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The purpose of this technique is to provide a consistent, accurate, and manageable process for large numbers of polysaccharide capsule
measurements.

First, a threshold image is generated based on intensity values uniquely calculated for each image. Then, circles are detected based on contrast
between the object and background using the well-established Circle Hough Transformation (CHT) algorithm. Finally, the detected cell capsules
and bodies are matched according to center coordinates and radius size, and data is exported to the user in a manageable spreadsheet.

The advantages of this technique are simple but significant. First, because these calculations are performed by an algorithm rather than a human
both accuracy and reliability are increased. There is no decline in accuracy or reliability regardless of how many samples are analyzed. Second,
this approach establishes a potential standard operating procedure for the Cryptococcus field instead of the current situation where capsule
measurement varies by lab. Third, given that manual capsule measurements are slow and monotonous, automation allows rapid measurements
on large numbers of yeast cells that in turn facilitates high throughput data analysis and increasingly powerful statistics.

The maijor limitations of this technique come from how the algorithm functions. First, the algorithm will only generate circles. While Cryptococcus
cells and their capsules take on a circular morphology, it would be difficult to apply this technique to non-circular object detection. Second, due to
how circles are detected the CHT algorithm can detect enormous pseudo-circles based on the outer edges of several clustered circles. However,
any misrepresented cell bodies caught within the pseudo-circle can be easily detected and removed from the resulting data sets.

This technique is meant for measuring the circular polysaccharide capsules of Cryptococcus species based on India Ink bright field microscopy;
though it could be applied to other contrast based circular object measurements.

Video Link

The video component of this article can be found at https://www.jove.com/video/56957/

Introduction

Cryptococcus neoformans is a pathogenic yeast found ubiquitously around the globe that is associated with human disease primarily in
immunosuppressed populations. C. neoformans most notably accounts for a significant cause of total annual deaths in sub-Saharan Africa

due to infectious disease’. The maijor clinical manifestation of cryptococcal infection is meningoencephalitis, which follows invasion of the
central nervous system by transport in infected macrophages (Trojan horse manner) or direct crossing of the blood-brain barrier. C. neoformans
expresses several virulence factors including the ability to replicate at human body temperature, urease activity, melanization, and formation of
a polysaccharide capsulez. The polysaccharide capsule is composed of repeating glucuronoxylomannan and glucoronoxylomannangalactan
polymers and functions as a protective barrier against factors such as environmental stress and host immune responses®.

Although the size of the crgptococcal polysaccharide capsule size has not consistently been associated with virulence, there is evidence that it

is a factor in pathogenesis 34567 Capsule size is associated with meningitis pathologye, can affect macrophage ability to control Cryptococcus
infections, and can result in loss of virulence if absent®. Hence, capsule size measurements are common in cryptococcal research, but there is no
fieldwide standard for a method of capsule measurement.

Currently, C. neoformans polysaccharide capsule measurement is based on manual measurements of microscopy images, and the exact
methods of both image and measurement acquisitions vary across laboratories™'®"". An immediate concern to this method is that some studies
require the acquisition of thousands of individual measurements, which makes maintaining accuracy and reliability difficult. Furthermore, even
when the results are published, there is often inadequate description of the measurement method. Many publications do not explain how their
measurements were obtained, what focal plane was used, how they determined the threshold for capsule identification, whether they used radius
or diameter, whether they used one measurement or averaged several, or other details. Some publications only state their method as which
program was used, e.g., "Adobe Photoshop CS3 was used to measure the celis""". This lack of standardization and reporting detail can make
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reproducibility difficult if not impossible. Differences in human eyesight, computer brightness, microscope settings, slide lighting, and other factors
can vary not only between individuals but between samples, whereas calculations based on ratios of pixel intensity values will remain constant
and applicable between samples. This technique was generated in the context of providing a standardized, accurate, rapid, and simple technique
to measure capsules sizes for a field in which there was none before.

As previously mentioned, the CHT algorithm is long-established, and scripts to automatically detect circles have been written before. This
method improves in two areas where other scripts would fall short. First, simply detecting circles is not enough, because with cryptococcal
cells two distinct circles must be detected in relation to each other. This method specifically detects cell bodies within capsules, discriminates
between the two, and performs calculations only on the relevant body-capsule pairs. Second, even when following the same protocol, different
investigators will end up with different acquired images. By allowing the investigator control over every algorithm parameter, this tool can be
adjusted to match a broad range of acquisition methods. There is no need for a standardized scope, objective, filter, and so on.

