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19 SUMMARY:
20 Here, we present a MATLAB implementation of automated detection and quantitative
21  description of lipid droplets in fluorescence microscopy images of fission and budding
22  yeast cells.
23
24  ABSTRACT:
25 Lipid metabolism and its regulation are of interest to both basic and applied life sciences
26 and biotechnology. In this regard, various yeast species are used as models in lipid
27  metabolic research or for industrial lipid production. Lipid droplets are highly dynamic
28 storage bodies and their cellular content represents a convenient readout of the lipid
29 metabolic state. Fluorescence microscopy is a method of choice for quantitative
30 analysis of cellular lipid droplets, as it relies on widely available equipment and allows
31 analysis of individual lipid droplets. Furthermore, microscopic image analysis can be
32 automated, greatly increasing overall analysis throughput. Here, we describe an
33 experimental and analytical workflow for automated detection and quantitative
34  description of individual lipid droplets in three different model yeast species: the fission
35 yeasts Schizosaccharomyces pombe and Schizosaccharomyces japonicus, and the
36 budding yeast Saccharomyces cerevisiae. Lipid droplets are visualized with BODIPY
37  493/503, and cell-impermeable fluorescent dextran is added to the culture media to help
38 identify cell boundaries. Cells are subjected to 3D epifluorescence microscopy in green
39 and blue channels and the resulting z-stack images are processed automatically by a
40 MATLAB pipeline. The procedure outputs rich quantitative data on cellular lipid droplet
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content and individual lipid droplet characteristics in a tabular format suitable for
downstream analyses in major spreadsheet or statistical packages. We provide
example analyses of lipid droplet content under various conditions that affect cellular
lipid metabolism.

INTRODUCTION:

Lipids play crucial roles in cellular energy and carbon metabolism, synthesis of
membrane components, and production of bioactive substances. Lipid metabolism is
fine-tuned according to environmental conditions, nutrient availability and cell-cycle
phasel. In humans, lipid metabolism has been connected to diseases, such as obesity,
type Il diabetes and cancer?. In industry, lipids produced by microorganisms, such as
yeasts, represent a promising source of renewable diesel fuels3. Cells store neutral
lipids in so-called lipid droplets (LDs). These evolutionarily conserved bodies are
composed of triacylglycerols, steryl esters, an outer phospholipid monolayer and
associated proteins?!. LDs originate in the endoplasmic reticulum, exert cell-cycle or
growth-phase dynamics, and are important for cellular lipid homeostasis?®. LD number
and morphology can be used as a convenient proxy when assaying lipid metabolism
under various growth conditions or when screening a panel of mutants. Given their
dynamic nature, techniques capable of analyzing the properties of individual LDs are of
particular interest in studies of lipid metabolism.

Various yeast species have been used to describe lipid-related metabolic pathways and
their regulation, or used in biotechnology to produce interesting compounds or fuels?.
Furthermore, for model yeasts, such as the budding yeast Saccharomyces cerevisiae or
the distantly related fission yeast Schizosaccharomyces pombe, genome-wide deletion
strain libraries are available that can be used for high-throughput screens#°. Recently
LD composition and dynamics have been described in S. pombe®-°, and mutants
related to lipid metabolism have been isolated in the emerging model yeast
Schizosaccharomyces japonicus?®.

Numerous techniques are available to study LD content and dynamics. Most employ
some kind of staining of LDs with lipophilic dyes such as Nile Red or BODIPY 493/503.
The latter shows more narrow excitation and emission spectra, and increased specificity
towards neutral lipids (LDs) as opposed to phospholipids (membranes)!. Fluorimetric
and flow-cytometry methods have been used successfully in various fungal species to
uncover genes and growth conditions that affect storage lipid content?-15. While these
methods are suitable for high-throughput applications, they cannot measure the
numbers and morphology of individual LDs in cells, which can differ dramatically
between growth conditions and genotypes. Coherent Raman scattering or digital
holographic microscopy are label-free methods that yield LD-level data, but require



81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120

specialized expensive equipment!®-18. Fluorescence microscopy, on the other hand, can
provide detailed data on LD content, while utilizing commonly available instruments and
image analysis software tools. Several analysis workflows exist that feature various
degrees of sophistication and automation in cell/LD detection from image data, and are
optimized for different cell types, such as metazoan cells with large LDs**-2, or budding
yeasts'’?223, Some of these approaches only work in 2D (e.g., on maximum projection
images), which may fail to reliably describe the cellular LD content. To our knowledge,
no tools exist for determination of LD content and morphology from fission yeast
microscopic data. Development of automated and robust LD-level analyses would bring
increased sensitivity and enhanced statistical power, and provide rich information on
neutral lipid content, ideally in multiple yeast species.

We have developed a workflow for LD content analysis from 3D fluorescence
microscopy images of yeast cells. Live cells are stained with BODIPY 493/503 and
Cascade Blue dextran to visualize LDs and determine cell boundaries, respectively.
Cells are immobilized on glass slides and subjected to z-stack imaging using a standard
epifluorescence microscope. Images are then processed by an automated pipeline
implemented in MATLAB, a widely used (commercial) package for statistical analyses.
The pipeline performs image preprocessing, segmentation (cells vs. background,
removal of dead cells), and LD identification. Rich LD-level data, such as LD size and
fluorescence intensity, are then provided in a tabular format compatible with major
spreadsheet software tools. The workflow was used successfully to determine the
impact of nitrogen source availability on lipid metabolism in S. pombe?*. We now
demonstrate the functionality of the workflow in S. pombe, S. japonicus and S.
cerevisiae, using growth conditions or mutants that affect cellular LD content.

