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Abstract

Mitochondrial dysfunction, or functional alteration, is found in many diseases and conditions,
including neurodegenerative and musculoskeletal disorders, cancer, and normal aging. Here,

an approach is described to assess mitochondrial function in living yeast cells at cellular and
subcellular resolutions using a genetically encoded, minimally invasive, ratiometric biosensor.
The biosensor, mitochondria-targeted HyPer7 (mtHyPer7), detects hydrogen peroxide (H,0,)

in mitochondria. It consists of a mitochondrial signal sequence fused to a circularly permuted
fluorescent protein and the H,O,-responsive domain of a bacterial OxyR protein. The biosensor
is generated and integrated into the yeast genome using a CRISPR-Cas9 marker-free system, for
more consistent expression compared to plasmid-borne constructs.

mtHyPer7 is quantitatively targeted to mitochondria, has no detectable effect on yeast growth

rate or mitochondrial morphology, and provides a quantitative readout for mitochondrial H,O,
under normal growth conditions and upon exposure to oxidative stress. This protocol explains how
to optimize imaging conditions using a spinning-disk confocal microscope system and perform
quantitative analysis using freely available software. These tools make it possible to collect rich
spatiotemporal information on mitochondria both within cells and among cells in a population.
Moreover, the workflow described here can be used to validate other biosensors.

Introduction

Mitochondria are essential eukaryotic cellular organelles that are well known for their
function in producing ATP through oxidative phosphorylation and electron transportL. In
addition, mitochondria are sites for calcium storage, the synthesis of lipids, amino acids,
fatty acid and iron-sulfur clusters, and signal transduction? - 3. Within cells, mitochondria
form a dynamic network with characteristic morphology and distribution, which varies
according to cell type and metabolic state. Furthermore, although mitochondria can fuse and
divide, not all the mitochondria in a cell are equivalent. Numerous studies have documented
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the functional heterogeneity of mitochondria within individual cells in attributes such as
membrane potential and oxidative state? 5+ 8. This variation in mitochondrial function is
due in part to damage to the organelle from mtDNA mutations (which occur at a higher rate
than in nuclear DNA) and to oxidative damage by reactive oxygen species (ROS) generated
both within and outside the organelle” 8- °. Damage to the organelle is mitigated by
mitochondrial quality control mechanisms that repair the damage or eliminate mitochondria
that are damaged beyond repairl0.

Hydrogen peroxide (H205) is a reactive oxygen species that is a source of oxidative damage
to cellular proteins, nucleic acids, and lipids. However, H>O5 also serves as a signaling
molecule that regulates cellular activities through the reversible oxidation of thiols in

target proteins! - 12, H,0, is produced from electrons that leak from the mitochondrial
electron transport chain and by specific enzymes, such as NADPH oxidase and monoamine
oxidases!3-14.15,16,17,18,19,20 t js also inactivated by antioxidant systems, including
those based on thioredoxin and glutathione2! - 22 23, Thus, analysis of mitochondrial H,05
levels is critical for understanding the role of this metabolite in normal mitochondrial and
cellular function and under conditions of oxidative stress.

The overall goal of this protocol is to detect mitochondrial H,O5 using a genetically
encoded ratiometric H,O, biosensor, HyPer7, that is targeted to the organelle (mtHyPer7).
mtHyPer7 is a chimera consisting of the mitochondrial signal sequence from A7P9 (the Su9
presequence), a circularly permuted form of green fluorescent protein (GFP), and the H,0,-
binding domain of the OxyR protein from Neisseria meningitidis?* (Figure 1). In circularly
permuted GFP, the N- and C-termini of native GFP are fused and new termini are formed
near the chromophore, which impart greater mobility to the protein and greater lability

of its spectral characteristics compared to native GFP25, The interaction of mtHyPer7’s
OxyR domain with H,05 is high-affinity, H,O,-selective, and leads to reversible oxidation
of the conserved cysteine residues and disulfide bridge formation. Conformational changes
associated with the oxidation of OxyR are transferred to the circularly permuted GFP in
mtHyPer7, which results in a spectral shift in the excitation maximum of the mtHyPer7
chromophore from 405 nm in the reduced state to 488 nm in the H,O,-oxidized state2S.
Thus, the ratio of fluorescence from mtHyPer7 in response to excitation at 488 nm versus
405 nm reflects the oxidation of the probe by H,0,.