This technique can be readily applied to any situation in which the investigator needs to detect circles within an image that contrast with their
background. Both circles lighter and darker than their background can be detected, counted, and measured using this technique.

1. Preparation of India Ink Slide

1. Pipette 10 pL of cryptococcal sample onto a slide. Any circular yeast strain will work but for this experiment H99 was the only strain used.
NOTE: If the sample is directly from culture media, diluting 1:2 with PBS or water can help prevent the India Ink from clumping.

2. Pipette 2 uL of India Ink stain onto the sample and mix by physically pushing the pipette tip to the sample and moving in a circular motion until
the India Ink appears evenly distributed.

3. Place a coverslip over the sample by holding down the left edge of the coverslip against the surface of the slide, then gently and evenly
lowering the opposite side of the coverslip over the sample.

4. Allow the slide to air dry for 5 min.

5. Gently apply a light layer of nail polish to coverslip border to form a seal and preserve the India Ink stain.

2. Imaging Slide

1. Place slides in a bright field microscope with a camera attachment and known pixel-to-micron conversion. Adjust filters, objectives, and
contrast so that cell capsules are clear and cell bodies are focused, dark bands.
NOTE: Various filters, objectives, and contrast settings will work but a 20x objective, Ph1 filter, and 2x2 binning is recommended.

2. Ensure the field of view is dense but not overpopulated with cryptococcal cells, with clear contrast between cell capsule and background, and
properly focused with the cell body visualized as a dark band.
NOTE: The exact number of cells for an optimal image will vary depending on the sample and objective being used. The important aspects
are to ensure cells are not clustered or overlapping, that the cell focal planes do not vary significantly, and that there is significant India Ink
stain clearly visible in the background (at least 25% of the field).

3. Save images to a single directory with clear titles, as the measurement algorithm will be run on images in a single directory and the output
data will be organized according to the names of the image files.

3. Algorithm Setup

Install Python version 2.7 from

Install additional python libraries by running the commands "pip install pillow" and "pip install openpyxI".

Install MATLAB by following the instructions at

Build the MATLAB python library by following the instructions provided at https://www.mathworks.com/help/matlab/matlab_external/install-the-
matlab-engine-for-python.html.

5. Download the three required files included in this manuscript's Supplementary Materials ("QCA.py", "Analysis2.m", and "TestRun.m").

Note: These files can be extracted to any location, but all three must be in the same directory.

4. Use of Algorithm

PN

1. Run the application by double clicking on QCA.py.
NOTE: The application may take several minutes to start. The "QCA.py" file contains the program structure that calls the ".m" files to run the
actual algorithm.
2. Follow the steps outlined in the program.
1. Input the extension type of the image files preceded by a period and separated by semicolons (ex. ".TIF;.jpeg") then click the Enter
button.
2. Choose the directory in which the image files are located by clicking the Select Directory button and selecting the folder which contains
the images.
3. Generate the list of image files in the directory by clicking the Generate Image List button. The images will be listed in the text box to
the right. Review and ensure the list is accurate and complete.
4. Select a random image from the list to use as a preview by clicking the Select Random Image button.
NOTE: If the image is unable to open due to an "incorrect image mode error," the algorithm will still function properly despite not
displaying the image. After step 4.2.7, the test image will still display.
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5. Input microscope objective and binning settings. If the default settings do not match the microscope used, select "Custom Pixel
Conversion" and input the pixel-to-um conversion for the image files. Once selected, click the Calculate Conversion button and ensure
the conversion is correct according to the text box on the right.

NOTE: Representative images shown in Figure 1 were calculated with 40x magnification and 2x2 binning selected.

6. Input algorithm parameters for circle detection.

1. Input the minimum and maximum radius detectable for the outer capsule detection as the Min and Max Capsule Radius entries.
A smaller range will allow more accurate results.

2. Input the minimum and maximum radius detectable for cell body detection as the Min and Max Cell Body Radius entries.
NOTE: All four of these entries should be numbers representing their respective values in pixels, according to the source images.

3. Move the Capsule and Cell Body Sensitivity sliders to adjust the sensitivity threshold of the algorithm. A low sensitivity will be
strict and reduce false positive circle detection, but may also detect fewer real circles. Conversely, a high sensitivity will increase
the detection rate but may also result in false positive circles.
NOTE: Representative results were obtained with a minimum capsule radius of 7, maximum capsule radius of 45, minimum body
radius of 4, maximum body radius of 30, capsule sensitivity of 87, and body sensitivity of 87.