PROTOCOL:

1. Preparation of solutions and media

1.1. Prepare lipid staining solution.

1.1.1. To prepare stock lipid staining solution dissolve 10 mg of BODIPY 493/503 in 10
mL of anhydrous DMSO (final concentration 1 mg/mL). Dissolve the whole content of a

10 mg BODIPY 493/503 vial to prevent loss of material during weighing.

CAUTION: DMSO may pass through the skin. Wear appropriate personal protective
equipment.

1.1.2. Prepare working lipid staining solution by mixing 100 pL of the 1 mg/mL BODIPY
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493/503 stock solution and 900 pL of anhydrous DMSO (final concentration 0.1 mg/mL).
1.1.3. Aliquot the stock and working solutions, and store at -20 °C.

NOTE: Dissolved BODIPY 493/503 is stable for several years at -20 °C. However, the
solution has to be protected from moisture and light.

1.2. To prepare stock solution for cell boundary visualization, dissolve 25 mg of
Cascade Blue dextran (whole vial) in 2.5 mL of deionized water (final concentration 10
mg/mL). Aliquot the stock solution and store at -20 °C protected from light.

1.3. To prepare microscope slide coating solution, dissolve 5 mg of soybean lectin in
5 mL of deionized water (final concentration 1 mg/mL). Aliquot the lectin solution and
store at -80 °C.

NOTE: The lectin solution is stable for several years at -80 °C. Aliquots currently at use
may be stored at -20 °C.

1.4. Prepare cultivation media.

1.4.1. To prepare 400 mL of complex YES cultivation medium for S. pombe and S.
Japonicus, dissolve 2 g of yeast extract and 0.1 g of SP supplements (if required for
auxotrophic mutants) in 340 mL of deionized water in a 500 mL bottle and autoclave.
Add 60 mL of 20% (w/v) of separately autoclaved or filter-sterilized glucose in aseptic
conditions.

1.4.2. To prepare 400 mL of defined EMM cultivation medium for S. pombe and S.
Japonicus, dissolve 4.9 g of EMM broth without dextrose in 360 mL of deionized water
in a 500 mL bottle and autoclave. Add 40 mL of 20% (w/v) of separately autoclaved or
filter-sterilized glucose in aseptic conditions.

NOTE: For general guidelines on S. pombe and S. japonicus cultivation see?® and?®,
respectively.

1.4.3. To prepare 300 mL of complex YPAD cultivation medium for Saccharomyces
cerevisiae, dissolve 3 g of yeast extract, 6 g of peptone and 30 mg of adenine sulphate
in 270 mL of deionized water in a 500 mL bottle and autoclave. Add 30 mL of 20% (w/v)
of separately autoclaved or filter-sterilized glucose in aseptic conditions.

1.4.4. To prepare 300 mL of defined minimal medium for S. Cerevisiae, dissolve 2 g of
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yeast nitrogen base (without amino acids) in 270 mL of deionized water in a 500 mL
bottle and autoclave. Add 30 mL of 20% (w/v) of separately autoclaved or filter-sterilized
glucose in aseptic conditions.

NOTE: For general guidelines on S. cerevisiae cultivation see?’.
2. Cell cultivation
2.1. Growing S. pombe or S. japonicus to exponential or early stationary phase.

2.1.1. In the morning, inoculate 5 mL of YES medium with fresh fission yeast biomass.
Incubate at 32 °C with shaking (180 rpm) for several hours.

NOTE: For all cultivations, use Erlenmeyer flasks having 10 times the volume of culture
to ensure proper aeration. Some laboratories prefer to grow fission yeasts at 30 °C, but
cultivation temperature of 32 °C results in shorter doubling times without detrimental
effects to the cells, thus reducing the total time required to perform an experiment?528,

2.1.2. In late afternoon of the same day (after at least 6 hours of cultivation), dilute the
culture with fresh YES medium to a 10 mL final culture volume so that it reaches the
desired optical density (OD) (or number of cells/mL) the following morning, and incubate
at 32 °C with shaking (180 rpm). It is of advantage to know the doubling time of each
used strain to accurately determine the dilution factor (use Equation 1).

Vfinal'OD final
t‘tlag
ODcyrrent2 tpr

Equation 1 Vewiture =

Where Vcurure is the preculture volume needed for dilution, Viinal is the total volume of the
new culture (10 mL for standard cultivations), ODsinal is the desired OD to be reached
the following morning, ODcurent iS the currently measured OD of the preculture, t is the
time of cell growth until harvesting, tiag is duration of the lag phase (depends on
laboratory conditions, needs to be empirically defined) and tpr is the doubling time of the
strain.

NOTE: When exponential-phase cells are to be analyzed, do not let precultures reach
the stationary phase as this dramatically alters cell physiology (including LD content) for
several subsequent generations.

2.1.3. In the morning of imaging day, if the culture reached slightly higher OD than
required (in case of exponential-phase cells), dilute it with fresh YES and continue
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incubation for at least two more doubling times before staining of LDs. Otherwise
proceed directly to staining (Section 3).

2.2. Growing S. cerevisiae to exponential and stationary phase.

2.2.1. In the afternoon, inoculate 10 mL of YPAD medium with a small amount of fresh
budding yeast biomass and incubate overnight at 30 °C with shaking (180 rpm).