Ideally, a biosensor should provide a real-time, absolute, quantitative readout of its target
molecule. Unfortunately, however, this is not always possible in real-world measurements.
In the case of oxidation sensors, such as mtHyPer7, the real-time readout is affected

by the rate of reduction of the disulfide bridge. The reduction systems used by ROS
biosensors differ, and these can dramatically alter probe response dynamics-as shown by the
comparison of HyPer7, reduced by the thioredoxin system, and roGFP2-Tsa2ACR, reduced
by glutathione-in yeast cytosol?’. Thus, to draw a conclusion about the relative H,0,
concentration from mtHyPer7 ratios, one must assume that the reduction system maintains a
constant capacity during the experiment. Notwithstanding these considerations, HyPer7 and

related probes have been used in various contexts to obtain information about H,O, in living
cells25 28,29
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This ratiometric imaging of mtHyPer7 offers important benefits for mitochondrial H,O,
quantitation?4 27; it provides an internal control for probe concentration. In addition, the
shift in excitation peak produced by H,O, exposure is not complete, even in saturating
concentrations of H,O5,. Thus, ratio imaging can increase the sensitivity by incorporating
two spectral points in the analysis.

The mtHyPer7 probe used here has a very high affinity for H,O, and relatively

low sensitivity to pH24, and has been successfully targeted to Caenorhabditis elegans
mitochondria3C. This protein has also been used in yeast? - 31, However, previous studies
relied on plasmid-borne expression of mtHyPer7, which results in cell-to-cell variability
in probe expression?’. In addition, the construct described in this protocol was integrated
into a conserved, gene-free region on chromosome X32 using a CRISPR-based approach
for marker-free integration. Expression of the integrated biosensor gene is also controlled
by the strong constitutive 7E£F1 promoter (Figure 2). As a result, there is more stable,
consistent expression of the biosensor in yeast cell populations compared to that observed
using plasmid-borne biosensor expression, and cells bearing the biosensor can be propagated
without the need for selective media.

Finally, mtHyPer7 offers advantages over other ROS biosensors. For example, organic
dyes used to detect ROS (e.g., dihydroethidium [DHE]? and MitoSOX3) can produce
uneven or nonspecific staining and are often delivered in solvents such as ethanol or
dimethyl sulfoxide, which require additional controls for solvent effects. Another class of
ROS biosensors are fluorescence resonance energy transfer (FRET)-based biosensors (e.g.,
Redoxfluor for cellular redox state?, and the peroxide sensors HSP-FRET®, OxyFRETS,
and PerFRET®). These probes are genetically encoded and highly sensitive in principle

and can be quantitatively targeted to mitochondria using well-characterized mitochondrial
signal sequences. However, there are challenges in the use of FRET-based probes, including
background due to cross-excitation and bleed-through, and stringent requirements for the
proximity and orientation of the fluorophores for FRET to occur33: 34, In addition, FRET
probes consist of two fluorescent proteins that require larger constructs for expression

in cells of interest compared to spectra-shifting probes. The protocol described here was
developed to take advantage of the strengths of the HyPer7-based biosensor, and to use this
compact, ratiometric, high-affinity, genetically encoded probe for quantitative imaging of
peroxide in mitochondria in living yeast.

1. Generation of the biosensor plasmid, integration into the yeast genome, and
assessment of the targeting of mtHyPer7 to mitochondria and effects on mitochondrial
morphology, cellular growth rates, or oxidative stress sensitivity

NOTE: Refer to Supplemental File 1, Supplemental Table S1, Supplemental Table S2, and
Supplemental Table S3 for biosensor plasmid construction, strains, plasmids, and primers,
respectively, used for biosensor construction and characterization. See the Table of Materials
for details related to all materials, reagents, and instruments used in this protocol.
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1. Amplify the biosensor construct from the biosensor plasmid using the primers
Y290 and Y291 (Figure 2) via polymerase chain reaction (PCR).

2. Mix 500 ng of the Cas9/guide RNA plasmid (YN2_1_LT58_X2site3?) with
50 L of the PCR product from step 1.1 (the biosensor construct). Transform
the mixture into budding yeast using the lithium acetate method?® and select
transformants on YPD plates containing 200 mg/mL G418.

