB if one wishes to modify the source code. These can all serve as limitations. Our major
point is that our technique simplifies the acquisition and analysis of fluorescence time series data, that is:
“Here, we describe a procedure to obtain and analyze fluorescence movies of S. cerevisiae with no
required experience in cell culture device manufacture or in software development”. Employing a
commercially available microfluidic solution (just like all the other equipment) allows this technique to
extend to labs that are not specialists. Our use of the word “free” is in specific reference to the software
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platform -- as we say in the text, “the parameters or, if necessary, the freely available code may be
adapted for other organisms and image types”.

Therefore, we respectfully disagree that the cost of the microfluidic device is any more or less a limitation
than for example the cost of the microscopy setup. While we are not experts in the development of
microfluidic technologies, we do for see the cost of these technologies becoming more mainstream and
customizable and we believe GRAFTS could be easily modified to be useful with these changes. We add
a statement to this effect in the first paragraph of the discussion.

Minor Concerns:

-Recent work (Vega N et al. Signaling-mediated bacterial persister formation. Nature Chemical Biology
2011) has utilized a microfluidic device to give insight to persister formation in bacteria. Citation of this
article would be relevant.

We thank the reviewer for another good example of using microfluidic culture in combination with time-
lapse fluorescence microscopy to gain biological insight and have included a citation to this work.

Additional Comments to Authors:

Reviewer #2:

Summary:

The authors provide a protocol for growth and protein expression analysis in growing yeast cells using a
commercially available microfluidic imaging platform on a fluorescent imaging setup with commercial
acquisition software and their custom developed freely accessible data analysis package for Matlab. The
protocol focuses on the use of the analysis software, which is capable to segment and track dividing
cells, and analyse fluorescence intensities over the time course of the experiment.

As commercial solutions for such purposes are scarce and often extremely expensive and free tools (e.g.
for ImageJ) often cover only individual parts of the needed functionality (e.g. one plugin for
segmentation, one for tracking, etc.), comprehensive extraction of the detail-rich information from
imaging data can be very challenging or even a significant hurdle for researchers with similar demands
but limited coding resources. Therefore, the presented tools and the detailed protocol present a valuable
resource for many cell biologists to apply the technique to their own tasks.

We thank the reviewer for these kind comments.

General Comments:

Although this manuscript will accompany a video, presumably showing many details especially of the
GUI, the reader should also be able to fully understand the method by just reading the protocol and
studying its figures. Therefore the authors should add a figure containing a schematic view of the
imaging setup and the trapping and perfusion principle with the relevant parameters for analysis (height,
flow, etc.) and, most importantly, screenshots of the GUI.

We thank the reviewer for the suggestions. We have added a schematic of the overall protocol, which
highlights information necessary for the analysis, and screenshots of the GUIs pointing to features used
in each step. References were added to the text where appropriate.

In several occasions, the authors refer to their submitted paper. Only for review purposes it would be

helpful if the referenced information would be fully quoted.

We appreciate the need to see the submitted paper referenced. We had initially submitted a copy but
were told it was not necessary for the first review round. In submitting this revision, we are providing a

copy.

Specific Comments:
Protocol:

- Introduction: the first sentence sounds odd. Please check and revise.
This sentence is indeed awkward and has been revised.

- ad 1.3: Consider filming of the preparation of the CellAsic plate.

The reviewers are correct that highlighting the washing step may be useful. We had eliminated it from
filming since the actions in the pre-wash step are visually identical to those to be filmed in step 1.4, but
this could be helpful if time allows. We have highlighted step 1.3 in the protocol at the video editor’s
discretion.



- ad 1.11: add abbreviation BFOOF here.

We thank the reviewer for pointing out this oversight. The abbreviation has been added.

- ad 2.2: the authors describe handling of 'multiposition stills' and 'time series'; however it remains
unclear if 'multiposition time series' can also be handled.

To address the reviewer’'s comment, we have added a sentence to step 2.2 to clarify here that time-lapse
data for multiple positions must be analyzed separately for each position as stated later in step 2.14.

- ad 2.3: has image registration really to be selected before images are even loaded (2.4)?

No, this has no effect until the final step which outputs the processed movies (step 2.13), and can be
decided after viewing images in the segmentation window. We include it here while the user’s attention is
on this option panel. We have added a sentence to this effect in step 2.3.

- ad 3.3: pixels or real distance? please add units.
We thank the reviewer for pointing out this oversight, and have added the maximum tracking
displacement units as pixels to step 3.3.

Generally for protocol section: the authors have implemented a color code for mother cells, buds, etc.
Can these colors be chosen by the users? If not, please add a short table giving an overview over the
color code.