2.2.2. The morning of imaging day, dilute the culture to OD 0.1 in 10 mL of YPAD
medium and grow to the required OD (e.g., OD 1 for exponential phase). Perform any
culture dilutions as described in step 2.1.2. Proceed to staining (Section 3).

3. Lipid droplet staining

3.1. Prepare a microscope cover slip for each sample to be imaged. Spread 1 pL of
slide coating solution onto a clean cover slip using the long side of a horizontally
positioned pipette tip. Allow the coating solution to dry completely and store the cover
slips in a dust-free environment.

NOTE: Glass slides and coverslips can be cleaned prior to use if required. The cleaning
procedure consists of washing with dishwashing detergent, rinsing with water, overnight
soaking in 3% hydrochloric acid, and washing with distilled water. Cleaned slides and
coverslips are stored in pure ethanol until use.

3.2.  Measure the OD of cell culture or number of cells/mL, as required. Try to reach
similar values among all tested strains to ensure comparable experimental conditions.

3.3. Pipette 1 mL of each cell culture to a 1.5 mL microcentrifuge tube. For S.
cerevisiae only, add 5 pL of the slide coating solution, vortex briefly, and incubate at 30
°C with shaking for 5 min.

3.4. Add 1 pL of the lipid staining solution to each culture aliquot and vortex briefly.
Then add 10 pL of the cell boundary visualization solution and vortex briefly.

NOTE: Do not prepare pre-mixed solutions of both stains as this leads to fluorescence
guenching of BODIPY 493/503.

3.5. Collect the cells by centrifugation (1,000 x g, 3 min, RT) and remove almost all
supernatant (~950 pL). Resuspend the cells in the remaining supernatant.
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3.6. Pipette 2 pL of the dense cell suspension on a lectin-coated cover slip and place
onto a clean microscope slide. The cells should form a monolayer. Proceed to
microscopy (Section 4) as quickly as possible to minimize artefacts in imaging; process
maximum of two samples at a time.

4. Setting up the microscope and imaging
4.1. Optimize imaging conditions.

NOTE: Setting up the microscope requires long exposures to strong light sources that
could cause damage to the sample and skew results. Therefore, set up the imaging
conditions using a dedicated sample slide that will not be further used for LD
guantification.

4.1.1. Focus on the cells using phase contrast or differential interference contrast (DIC).

NOTE: Phase contrast or DIC images may be taken for reference, but they are not used
during the automated image analysis step.

4.1.2. Set Z-stack settings to span the whole cell volume. The total vertical distance
depends on the cell size; the number of optical slices depends on the numerical
aperture of the objective (point spread function in z-axis). Set the focus to move relative
to the central focal plane.

NOTE: The optimal number of slices is often set by the microscope control software and
does not need to be calculated manually. The typical cell widths are 3-5 um for S.
pombe, 4-7 um for S. japonicus, and 3-7 um for S. cerevisiae.

4.1.3. To image LDs, set light intensity and exposure time in the green channel
(excitation and emission maxima of BODIPY are 493 and 503 nm, respectively).

NOTE: BODIPY 493/503 is a very bright fluorochrome; however, it may get bleached
rapidly with overly strong light intensity. Moreover, LDs are mobile in live cells, thus
minimize exposure time and capture the full green-channel z-stack first (before
switching to the blue channel) to prevent blurring artifacts. Also, take into account the
linear range of the camera for signal intensity to avoid saturated pixels.

4.1.4. To image cell boundaries, set light intensity and exposure time in the blue
channel (excitation and emission maxima of Cascade Blue dextran are 400 and 420
nm, respectively).
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NOTE: Signal intensity in the blue channel is required for image segmentation, but it is
not used for LD quantification itself. Therefore, optimal settings in this channel are not
crucial for analysis.

4.1.5. If possible, create an automated experimental workflow in the microscope control
software to facilitate imaging of multiple samples under standardized conditions.

4.2. Once imaging conditions have been optimized, image samples to be used for
guantification. Focus on the cells and image them in green and blue channels as
described in Step 4.1.

NOTE: All images must be acquired using the same settings to allow comparison
between samples. Image multiple fields of view per sample to obtain robust,
representative data.

4.3. Save the blue and green channel Z-stack images as 16-bit multi-layer TIFF files
(i.e., two files per field of view). Include words “green” or “blue” in the corresponding file
names. Proceed with image analysis (Section 5).

5. Image analysis

5.1. Visually check the quality of acquired images.

5.1.1. Open microscopic images in ImageJ?®3° or other suitable image analysis
software.

5.1.2. Remove any image stacks containing a considerable number of cells that moved
during acquisition (and thus created blurring artifacts).

5.1.3. Remove any image stacks containing highly fluorescent non-cell particles in the
blue channel (e.g., dirt on microscope slide or cover slip, impurities in cultivaton
medium).

NOTE: Very bright non-cell objects in the blue channel may create cell detection
artifacts or may interfere with detection of cells in their vicinity.

5.1.4. Remove any image stacks containing a large proportion of dead cells (i.e., cells
with increased blue fluorescence compared to live cells).
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NOTE: While the presence of a small proportion of dead cells in the sample is typically
not a problem and these cells are automatically discarded during analysis, some dead
or dying cells may occasionally be recognized as live cells by the segmentation
algorithm and thus skew the reported results.