3. Screen candidate transformants by PCR amplification of genomic DNA using
the primers Y292 and Y293. For transformants bearing an insert of the expected
size (positive: 3.5 kb; negative: 0.3 kb), sequence the inserted region for further
validation.

4. Evaluate the effect of the biosensor on growth and mitochondrial function
(Figure 3). If the biosensor appears to affect the function of cells or
mitochondria, try to minimize the effect by changing the promoter, integration
site, or parent strain.

1. Determine the effect of the biosensor construct on growth rate in
the presence and absence of an oxidative stressor (e.g., paraquat), as
described previously38.

1 Dilute mid-log phase cells to a 600 nm optical density
(ODggg) of 0.0035 in 200 uL of corresponding media with
and without treatment into each well of a 96-well flat-bottom
plate. Measure the optical density of the culture every 20 min
for 72 h using a plate reader. Calculate the maximum growth
rate (slope) as the maximum change in OD over a 240 min
interval during the 72 h course.

2. Visualize the cells by fluorescence microscopy and evaluate the
brightness and mitochondrial morphology as described previously3”.

1. Grow the cells to the mid-log phase, stain the mitochondria
with 250 nM MitoTracker Red for 30 min, and wash twice
before imaging. Capture Z stacks of 6 um depth at 0.3 um
intervals on a wide-field or confocal fluorescence microscope
and inspect visually. Look for mitochondria forming elongated
tubular structures.

2. Cell culture and preparation for imaging (Figure 4)

1. Propagate the cells in synthetic medium to the mid-log phase for imaging. A 5
mL mid-log phase culture provides enough cells for four or five slides and a total
of >100 budded cells for analysis.

1. In the morning the day before the experiment, prepare liquid precultures
by inoculating 5 mL of synthetic complete (SC) medium in a 50 mL
conical-bottom tube with a single colony of yeast cells.
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2. Incubate the preculture in an orbital shaker at 200 rpm and 30 °C for
6-8 h. Measure the ODgqg of the preculture, which should be at the
mid-log phase: ~0.5-1 x 107 cells/mL, ODggg ~0.1-0.3.

3. Prepare a mid-log phase culture using the preculture for imaging the
next day. Calculate the amount of preculture needed for a mid-log phase
culture after overnight growth (8-16 h). When the cells are grown in
SC medium, the doubling time is ~2 h. Therefore, the volume (V) of
preculture for inoculation of a 5 mL overnight culture is calculated
using equation (1):

Final ODgp X 5 mL

growth time
= Preculture ODgg X 2\ doubling time) X V'

4, Inoculate 5 mL of SC medium in a 50 mL conical-bottom tube with the
amount of preculture calculated in step 2.1.3. Grow in an orbital shaker
at 200 rpm and 30 °C for 8-16 h.

2. On the day of imaging, confirm that the culture generated in step 2.1.4 is at the
mid-log phase (ODggg ~0.1-0.3). Concentrate the cells from 1 mL of the mid-log
phase culture by centrifugation at 6,000 x g for 30 s. Remove the supernatant,
leaving 10-20 L of the supernatant in the tube. Resuspend the cell pellet by
gently mixing with residual media using a micropipette.

3. Use an air blower or lint-free tissue to remove dust from a glass microscope slide
and add 1.8 pL of the cell suspension to the slide. Cover the cells with a #1.5
(170 um thick) glass coverslip, lowering the coverslip slowly at an angle to avoid
introducing bubbles.

4, Image immediately and discard the slide after 10 min of imaging.

3. Optimization of imaging conditions and image collection (Figure 5)

1. Select an imaging mode. For optical sectioning without postprocessing, a
spinning-disk confocal instrument is preferred. However, if the signal is low,
or this instrument is unavailable, use wide-field imaging, ensuring that the
wide-field images are deconvolved to remove out-of-focus blur, as described
previously38.

2. Select optics. Use a high-numerical aperture oil-immersion lens, such as 100x/
1.45 Plan-Apochromat.
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3. Select excitation and emission wavelengths. For spinning-disk confocal
imaging, use a laser excitation at 405 nm and 488 nm and a standard GFP
emission filter. For wide-field imaging, use a light emitting diode (LED) or
lamp excitation, but ensure that the filter setup allows variation of the excitation
while passing emission through the standard GFP filter.