7. Test the parameters on the randomly selected image by clicking the Run Test button. The results will be displayed in the upper center
of the program, replacing the original image. If the results look accurate, it is recommended to select an additional random image to try
as well to ensure the selected parameters will fit all selected images.

1. Maximize the number of bodies and capsules detected and visually inspect whether the circles appear to fit correctly. The
number of bodies within capsules detected will be displayed in the text box to the right. Otherwise, manipulate the algorithm
parameters until the results are accurate.

NOTE: The thick colored circles are only to help with visualization. The actual circles generated for measurement is a
mathematical curve calculated by the HCT algorithm.

8. Run the detection algorithm on the entire directory of image files by clicking the Begin Analysis button. Each image will be analyzed
and the program will display "finished" in the text box to the right when all images have been analyzed.

9. Click the Match and Cleanup button. This will match detected cell bodies to the detected capsules they reside in, and calculate the true
capsule radius by subtracting body from capsule.
NOTE: If the algorithm is being used to detect fluorescence or another situation in which only one circle is detected this step is
unnecessary. Instead click the Only Pull Bodies or the Only Pull Capsules button to collect the data for only the blue or only the green
circles, respectively. It is important to note that if only the capsule data is retrieved the radius will refer to the total radius of the cell as
the radius of the cell body could not be subtracted.

10. Locate the completed data in the "CleanedOuput.csv" file in the image directory. If only one piece of data was selected, the file will be
labeled "CleanedBodies.csv" or "CleanedCapsules.csv".

Representative Results

Images are first obtained by microscopy of India Ink slides using a bright field microscope coupled with a camera (Figure 1A). It is important to
have cells separated and in sufficiently low density not to overwhelm the field of view, as well as to use enough stain to create contrast between
cells and background. As stated in the protocol, the exact number of cells for an optimal image will vary depending on the sample, microscope,
and objective being used. The important aspects are to ensure cells are not clustered or overlapping, that the cell focal planes do not vary
significantly, and that there is significant India Ink stain clearly visible in the background (at least 25% of the field). These directions allow the
algorithm to determine a threshold unique to each image by taking the average pixel intensity value and adding the standard deviation. Any pixel
with an intensity value higher than said threshold is considered white and any with an intensity value lower is considered black. The resulting
image allows a clear and crisp distinction of where the capsule ends (Figure 1B). The algorithm then has a robust white-on-black contrast based
circle to detect for the capsule and the original image provides a robust black-on-white circle for cell bodies. A representative visualization of the
detected circles is generated as part of the program (Figure 1C). This allows the user to quickly parse through processed images and ensure the
results appear accurate.

It is essential to follow the exact protocol to acquire optimal images. Sub-optimal images usually result from a lack of contrast between capsule
and Ink (Figure 2A). Optimal contrast and acquisition parameters will vary based on sample, experiment, camera and microscope models, etc.
An optimal image is one where yeast cells are separated if possible, where the outer edge of the capsule has clear contrast to the India Ink stain,
and where the cell body is focused to appear as a dark band which contrasts sharply with its background. If too many cells are in the field of view
or if the stain is too light, the pixel intensity values will cluster and the program will not be able to establish a threshold capable of elucidating
capsule size (Figure 2B). When sub-optimal images are used the program can detect circles of incorrect sizes, not be able to detect any circles,
or detect multiple pseudo-circles based on artifacts in the threshold image (Figure 2C).

Detecting cell bodies poses a similar problem in that the cell body must be visualized as a robust black circle on the white background of the
capsule. This problem is addressed in the protocol when describing the desired focal plane for image acquisition. The best focal plane to use is
one in which the cell body appears as a dark, concentrated band (Figure 3A). This focal plane is acceptable as a standard because it properly
focuses the cell. This was confirmed by visualizing the cell wall with Uvitex, a chitin stain (Figure 3B). The Uvitex stain clearly shows a crisp,
focused cell wall with weak signal in the center (where the top and bottom of the cell body would be stained, out of focus).
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In developing this method it was also important to confirm that this algorithm could accurately determine capsule and cell body measurements.
While the representative circles in the previous figures are promising, actual measurements were compared between computer and human
measurements. When the protocol is followed accurately and optimal images are obtained, the algorithm is accurate and reliable (Figure 4A).
However, if the protocol is followed incorrectly and suboptimal images are obtained due to poor staining, overcrowding, or other previously
mentioned parameters, the algorithm loses accuracy and cannot recapitulate human measurements (Figure 4B). Since this technique was
originally developed for a specific individual (first author), a different individual was asked to use it to determine if differences between staining
and measurement styles would affect accuracy despite following protocol. The results showed that this technique was widely applicable as long
as the protocol was followed as instructed (Figure 4C). Similarly, this technique can be used with any microscope capable of acquiring phase
contrast images of the prepared India Ink slides. To ensure the algorithm remains accurate with other microscope setups this experiment was
repeated by a third investigator using a different bright field microscope coupled with a camera and compared detected capsule diameters with
manually measured capsule diameters. No significant difference was observed between computer and human measurements (Figure 4D).