5.2.  Analyze images in the MATLAB software.

5.2.1. Create a main folder and copy all MATLAB scripts to this location.
5.2.2. Create a sub-folder (“pombe”, “cerevisiae” or “japonicus”) and copy input TIFF
image files to this location.

5.2.3. Start MATLAB, open script MAIN.m and run it. In the menu select the yeast
species to be analyzed and start image processing.

NOTE: Some of the parameters required for cell and LD detection are pre-set for the
particular species, others are determined automatically during image processing. The
pre-set values were determined empirically and depend on several factors such as
objective magnification, camera type and sensitivity, and imaging settings. If required,
users may edit the script files to change the organism-specific presets to better reflect
their experimental setup. Namely, during cell recognition acceptable object sizes are
given by the “minArea” and “maxArea” parameters, and the minimum fraction of filled
volume within the object boundaries is given by the “Solidity” parameter. For LD
recognition, the brightness threshold is given by the “th” parameter (its value is affected
mostly by image bit depth and fluorescence signal intensity), and maximum acceptable
LD size is given by the “MaxArea” parameter.

5.2.4. Inspect and process the output files as required using a spreadsheet editor or
statistical package; the workflow produces semicolon-separated CSV files, and
segmented TIFF files with detected cell objects and LDs.

NOTE: The workflow segments images into background and cell objects, where each
cell object may be composed of multiple adjacent cells. Therefore, the output in
“xxxx_cells.csv” files does not represent single-cell data and should only be used to
calculate per-unit-of-cell-volume metrics.

REPRESENTATIVE RESULTS:

The whole procedure is summarized in Figure 1 for the fission yeasts (the budding
yeast workflow is analogous), and below we provide examples of how the workflow can
be used to study LD content in three different yeast species under various conditions
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known to affect cellular LD content. Each example represents a single biological
experiment.

[Place Figure 1 here]

First, we analyzed S. pombe cells (Figure 2). Wild-type (WT; h*s) cells were grown to
exponential phase in either the complex YES medium or defined EMM medium.
Compared to YES, fewer LDs and higher LD staining intensity per unit of cell volume
were detected in EMM (Figure 2A-C). Moreover, individual LDs formed in EMM
medium were larger and displayed increased total staining intensity (Figure 2D, E). This
is in agreement with previous findings of increased storage lipid content in cells grown
in EMM?4, The ppcl gene encodes a phosphopantothenate-cysteine ligase required for
coenzyme A synthesis. The temperature-sensitive ppcl1-88 mutant shows a marked
decrease in LD content when grown at the restrictive temperature3!, providing an
example of cells with low BODIPY 493/503 signal (Figure 2A). Accordingly, compared
to wild type (grown at 32°C), smaller LDs with lower total staining intensity were
detected in ppcl-88 cells grown in YES following a shift to 36°C (Figure 2D, E), without
any apparent change in LD number per unit of cell volume (Figure 2B).

[Place Figure 2 here]

Next, we quantified LD content in S. japonicus cells (h* matsj-2017)3? from exponential
and early-stationary cultures grown in YES (Figure 3A). Cells entering stationary phase
showed markedly decreased number of LDs per unit of cell volume compared to
exponentially growing cells (Figure 3B), while volume-normalized LD fluorescence
intensity decreased slightly between the two conditions (Figure 3C). The early
stationary-phase LDs were typically moderately larger in size and had moderately
higher total fluorescence intensity compared to LDs from exponentially growing cells
(Figure 3D, E).

[Place Figure 3 here]

Finally, we analyzed S. cerevisiae cells of the widely used BY4741 laboratory strain
(MATa his3A1 leu2A0 met15A0 ura3A0) grown to exponential and stationary phase,
respectively, in the complex YPAD medium. Budding yeast cells typically accumulate
storage lipids upon entry into stationary phase?, and we were able to recapitulate these
findings (Figure 4). Stationary cells contained somewhat fewer LDs per unit of volume
compared to exponentially growing cells (Figure 4B), but their volume-normalized LD
fluorescence intensity almost doubled (Figure 4C). This sharp increase in overall LD
content was due to the much higher fluorescence intensity and volume of individual LDs
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in stationary phase (Figure 4D, E).
[Place Figure 4 here]

Thus, our analysis workflow can detect changes in LD number, size and lipid content in
three different and morphologically distinct yeast species under various conditions that
positively or negatively affect cellular LD content.

FIGURE AND TABLE LEGENDS:
Figure 1. Schematic diagram of the experimental and analytical workflow. The
workflow for fission yeasts is shown as an example.

Figure 2: Impact of growth media and lipid metabolism mutation on LD content in
S. pombe. Wild type (WT) and ppcl-88 cells were grown to exponential phase in the
complex YES or defined EMM medium, as indicated. WT cells were grown at 32°C. The
temperature-sensitive ppcl1-88 cells were grown at 25°C and shifted to 36°C for 2 hours
prior to analysis. (A) Representative unprocessed microscopic images of LDs stained
with BODIPY 493/503. A single optical slice is shown for each condition; 10% overlay
with inverted blue channel was added to better visualize cell boundaries. Scale bar
represents 10 um. (B) Number of identified LDs per unit of cell volume. (C)
Fluorescence intensity of identified LDs per unit of cell volume. (D) Distributions of total
fluorescence intensities of all identified LDs. ***, ### unpaired Wilcoxon test p = 1.7 x
10197 p = 3.7 x 10132, respectively. (E) Distributions of volumes of all identified LDs. ***,
### unpaired Wilcoxon test p = 6.8 x 1071, p = 1 x 10%4, respectively. Data in panels B-
E were derived from 242, 124 and 191 cell objects for the WT YES, WT EMM and ppcl-
88 samples, respectively.