NOTE: This can be accomplished, for example, by removing the excitation filter
from a GFP cube and using an LED or filter wheel to select the excitation.

4, Select exposure time and illumination intensity.

1. Establish acquisition conditions that yield a readily detectable signal
and acceptable resolution in each fluorescence channel. For example,
on a spinning-disk confocal microscope with an SCMOS camera, use
2 X 2 binning, 20-40% laser power, and 200-600 ms exposure.

2. Examine the image histogram. In a 12-bit image (4,096 possible gray
levels), make sure that the total dynamic range of the pixel values is
at least several hundred gray levels, without saturation (Figure 5A). In
addition, make sure the range is one order of magnitude higher than the
noise level. Calculate the noise level as the standard deviation of pixel
values in a cell-free area of an image, measured as described in step
4.13.1.

3. Test for photobleaching or imaging-induced mitochondrial stress under
the selected imaging conditions. If excessive photobleaching or an
increase in mitochondrial H,O, is observed, reduce the laser power
and increase the exposure or binning.

1 Collect a time-lapse series of images, with no delay between
acquisitions, to assess the effects of the imaging conditions
on signal stability and oxidative stress in mitochondria. Using
the microscope acquisition software or ImageJ, measure the
average pixel value in each fluorescence channel to confirm
signal stability (<5% change; Figure 5B). If the experiment
does not involve time-lapse imaging, make sure that the
fluorescence is stable over two or three repeated Z stacks (25—
35 exposures).

NOTE: A decrease in fluorescence of both channels may
indicate photobleaching; however, a decrease in 405 nm-
excited fluorescence accompanied by an increase in the 488
nm-excited channel may indicate increased mitochondrial
H,0, and imaging-induced oxidative stress in the organelle.

5. Acquire images. If collecting Z stacks, ensure that the Z interval is the same
for all images in the dataset, and include the entire cell. For budding yeast,
image with a Z interval of 0.5 pm and a total stack depth of 6 pm. Acquire
transmitted-light images to document cell boundaries.
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6. Analyze images manually or semi-automatically viathe scripts available in
Supplemental File 2 and at https://github.com/theresaswayne/biosensor, using
the Fiji distribution of ImageJ? and the statistical software R (Figure 6). In the
software instructions, hierarchical menu commands are shown in boldface with
“|”, indicating a sequence of menu selections. Options and buttons are shown in

boldface.

4. Semiautomated analysis with scripts

1. Generate and measure ratio images using a biosensor analysis script (e.g.,
biosensor.ijm or biosensor-image-subtraction.ijm).

1. Select the script to use. The protocol for using each script is similar;
any differences will be specified in the text.

1.

biosensor.ijm: In this script, background and noise are
corrected using user-selected image areas, fixed values, or
no subtraction. Select methods for background and noise
correction independently.

biosensor-image-subtraction.ijm: In this script, background
and noise are both handled by the same user-selected method,
which may be one of the following: blank image, user-selected
area within the image, fixed value, or no correction.

2. In Fiji, open a multi-channel Z stack image acquired in step 3.5. Open
the desired biosensor analysis script file. Run the script by clicking Run
in the Script Editor window. In the dialog window that appears, enter
the requested information.

1.

Select the channel numbers of the numerator and
denominator for ratio calculation. For mtHyPer?7, the
numerator is the channel excited at 488 nm, and the
denominator is the channel excited at 405 nm. Select the
channel number of the transmitted-light image, if present, or
0 if there is none.

Select the desired background subtraction method from

the following four options. If the background is relatively
uniform, choose Select an image area, which directly
measures the background level in the image. If the background
varies substantially across the field, use the biosensor-image-
subtraction.ijm script and select Blank image (to collect

a blank image for correction, capture a multichannel Z

stack with identical acquisition conditions in a cell-free

field of view, or from a slide made with cell-free growth
medium). Fixed value allows entry of a previously measured
background value. None leaves the background uncorrected,
but may reduce the precision of the measurement.
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Select the desired noise subtraction method. The noise value

is used as a lower threshold on the background-subtracted,
masked channel images to reduce the effect of random
variation in the detector readout. Opt for Select an image area
or Fixed value to allow entry of a previously measured noise
level, which usually works well as the noise levels are constant
if the imaging conditions are kept constant. Alternatively,
choose None and use a value of 1 as the lower threshold,
which may increase the variability of the measurements.