Finally, future applications of this algorithm were explored in the context of fluorescence staining. Since fluorescence imaging is still based on
signal to noise ratios of pixel intensity values the algorithm should be readily applicable to fluorescence images so long as the stain is circular
in nature. This application was confirmed when the algorithm was able to successfully detect Uvitex stained cell bodies from the previously
described images (Figure 5A, 5B). Users should be careful to optimize the algorithm parameters for their experiment, and standardized
protocols should be developed in the future for any new applications.

10 pen B
Figure 1: Representative results of an optimally obtained image. A. The initial image acquired by bright field microscopy of an India Ink
slide. B. The binary image created using a threshold calculated from the average pixel intensity value added to the standard deviation. All values
above this threshold are considered white and all below are considered black. C. A visualization of the capsules (green) and cell bodies (blue)
detected by the algorithm. All images were obtained at 40x magnification with 2x2 binning. Please click here to view a larger version of this
figure.

Figure 2: Representative results of a sub-optimally obtained image. A. The initial India Ink slide acquired via bright field microscopy.
Uneven and inadequate staining results in a particularly bright background with gradients of intensity. B. The resulting binary image, in which
capsules cannot clearly be distinguished due to high background signal. C. Several capsules are undetectable. All images were obtained at 40x
magnification with 2x2 binning. Please click here to view a larger version of this figure.

Figure 3: Detecting cell bodies. A. Bright field image of capsule centered at the preferred focal plane. B. Uvitex fluorescence image of the cell
body at the preferred focal plane. Images were obtained at 100x magnification with 2x2 binning. Please click here to view a larger version of this
figure.
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Figure 4. Comparisons of results for algorithm (black) and human (gray) analyses. A. When slides are prepared according to protocol

and optimal images are obtained there is no appreciable difference between measurements. B. If the protocol is not followed the algorithm
cannot accurately identify and measure capsules. Here specifically the background was not consistent and there was not clear contrast between
capsules and background. Significant variations calculated via t-test is noted as * for P values < 0.05. C. An independent investigator was

asked to follow the protocol and compare their analyses with the algorithm. Reliability is maintained across observers as long as the images are
properly acquired. D. A second independent investigator with a second microscope was used to confirm the algorithm retains accuracy across
individuals and hardware. Please click here to view a larger version of this figure.

Figure 5: A potential alternative application of the algorithm: identification and measurement of fluorescence microscopy. Cell
bodies were stained and imaged with Uvitex, then identified by algorithm. The detected circle extends past what would be labeled as the cell
wall because the detection is based on the fluorescence signal. The detection algorithm can be tailored to identify specifically the brightest
accumulation of signal (the cell wall) by modifying the threshold used to generate the initial binary image represented in Figures 1B and 2B.
Please click here to view a larger version of this figure.
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Supplemental Figure 1: A representative screenshot of the application running in a Windows environment. Please click here to view a
larger version of this figure.

St T - blaich

Supplemental Figure 2: Representations of detected budding yeast cells. Scale bar represents 10 um. A. A parent cell and bud each
counted as separate cells within their own capsule. B. A parent cell and bud each counted twice, once for their own capsule and once for the
other cell capsule, resulting in four total cells detected from one parent and one bud. Please click here to view a larger version of this figure.