Figure 3: LD content in S. japonicus cells changes with growth phase.
Exponentially growing (LOG) and early stationary phase (STAT) cells were analyzed.
(A) Representative unprocessed microscopic images of LDs stained with BODIPY
493/503. A single optical slice is shown for each condition; 10% overlay with inverted
blue channel was added to better visualize cell boundaries. Scale bar represents 10 um.
(B) Number of identified LDs per unit of cell volume. (C) Fluorescence intensity of
identified LDs per unit of cell volume. (D) Distributions of total fluorescence intensities of
all identified LDs. *** unpaired Wilcoxon test p = 1.3 x 10-1%4, (E) Distributions of
volumes of all identified LDs. *** unpaired Wilcoxon test p = 2.4 x 108, Data in panels
B-E were derived from 274 and 187 cell objects for the LOG and STAT samples,
respectively.

Figure 4: LD content in S. cerevisiae cells changes with growth phase.
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Exponentially growing (LOG) and stationary phase (STAT) cells were analyzed. (A)
Representative unprocessed microscopic images of LDs stained with BODIPY 493/503.
A single optical slice is shown for each condition; 10% overlay with inverted blue
channel was added to better visualize cell boundaries. Scale bar represents 10 um. (B)
Number of identified LDs per unit of cell volume. (C) Fluorescence intensity of identified
LDs per unit of cell volume. (D) Distributions of total fluorescence intensities of all
identified LDs. *** unpaired Wilcoxon test p = 4.6 x 1078, (E) Distributions of volumes of
all identified LDs. *** unpaired Wilcoxon test p = 3.7 x 10-%3, Data in panels B-E were
derived from 430 and 441 cell objects for the LOG and STAT samples, respectively.

DISCUSSION:

The understanding of lipid metabolism and its regulation is important for both basic
biology, and clinical and biotechnological applications. LD content represents a
convenient readout of lipid metabolism state of the cell, with fluorescence microscopy
being one of the major methods used for LD content determination. The presented
protocol allows automated detection and quantitative description of individual LDs in
three different and morphologically distinct yeast species. To our knowledge, no similar
tools exist for the fission yeasts. The MATLAB scripts required for image processing are
included as Supplementary files, and are also available from the Figshare repository
(DOI 10.6084/m9.figshare.7745738) together with all raw and processed image and
tabular data from this manuscript, detailed descriptions of the CSV output files, and R
scripts for downstream data analysis and visualization. Also, the latest version of the
MATLAB scripts is available from GitHub (https://github.com/MartinSchatzCZ/LipidDots-

analysis).

Successful LD analysis is largely dependent on the quality of the raw fluorescence
images obtained. For optimal performance of the segmentation algorithms, clean glass
slides devoid of dust particles should be used for microscopy, the cells should form a
monolayer (the actual number of cells per field of view is not a critical parameter), and
should not contain a large proportion of dead cells. Also, the Z-stack imaging should
start slightly below and end slightly above the cells. Depending on the particular
microscopic setup, users may need to adjust some of the parameters in the image
processing scripts (such as “th” for image background intensity threshold). While the
current method is able to detect and describe individual LDs in the segmented cell
objects, the workflow does not produce truly single-cell data due to difficulties with
automated separation of all individual cells. Instead, LD content per unit of cell volume
generalized for the whole sample is reported. This limitation may hamper data
interpretation in analyses of heterogeneous cell populations. Also, care should be taken
when working with cells with altered transport of small molecules (e.g., efflux pump
mutants), as this might affect the intracellular BODIPY 493/503 concentration and LD
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staining, as observed for the Nile Red lipophilic dye33:34,

Staining the medium with the cell-impermeable Cascade Blue fluorescent dextran is a
convenient way of distinguishing cells from the background®®, which can be applied to
many (if not all) yeast species. It also helps with automated removal of dead cells from
the analysis as these will turn blue upon staining. Any dying or sick (and thus partially
permeable for dextran) cells detected as alive can be removed during data analysis
steps based on the “IntensityMedianBlue” value of the detected cell objects. In principle,
the whole workflow can be used to detect various other cellular structures, such as DNA
repair foci, provided the structures can be labelled with suitable fluorophores. The
workflow should also be applicable to cells of other (yeast) species, further broadening
its utility.
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Signal Processing Toolbox for MATLAB, version 7.4
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ltem 1: The Author elects to have the Materials be made available (as described at

http://www.jove.com/publish) via:
Standard Access

Item 2: Please select one of the following items:

D Open Access

The Author is NOT a United States government employee.
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course of his or her duties as a United States government employee.

DThe Author is a United States government employee but the Materials were NOT prepared in the
course of his or her duties as a United States government employee.