Select a thresholding algorithm to detect mitochondria
accurately and consistently; Otsu or MaxEntropy are
recommended. Ideally, use the same algorithm for all images
in an experiment, but ensure the accurate recognition of
mitochondria. Use a different thresholding method if there are
changes in morphology during an experiment.

Select the number of regions of interest (ROIs) per cell. For
example, if measuring mother-bud differences, select 2.

Select the output folder where measurements and ratio images
will be saved.

3. Follow the prompts for background and noise correction.

1.

Avrea selection (if applicable): If Select an image area was
chosen for background or noise measurement, follow the
prompts to draw a background area (outside any cells or
fluorescent artifacts) using the rectangle ROI tool. After
drawing the area, click OK.

Fixed value entry (if applicable): If Fixed value was chosen
for background or noise measurement, follow the prompts to
enter background and/or noise values for each fluorescence
channel.

Blank reference image (if applicable): In the biosensor-
image-subtraction.ijm script, if Blank image was chosen for
background or noise correction, follow the prompts to select a
blank image file.

4, Mark ROIs for measurement. In mid-log phase cultures, restrict the
analysis to budded cells.

1.

Draw ROIs corresponding to individual cells or subcellular
regions based on the bright-field image. The ROI does not
have to exactly match the cell outline, as only thresholded
mitochondria within the ROl will be measured. Alternatively,
open a previously saved ROI set: in the ROl Manager, click
More, then select the ROI file.

J Viis Exp. Author manuscript; available in PMC 2024 May 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jie-Ning Yang et al.

6.

Page 9

2. Press T after creating each ROI to add the selected ROI
to the ROI Manager. In the ROl Manager, check Show All
to document the cells that were marked. Each added region
will appear as a numbered item in the ROl Manager list. If
analyzing more than one ROI per cell (e.g., mother and bud),
mark the ROIs in the same order for each cell analyzed.

3. After all the desired ROIs have been added to the ROI
Manager, click OK in the Mark cells dialog window.

Choose the measurement table format. In the MultiMeasure dialog
window that appears, check Measure all slices. Check the One row
per slice option to produce a table with the desired format. Use the
process_multiROI_tables.R script to process tables created with the
One row per slice option; do not check Append Results. Repeat this
step 3x (for measurement of the numerator [488], denominator [405],
and ratio [488/405] images).

The script will save the output files to the folder selected in step 4.1.2.6.

2. Calculation of weighted mean ratios for each region or cell

1.

Using the results obtained in the previous step, calculate the weighted
mean ratios for each region or cell using equation (2). Calculate either
“pixelwise” or “regionwise” ratios (see the discussion for details).

lic
Zi :ef IntDen

slices
> Area

Weighted mean intensity =

NOTE: The area and integrated density (/nfDen) values include only
the pixels within the thresholded mitochondria. This calculation can be
automated using the process_multiROI_tables.R script and R statistical
software.

3. Generate a colorized ratio image. As changes in hue (color) are more obvious to
the human eye than changes in intensity, convert the ratio value to a color scale
for easier visual interpretation. The colorize_ratio_image.ijm script will colorize
a masked ratio image.

1.

In Fiji, open a ratio Z stack image generated in step 4.1.6. Open the
colorize_ratio_image.ijm script file. Run the script by clicking Run in
the Script Editor window. In the dialog window that appears, enter the
requested information.
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1. Colorization method: In the Unmodulated option, all
mitochondrial pixels appear at the same brightness. However,
some images may appear noisy as both dim and bright pixels
contribute to the ratio image. To reduce this effect, use the
Intensity modulated option.

2. Minimum and maximum displayed value: These values
control the range of ratio values that will be colorized.
Choose values near the average minimum and maximum
values observed in an experiment (based on the weighted
mean ratios calculated in step 4.2.1). Within an experiment,
be sure to acquire all images with identical imaging conditions
and display all images with identical minimum and maximum
values.