Users cannot change the color code of cell ID numbers without changing the source code. We have
added a new Table 2 to provide a clear overview as the reviewer suggests.

How does the software address photobleaching?

We thank the reviewer for raising an important point, and we have added a brief treatment to the
discussion: The software does not consider photobleaching in the analysis, and thus the fluorescence
time series output represents only the observable reporter. Photobleaching processes depend on
acquisition settings, frequency of acquisition, the fluorophore, and other experiment-specific parameters.
Photobleaching is not always well-described by a simple, first-order rate expression and in some cases
can be neglected. Because of its experiment-specific nature, we expect users to apply whatever
correction they determine necessary to the time series output.

Still, the analytical method may be used to measure the kinetics of this process to aid the user’s
interpretation.

Is there any background subtraction?

Yes, as stated in step 4.4, the output time series are background subtracted based on the mean of non-
cell pixels of the first image in each color movie. The user can also directly input a cell auto-fluorescence
value before time series output in step 4.4.

Results:

Which yeast strain was used? How were the markers introduced - multi copy / single copy plasmid or
integrated into the genome? The information regarding copy number is relevant for (intensity based)
expression analyses.

We thank the reviewer for the comment, and have added more strain detail to the discussion as well as a
strain table with the genotypes.

Please use correct and consistent tag names for same tags (CFP, Cerulean?)
We have now denoted the single instance of “Cerulean” as “(CFP)”, which is used throughout.

Pg 12 top paragraph: what is meant by a "kinetic strain"?

Please specify the used transcription factor

"RFP-marked nucleus" is insufficient. Please provide details for the used marker.

As in addressing the similar comment above, we have added more strain detail to the discussion as well
as a strain table with the genotypes.

How was the submask generated? Is that option part of the software?

Yes, the submask may be generated as part of the software, and this process is described in step 2.9.
We have added a note to this effect when the submask is referenced in the results section.



Figure 1 (now figure 7):

Please add all fluorescent channels to the representative images for better illustration of the data and
analyses.

We thank the reviewer for the suggestion, and have added images from all channels at representative
time points.

Is the initial lag phase in cell growth typical? How well do the calculated mRNA levels and transcription
rates reflect reality? They both also increase before budding and not after, as stated on pg 11, last line.
We thank the reviewer for highlighting potentially confusing aspects of the chosen data. We chose a cell
response that occurs initially upon loading and some cells exhibit a growth delay upon loading cells into
the microfluidics. Moreover, at the very beginning and end of time series, spline fitting can be inaccurate
because of 'edge’ effects. Because we intended to represent "steady-state" growth, we have revised
figure 1 to choose a different single cell time series that is representative of average behavior (with
MRNA and transcription rate increasing at the G1/S transition). Full depictions of many time series and
the average behavior can be found in reference 9, which we now include. Our intent here is to
demonstrate one application of the analysis to obtain estimates of instantaneous mRNA levels and
transcription rate.

Finally, we have included a sentence in the discussion clarifying that the protein, mRNA, and
transcription rate measuremens are not estimates of absolute quantities because they are based on an
arbitrary fluorescence signal. Reference 9 discusses the relationship between these inferences and the
actual biological quantities, including absolute measurements or mMRNA numbers through the course of
the cell cycle which qualitatively reproduce the observed cell-cycle dependent pattern.

Figure 2 (now figure 8):

Both conditions are labeled as 'high Pi'.
We thank the reviewer, and have corrected this mistake.

Please show multichannel fluorescence image here as well.
As for figure 1 (now 7), we have added images from all channels at representative time points.

In B, what is the reason for the sudden drops in CFP (Cerulean?) intensity at random time points?
The sharp losses of protein correspond to losses to the daughter cell upon cell division. We have added
this information to the figure legend for clarity.

Table 2 (now 1):

Volume: it must read 'c = b or 1/2 chamber height'
We thank the reviewer, and have corrected this mistake.

What is the rational for calculating mean intensities of top 20% and bottom 80% separately?

When fluourescence expression is spatially heterogeneous because of subcellular localization, these
measurements comparing these measurements can indicate as such and perhaps be used without
requiring an additional fluorescence-marked submask. We have added a note to this effect in the table.

Discussion:

The sentence starting with 'Fundamentally, the segmentation ..." is cut off.
Last sentence, same paragraph, 'are crucial to ...' sounds odd.
We thank the reviewer for these comments and have revised each sentence.

Pg 15, middle paragraph: Another way of visualize finalization of cytokinesis would be the use of a
plasma membrane marker and looking for the gap between mother and daughter to close.
We thank the reviewer for the suggestion, and have added this to the discussion.