ARTICLE AND VIDEO LICENSE AGREEMENT

1. Defined Terms. As used in this Article and Video
License Agreement, the following terms shall have the
following meanings: “Agreement” means this Article and
Video License Agreement; “Article” means the article
specified on the last page of this Agreement, including any
associated materials such as texts, figures, tables, artwork,
abstracts, or summaries contained therein; “Author”
means the author who is a signatory to this Agreement;
“Collective Work” means a work, such as a periodical issue,
anthology or encyclopedia, in which the Materials in their
entirety in unmodified form, along with a number of other
contributions, constituting separate and independent
works in themselves, are assembled into a collective whole;
“CRC License” means the Creative Commons Attribution-
Non Commercial-No Derivs 3.0 Unported Agreement, the
terms and conditions of which can be found at:
http://creativecommons.org/licenses/by-nc-

nd/3.0/legalcode; “Derivative Work” means a work based
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture version,
sound recording, art reproduction, abridgment,
condensation, or any other form in which the Materials may
be recast, transformed, or adapted; “Institution” means
the institution, listed on the last page of this Agreement, by
which the Author was employed at the time of the creation
of the Materials; “JOVE” means Mylove Corporation, a
Massachusetts corporation and the publisher of The Journal
of Visualized Experiments; “Materials” means the Article
and / or the Video; “Parties” means the Author and JoVE;
“Video” means any video(s) made by the Author, alone or
in conjunction with any other parties, or by JOVE or its
affiliates or agents, individually or in collaboration with the
Author or any other parties, incorporating all or any portion

of the Article, and in which the Author may or may not
appear.

2. Background. The Author, who is the author of the
Article, in order to ensure the dissemination and protection
of the Article, desires to have the JoVE publish the Article
and create and transmit videos based on the Article. In
furtherance of such goals, the Parties desire to memorialize
in this Agreement the respective rights of each Party in and
to the Article and the Video.

3. Grant of Rights in Article. In consideration of JoVE
agreeing to publish the Article, the Author hereby grants to
JoVE, subject to Sections 4 and 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 Article
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 Article into other languages, create
adaptations, summaries or extracts of the Article or other
Derivative Works (including, 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 forth in, the
CRC License.
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4. Retention of Rights in Article. Notwithstanding
the exclusive license granted to JoVE in Section 3 above, the
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 5 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 JOVE 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, including, 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 JoVE.

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 produce, 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 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.
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 Item 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
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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 shall be
deemed to be amended so as to provide to JoVE the
maximum rights permissible within such statute.

8. Protection of the Work. The Author(s) authorize
JoVE to take steps in the Author(s) name and on their behalf
if JOVE believes some third party could be infringing or
might infringe the copyright of either the Author’s Article
and/or Video.

9. Likeness, Privacy, Personality. The Author hereby
grants JOVE the right to use the Author’s name, voice,
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.
10. 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 more 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
Agreement 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, hospital, 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.

11. 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

612542.6  For questions, please contact us at submissions@jove.com or +1.617.945.9051.
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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, without limitation, to all decisions regarding
editing, lighting, filming, timing of publication, if any,
length, quality, content and the like.

12. Indemnification. The Author agrees to indemnify
JoVE and/or its successors and assigns from and against any
and all 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 all 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 Author’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
JoVE, making of videos by JoVE, or publication in JoVE or
elsewhere by JoVE. The Author shall be responsible for, and
shall hold JoVE harmless from, damages caused by lack of
sterilization, lack of cleanliness or by contamination due to

o, 617.945.9051 ARTICLE AND VIDEO LICENSE AGREEMENT

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. All indemnifications provided herein
shallinclude JoVE’s attorney’s fees and costs related to said
losses or 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.

13. Fees. To cover the cost incurred for publication,
JoVE must receive payment before production and
publication of the Materials. Payment is due in 21 days of
invoice. Should the Materials not be published due to an
editorial 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 US$1,200 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.

14. 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 internal 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 signed copy
of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement is required per submission.

CORRESPONDING AUTHOR
Name:
Martin Prevorovsky

Department:

Department of Cell Biology
Institution:

Charles University, Faculty of Science
Title:

Assistant Professor
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Rebuttal Letter Click here to access/download;Rebuttal Letter;Response to
reviewers.docx

Editorial comments:

Changes to be made by the Author(s):

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are
no spelling or grammar issues. The JoVE editor will not copy-edit your manuscript and any
errors in the submitted revision may be present in the published version.

done

2. Please sort the Materials Table alphabetically by the name of the material.

done

3. Figure 1: Please capitalize the L in the microliter and milliliter abbreviation: mL, etc. Please
remove the term Matlab.

Volume units fixed.

Ad MATLAB, please see our response to point 6 below

4. Figure 2B/3B/4B: Please superscript the 4 to be an exponent instead of using 4.

done

5. Figure 2D/3D/4D: Please use scientific notation 1 x 104 with the 4 being superscripted.
done

6. JOVE cannot publish manuscripts containing commercial language. This includes trademark
symbols (™), registered symbols (®), and company names before an instrument or reagent.
Please remove all commercial language from your manuscript and use generic terms instead.
All commercial products should be sufficiently referenced in the Table of Materials and
Reagents.

For example: Matlab, etc.

The analysis scripts that are integral to our workflow are written in the MATLAB scripting
language, use heavily MATLAB image analysis libraries, and cannot be used in any other
statistical package. Therefore, the (commercial) MATLAB package, which is often used in
scientific settings, needs to be explicitly mentioned in the manuscript in order not to confuse
readers. Besides, a quick text search at jove.com revealed >600 JoVE articles containing the
word “MATLAB”.

7. Please provide the matlab file as a supplemental file.

done

Reviewers' comments:
We thank all reviewers for their time, and their useful comments, suggestions and criticisms. We
have carefully addressed all points raised. Please see our responses below.