3. Projection mode: Z stacks are displayed as projections to
show the entire mitochondrial population. The projection
is created before colorization. Select Max for a maximum-
intensity projection (preserving the maximum ratio and
intensity values) or Average for an average-intensity

projection.
4. Output folder: Select the folder in which to save the colorized
images.
2. If the Unmodulated option was selected, select a color scheme

(lookup table; LUT) in the dialog window that appears. Use the

Fire or Rainbow RGB LUTSs built into Fiji, or any desired LUT in
ImageJ’s .lut format (Import from LUT file). The Rainbow Smooth?0
LUT is recommended (included in Supplemental File 2 and on
GitHub).

3. The script saves the output files to the folder selected in step 4.3.1.4.
These include the colorized ratio image (Color_RGB.tif) and the
colorized ratio image with a calibration bar showing the correspondence
between ratio values and image color (Color_with_bar.tif).

5. Manual analysis

NOTE: This approach takes more time but allows flexibility in preprocessing and setting the
threshold.

1. Correct for background.
1. Set options in Fiji.

1. Click on Analyze | Set Measurements. In the dialog window
that appears, check the boxes for Area, Mean, StdDeyv,
IntDen, and Display Label. Set the decimal places to 3.
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2. Click on Edit | Options | Input/Output. In the dialog window
that appears, check the boxes for Save row numbers and Save
column headers.

2. To increase the sensitivity of the ratio calculation, subtract the
background from each fluorescence channel. If the background is
relatively uniform, measure the mean intensity of a cell-free area in
an image, and subtract this value from the entire image (step 5.1.2.1).
Alternatively, if the background varies substantially across the field, use
a blank image for correction (step 5.1.2.2.).

1. To subtract a user-selected region, click on Image | Color |
Split channels, and keep all the channel images open, since
they will be needed later. For each fluorescence channel, draw
an ROI on the background (outside any cells) and click on
Analyze | Measure, or for stacks, click Image | Stacks |
Measure Stack. Observe the mean value of the ROI that
appears in the Results table. Click on Edit | Select None,
then Process | Math | Subtract. In the dialog window that
appears, enter the measured mean background value, rounded
to the nearest integer.

NOTE: Rounding prevents errors with binary operations later.

2. To subtract a blank image from a data file, collect a blank
image from a completely cell-free field of view or from a slide
prepared with cell-free growth medium. Click on Process |
Image Calculator. In the dialog window that appears, set the
operation to Subtract, and set Imagel and Image2 to the cell
image and the blank image, respectively. Check Create New
Window and 32-bit Result.

2. To limit the analysis to mitochondria, perform segmentation. Because each
channel may change intensity depending on the biosensor’s state, use the sum of
the two channels to define the area of mitochondria consistently.

1. To create a sum image, click on Process | Image Calculator. In the
dialog window that appears, set the operation to Add, and set Imagel
and Image?2 to the two background-subtracted fluorescent channels in
any order. Check Create New Window and 32-bit Result and wait for
a sum image to appear.

2. Set the threshold to define mitochondria on the sum image.

1. Click on Image | Adjust | Threshold. In the Threshold
window that appears, check Dark Background and Stack
Histogram. Set Method to the desired algorithm (e.g.,
Otsu or MaxEntropy). Employ automated thresholding for
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reproducibility, but if no automatic method is suitable,
manually adjust the threshold.

NOTE: Ideally, the same algorithm should be used for all
images in an experiment, but changes in morphology during
an experiment might necessitate a different thresholding
method in some conditions.

When the threshold is satisfactory, click Apply. In the dialog
window that appears, choose Convert to Mask. In the dialog
window that appears, check Black background and leave the
other boxes unchecked. Save the resulting mask image for
evaluation of the segmentation accuracy.

Convert the mask values from 0 and 255 to 0 and 1,
respectively, by clicking on Process | Math | Divide. Set the
value to 255, and when prompted, select the option to process
all images.

Apply the mask to the background-subtracted fluorescence
channels by clicking on Process | Image Calculator. In the
dialog window that appears, set the operation to Multiply. Set
Imagel and Image2 to the numerator channel and the mask,
respectively. Check Create New Window and 32-bit Result;
repeat the mask multiplication with the denominator channel.