1 Image File Total Radius {um) Capsule x Capsuley Body Radius (um) Capsule Radius {um)
2 <Worksheet "Snapshot of test 5">-113 16.80800867 1106.481235 434.3059471 5.350717302 11.41729137
3 <wWorksheet "Snapshot of test 6">-107 16.54314912 415.8695065 274.7569151 3.305623251 11.23752587
4 <Worksheet "Snapshot of test 8">-45 19.92526036 113.7407699 43.44233506 8.752352875 11.17250743
5 <Worksheet "Snapshot of test 6">-117 16.92694972 668.8021741 477.971632 5.811722832 11.11522689
6 <Worksheet "Snapshot of test 9">-10 19.3579342 200357308 145.5341571 8.2690618775 11.08831543
7 <Worksheet "Snapshot of test 7">-2 19.0219657 758.7122143 315.3245473 8.198151053 10.52381464
8 <Worksheet "Snapshot of test 7">-25 19.1548197 287.425519 297.27072 8.337094238 10.81772487
9 <Worksheet "Snapshot of test 3">-16 19.12648724 14.46335104 884.6449316 8.446303686 10.68018355
10 <worksheet "Snapshot of test 10">-4 19.60416548 1218.08347 899.2274047 8.939274533 10.66485083

Supplemental Figure 3: A representation of the final data provided after cell detection and measurement. Image file refers to the name of
the original image. Total radius refers to the radius of the representative green circles, capsule and cell body combined. Capsule x and Capsule
y refer to the coordinates of the capsule for which this data applies to. Body radius refers to the radius of the representative blue circles. Capsule
radius refers to the total radius minus the body radius, resulting in the radius of just the capsule. These values will be in microns so long as the
user included a pixel-to-micron conversion ratio in step 3.2.5. Please click here to view a larger version of this figure.

The critical steps of this technique are preparing the India Ink slide and acquiring the microscope images. While the algorithm has been
successfully tested with a variety of slide and image techniques the recommended protocol is described in this manuscript. The polysaccharide
capsule is detected based on the exclusion of India Ink particles from the domain of the capsule as these particles are too large to penetrate the
polysaccharide fibril network. India Ink exclusion results in a bright circle on top of a dark background. The algorithm detects circles based on
how well they contrast with their background. Thus, a heavy India Ink stain will result in higher contrast between polysaccharide capsule and
background, increasing signal to noise ratio, and improving result quality. Conversely, the cell body is detected as a dark circle on top of a bright
background. The cell body will change appearance based on which focal plane the microscope is set to, appearing as a diffuse grey circle at the
top or bottom of the cell and as a condensed dark band at the center. For the same reasons already discussed, the focal plane where the cell
body appears as a condensed, dark band should be used for image acquisition as this will result in the most accurate circle detection.

The method reported here has progressed through several modifications and rounds of troubleshooting. The algorithm was initially coded
expecting that cells would not be smaller than 4 or larger than 60 pixels based on the microscope that was used. To expand the application
of this algorithm to different magnifications and cell sizes these limits were instead replaced by the user input fields described in the protocol.
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Users may now input parameters specific to each experiment for maximum accuracy. If this algorithm is being applied to a situation outside of
Cryptococcus capsule measurement it is recommended to first set up a series of range finding conditions to determine how samples should be
generated and imaged.

The most significant limitation of this technique is that it was designed with a specific application in mind, namely the measurement of
cryptococcal capsule. While it can be readily modified to fit additional applications, this script is only directly applicable to the capsule
measurement protocol outlined above. However, this limitation also describes the significance of this method with respect to its field and to the
existing methods. Additionally, budding yeast cells can present a problem for investigators who wish to only measure parent cell sizes. This
algorithm is capable of detecting buds as unique cells (Figure S2A). First, this can be a problem if the investigator in which case they would
wish to remove bud measurements, or remove both cells if it cannot be determined which detected circle is the bud and which is the parent.
Second, this can cause another problem if the bud is detected as a cell body still within the confines of the parental capsule (Figure S2B) in
which case the algorithm will measure the bud in reference to the parental capsule. In this example each cell will be counted twice because
each cell body resides within two capsules. Either of these problems can be addressed easily once the protocol is finished. The final data set will
appear as a spreadsheet where each individual detected cell is labeled according to the image file it came from, and the x and y coordinates of
the cell body (Figure S3). Investigators can simply find and exclude the data which matches the bud. Despite capsule size being an important
and heavily studied virulence factor the Cryptococcus field has yet to establish standard protocols for capsule measurement or image acquisition.
This technique was designed to fill these roles in an accurate and convenient manner freely available to laboratories with minimal prerequisites.

Future applications of this technique are largely to apply it to other experiments. Any image based detection or measurement of circular objects
should be analyzable through this algorithm. Fluorescent microscopy images can be analyzed by applying the algorithm to individual laser
channels. Bacterial colony counting can be achieved, and with additional modification could distinguish between galactose reporters. Yeast
colony growth assays could also be evaluated using this algorithm to estimate colony area size.

The authors have no conflicts of interest to disclose.
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