Reviewer #1:

In the manuscript "Analysis of lipid droplet content in fission and budding yeasts using
automated image processing" the author describe how to acquire fluorescence microscopy
images of Bodipy-stained cells and how to quantify their number using the software Matlab.This
protocol has been tested in three different yeast species: the fission yeasts
Schizosaccharomyces pombe and Schizosaccharomyces japonicus, and the budding yeast
Saccharomyces cerevisiae. This approach is useful to discover novel genes involved in lipid


https://www.editorialmanager.com/jove/download.aspx?id=1004765&guid=56fc6246-be63-4689-b839-626a4e3eb7ff&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1004765&guid=56fc6246-be63-4689-b839-626a4e3eb7ff&scheme=1

droplet homeostasis. The protocol is very clear and easy to follow. | have several minor
guestions :

Which is the best number of cells that should be analyzed per slide?

The number of cells on a slide is not a critical parameter, as long as the cells are not stacked
atop each other. Our workflow does not detect individual cells, but rather discriminates “cell
objects” (might be composed of multiple adjacent cells) from the background (stained with
fluorescent cell-impermeable dextran). The protocol mentions the fact (3.6) that a cell
monolayer should be obtained for imaging, and we now indicate in the Discussion that the
number of cells per field of view is not critical.

How many cells have to be analyzed to reach a conclusion?

This will largely depend on the biological system and question under study (e.g., the degree of
heterogeneity in the cell population, the expected magnitude of the effect analyzed, etc.). To
provide some guidance to the readers, we now state in the figure legends the numbers of cell
objects used to derive the representative results.

The authors should comment about Bodipy’s extrusion from the cells. Active PDR pumps
extrude Bodipy in living cells (refs 1 and 2)

Thank you for pointing this out. While the references you mentioned deal with export of Nile
Red, not BODIPY, it is conceivable that analogous effects may be observed even for BODIPY.
Therefore, we now mention this potential issue in the Discussion.

They should introduce matlab. Is this an open software?

We now briefly introduce the MATLAB statistical package in the Introduction, including a note
that it is a commercial software.

References

Ivnitski-Steele, 1., Holmes, A. R., Lamping, E., Monk, B. C., Cannon, R. D., and Sklar, L. A.
(2009). Anal. Biochem. 394, 87-91.

Wolinski, H., and Kohlwein, S. D. (2008). Methods Mol. Biol. 457, 151-163

Reviewer #2:

Manuscript Summary:

This is a technique to analyze the number and volume of lipid droplets in yeast cells using
MATLAB.

Major Concerns:
None

Minor Concerns:

Line 163: | prefer 30C to 32C for pombe.

At 32°C fission yeast cells grow faster than at 30°C, reducing the time required to conduct an
experiment. We now explain this in the Protocol (2.1.1) and we also mention that some
laboratories prefer growing fission yeast at 30°C.

Lines 242-245: 1t might be useful to give the dimensions of the yeast so that microscopes can
be adjusted easily.

done



Line 292: Dirt on the microscope slide can be eliminated by soaking them in CHCI3 prior to
adding the yeast.

We have no experience with cleaning empty slides with chloroform, but presumably it works.
However, fluorescent debris can be introduced later during the procedure, for example with the
yeast suspension. We therefore warn users to check for presence of fluorescent debris.
Nevertheless, we now provide description of an optional slide washing procedure in the protocol
(3.2).

Lines 300-303: The number of dead cells should be minimal if the reader follows the suggestion
of going through at least 2 rounds of division.

We agree, but this is only applicable to some culture conditions, such as exponential growth.
For example, if stationary-phase cells are studied, the number of dead cells can be high. That is
why we included the text you mention.

Figure 2: Please include error bars.

Barplots in panels B and C in Figures 2-4 show summary metrics for each particular dataset.
These are single values, so no error bars are included. We now state explicitly at the beginning
of the Representative Results section that each example corresponds to a single biological
experiment.

The use of ppcl-88 isn't necessary but they may keep it in if they please. Perhaps a better
"control" would be dgal-delta, plhl-delta, arel-delta, and are2-delta, but it's not a big deal.
Thank you for your suggestions. Nevertheless, we decided to keep ppcl-88 as an example of
cells with low LD content to demonstrate the functioning of our workflow with low-signal images.
We now explain this in the text.

In this figure, the authors present the volume of LDs but the units confuse me. What are
"voxels"? How about nm"3?

Voxels are units of volume (volume pixels, or “3D pixels”) routinely used in analysis of 3D digital
images. They can represent different physical sizes depending on the resolution of the 3D
image in the X, y and z axes. Therefore, the use of nm3 or similar units would be misleading in
this case.

All figures: because this is a high throughput technigque, | would like to see cell numbers. Such
as we analyzed 1000 cells, etc.

We now state in figure legends the numbers of cell objects used to derive data shown in Figs. 2-
4, panels B-E.

Reviewer #3:

Manuscript Summary:

The manuscript by Pincova et al, describes a method for staining and analysing lipid droplets in
a range of different yeast species. This technigue allows the number, intensity and volume of
lipid droplets within yeast to be analysed using a relatively simple staining method. This is an
important method, which can be utilised by a range of scientists interested in basic lipid
metabolism and industrial applications. The authors show a set of representative data to support
their conclusions about the use of this method, however, the data could be enhanced by
including some level of statistical analysis.

Major Concerns:



My only major concern is the lack of statistical analysis within the paper. In some cases,
especially for the total intensity and volume of the lipid droplets, comments are made about the
values e.g. "moderately higher" but it would strengthen the paper if this could be confirmed as
statistically significant.