Prepare each masked channel for ratio calculation by setting
the background pixels to NaN (“not a number™).

1. Select the masked numerator channel and click on
Image | Adjust | Threshold. In the Threshold
window, click Set, and in the dialog window that
appears, set the minimum to the calculated noise
level or to 1, and leave the maximum as it is.

2. In the Threshold window, click Apply. In the next
dialog box, choose Set to NaN. Repeat for the
masked denominator channel.

3. Generate the ratio image.

1.

Click on Process | Image Calculator. In the dialog window
that appears, set operation to Divide. Set Imagel and

Image? to the background-subtracted masked numerator

and denominator channels, respectively. For mtHyPer7, the
numerator is the oxidized form excited at 488 nm, and the
denominator is the reduced form excited at 405 nm. Therefore,
higher ratios indicate higher H,0,.
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2. Check Create New Window and 32-bit Result. Save the ratio
image for analysis.

4, Mark and quantify areas of interest. Each cell or subcellular region
is selected and stored as an ROI in the ROl Manager. The ROIs
do not have to perfectly match the cell outlines, as only the masked
mitochondria regions will be measured.

1. Using the transmitted-light image to prevent bias, create ROIs
corresponding to individual cells (or subcellular regions). In
mid-log phase cultures, restrict the analysis to yeast cells
bearing buds, which are actively engaged in cell division.
Press T after creating each ROI to add it to the ROl Manager.
Check Show All to document the cells that were marked.

2. Click on the ratio image created above, and in the ROI
Manager, click More ... | MultiMeasure. In the dialog
window that appears, check Measure all slices. Do not
check Append Results. Check the One row per slice
option to produce a table with the desired format. The
process_multiROI_tables.R script will process tables created
with the One row per slice option in the R statistical software.

3. Save the results. Click on the Results window, then File |
Save, and save the results table in .csv or .xIs format. Set the
filename to match the image name.

4, Save the ROIs. In the ROl Manager, first make sure that no
ROIs are selected: click Deselect, then More | Save. Open
the saved ROIs along with the original image in Fiji to cross-
reference the measurements with the image.

5. Calculate the weighted mean ratios per cell or region by using the
results obtained in the previous step and equation (3). Calculate either
“pixelwise” or “regionwise” ratios (see the discussion for details).

slices
Z; Zel‘ IntDen

Weighted mean ratio = Sices
ZZ _, Area

NOTE: The area and integrated density values include only the pixels
within the thresholded mitochondria. This calculation can be automated
using the process_multiROI_tables.R script in the R statistical software.
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6. Generate a colorized ratio image.

NOTE: Colorized images can be unmodulated, where all mitochondrial
pixels appear at the same brightness, or intensity-modulated, where
pixel intensity in the original image is used to set intensities in the
colorized image.

1 To produce an unmodulated colorized image:

1 Open the ratio image generated above. Click on
Image | Duplicate to generate a copy of the image,
then close the original image.

2. If the image is a Z stack, either select a single slice,
or generate a Z projection to view all mitochondria.
Use either a maximum-intensity (retaining the
maximum ratio and intensity values at each XY pixel
coordinate) or an average-intensity projection.

3. Click on Image | Lookup Tables and set the LUT
to the desired color scheme (e.g., Rainbow RGB or
Fire [available by default in ImageJ]). Alternatively,
click on File | Import LUT and select any desired
LUT in ImageJ’s .lut format, such as Rainbow
Smooth“? (included in Supplemental File 2 and on
GitHub). Make sure the LUT has a dark color
assigned to the 0 value.

4, Set the display contrast by clicking on Image |
Adjust | Brightness/Contrast. In the Brightness/
Contrast window, click Set, and in the dialog
window that appears, enter the desired values for
the Minimum and Maximum displayed values. To
maximize the color differences observed, set these to
approximately the minimum and maximum obtained
across all images. Set all the images in an experiment
to the same contrast levels.

NOTE: Do not click Apply, because this will change
the pixel values and prevent the generation of an
accurate calibration bar in the next step.

5. Add a color calibration bar by clicking on Analyze
| Tools | Calibration bar. In the dialog window that
appears, check the Overlay option to remove the bar,
if desired, by clicking on Image | Overlay | Remove
Overlay.