We have now added tests of statistical significance (unpaired Wilcoxon test) for Figures 2-4,
panels D-E. The p values are stated in the respective figure legends. All relevant differences
between samples described in the main text are highly significant.

Minor Concerns:

Introduction

* Line 52/53 - Reference required for statement about composition of LD

Reference added.

Protocol

* Line 129 - include the final concentration of soybean lectin

done

* Prepare cultivation media

o Explanation for only using chemically defined media (EMM) with S.pombe and not the other
yeast species? Published work examining yeast lipids in S. cerevisiae commonly uses
chemically defined media (YNB) over YPD.

In line with the scope of the JOVE journal, the manuscript is focused on describing the methods,
and only a few sample results are shown. The paper is not meant as a systematic study of yeast
LD content. For each yeast species, we chose representative media, growth phases and/or
mutants that are already known to affect cellular LD content, to demonstrate the discriminative
capabilities of our workflow. We now clarify this at the beginning of the Representative Results
section.

We also now describe (1.4.4) the preparation of defined minimal medium for S. cerevisiae, so
that the readers can decide which medium to use.

* Line 163 - rationale for using 320C rather than 300C as the growth temperature for S.pombe?
At 32°C fission yeast cells grow faster than at 30°C, reducing the time required to conduct an
experiment. We now explain this in the Protocol (2.1.1) and also mention that some laboratories
prefer growing fission yeast at 30°C.

* Line 204 - can further details be given on using a pipette top to spread the coating solution?
done

* Line 168 - could the number of hours be indicated rather than just commenting on late
afternoon.

done

* Line 221 - include comment on resuspending the cells in remaining supernatant.

done

Representative results

* Line 337 - Needs to be clear that Fig 1 summarises the workflow for S.pombe not S.
cerevisiae.

The text was changed accordingly.

* Line 342 - what phase of growth was used for the experiments shown in Fig 2. This should be
indicated in the text and the figure legend.



done

* Line 352 - the S.pombe ppcl-88 cells where grown at 360C. Where the appropriate controls
undertaken for this i.e. growing the wildtype cells are 360C. If so, was there any changes in lipid
droplets at this higher temperature?

Thank you for pointing this out. We did not analyze WT cells at 36°C for this manuscript. The
ppcl-88 mutant grown at restrictive temperature was meant solely as an example of cells with
low BODIPY signal to demonstrate the functionality of our workflow on low-signal images. We
now explain this in the text.

Figures and Table legends

* Figure 1 - needs to be clear that this is for fission yeast i.e. S.pombe/S.japonicus not S.
cerevisiae.

We changed the figure legend accordingly.

* Figure 2 - indicate the phase of growth and growth temperatures.

done
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CSV output specification

Permissions, etc.);CSV_output_specification.txt

fileName - name of saved CSV file

id - cell object identifier

Area3D - sum of areas in all slices in which the cell object was
identified [voxels]

Area?2D - maximum projection area of the cell object in xy plane [voxels]
IntensitySumBlue - integrated intensity of the cell object in blue
channel

IntensityMeanBlue - mean intensity of the cell object in blue channel
IntensityMedianBlue - median intensity of the cell object in blue channel
CentroidX - x coordinate of the cell object centroid

CentroidY - y coordinate of the cell object centroid

CentroidZ - z coordinate of the cell object centroid

numDots - number of identified LDs in the cell object

dotsId - identifiers of LDs located in the cell object

Dot intensity sum per cell - integrated intensity of all identified LDs
in the cell object in green channel

fileName - name of saved CSV file

id - LD identifier

Area3D - sum of areas in all slices in which the LD was identified
[voxels]

IntensitySum - integrated intensity of the LD in green channel
IntensityMean - mean intensity of the LD in green channel
IntensityMedian - median intensity of the LD in green channel
CentroidX - x coordinate of the LD centroid

CentroidY - y coordinate of the LD centroid

CentroidZ - z coordinate of the LD centroid

idCellObject - cell object identifier in which the LD is located

Click here to access/download;Supplemental File (Figures,
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MATLAB main script
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MAIN.m
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MATLAB functions 1

Click here to access/download
Supplemental Coding Files
fcn_VstatsDots.m
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MATLAB functions 2

Click here to access/download
Supplemental Coding Files
fcn_VstatsCell.m
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MATLAB functionst 3

Click here to access/download
Supplemental Coding Files
fcn_POMBE2.m
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MATLAB functions 4

Click here to access/download
Supplemental Coding Files
fcn_JAP.m
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MATLAB functions 5

Click here to access/download
Supplemental Coding Files
fcn_intCells.m
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MATLAB functions 6

Click here to access/download
Supplemental Coding Files
fcn_goThArea.m
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MATLAB functions 7

Click here to access/download
Supplemental Coding Files
fcn_FileCheck.m
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MATLAB functions 8

Click here to access/download
Supplemental Coding Files
fcn_exportStruct2csvDots.m
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MATLAB functions 9

Click here to access/download
Supplemental Coding Files
fcn_exportStruct2csvCells.m
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MATLAB functions 10

Click here to access/download
Supplemental Coding Files
fcn_drawAll.m
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MATLAB functions 11

Click here to access/download
Supplemental Coding Files
fcn_ComVstats.m
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MATLAB functions 12

Click here to access/download
Supplemental Coding Files
fcn_CERE.m
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MATLAB functions 13

Click here to access/download
Supplemental Coding Files
fcnAnV.m
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