6. If desired, add a scale bar by clicking on Analyze |
Tools | Scale Bar. In the dialog window that appears,
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set the desired size, location, and color for the bar.
Check the Overlay option to maintain the color of
the bar regardless of the LUT used.

7. Generate an RGB image for publication by clicking
on Image | Overlay | Flatten. Save the resulting
image.

NOTE: This image is only for presentation or
publication. The intensity values are altered, so it
cannot be measured. The bars are also permanently
burned on the image.

2. To create an intensity modulated image:

1. Click on Image | Duplicate to generate a copy of the
image, then close the original.

2. If the image is a Z stack, either select a single slice or
generate a Z projection to view all mitochondria.

3. Set the display contrast of the ratio image by clicking
on Image | Adjust | Brightness/Contrast, and in
the Brightness/Contrast window, click Set. In the
dialog window that appears, enter the desired values
for the Minimum and Maximum displayed values.
To maximize the color differences observed, set
these to approximately the minimum and maximum
obtained across all images, and set all the images
in an experiment to the same contrast levels. Click
Apply to rescale the pixel values.

4, To create a calibration bar, duplicate this enhanced
image, and generate a bar by navigating to Analyze
| Tools | Calibration Bar. Convert the image and
overlay to RGB format by clicking on Image |
Overlay | Flatten. If desired, paste this bar on the
intensity-modulated RGB image obtained in step
5.6.2.12 for presentation or publication.

5. Create a new image with the same width and height
as the image by clicking on File | New | Image....
In the dialog window that opens, set the parameters
as follows: Type: RGB; Fill with: Black; Width and
Height: 9width and height of the image); Slices: 1.

6. Convert the new stack to an HSB (hue, saturation,
brightness) image stack by clicking on Image | Type
| HSB Stack.

J Viis Exp. Author manuscript; available in PMC 2024 May 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jie-Ning Yang et al.

Page 16

7. Click on the contrast-adjusted ratio image by
navigating to Edit | Select All, then Edit | Copy.
Then, click on the HSB stack, select the first slice
(Hue), and click on Edit | Paste to transfer the ratio
values.

8. Select slice 2 (Saturation) of the HSB stack. Set the
foreground color to white by navigating to Edit |
Options | Colors. Click on Edit | Select All, then
Edit | Fill, and in the dialog window that opens,
select No to fill only the current slice with white.

9. Open the raw data image and split the channels by
clicking on Image | Color | Split Channels.

10.  Generate the average of the two ratio channels
using the Image Calculator and clicking on
Process | Image Calculator. In the dialog window
that appears, set the operation to Average, and
set Imagel and Image2 to the numerator and
denominator images, respectively. Check Create
New Window.

11.  Click on the average image created above by
navigating to Edit | Select All, then Edit | Copy.
Then, click on the HSB stack, select the third slice
(Value), and click on Edit | Paste to transfer the
intensity values.

12.  Convert the HSB stack into the RGB color space by
clicking on Image | Type | RGB Color. Save the
resulting image.

Representative Results

To confirm that mtHyPer7 is a suitable probe to assess mitochondrial H,O5, the localization
of mtHyPer7 and its effect on yeast mitochondria and cell health were assessed. To

assess the targeting of mtHyPer7, mitochondria were stained with the vital mitochondria-
specific dye MitoTracker Red in control yeast cells and yeast that express mtHyPer7.

Using MitoTracker Red staining, mitochondria were resolved as long tubular structures that
aligned along the mother-bud axis and accumulated in the tip of the bud and the tip of

the mother cell distal to the bud*L. Mitochondrial morphology was similar in the control

and mtHyPer7-expressing cells. In addition, mtHyPer7 co-localized with MitoTracker
Red-stained mitochondria (Figure 3A). Thus, mtHyPer7 was efficiently and quantitatively
targeted to mitochondria without affecting normal mitochondrial morphology or distribution.

Next, additional validation experiments were performed to assess the effect of mtHyPer7
on cellular fitness and sensitivity to oxidative stress in mitochondria. The growth rates
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of mtHyPer7-expressing cells in rich or synthetic glucose-based media (YPD or SC,
respectively) are similar to those of untransformed wild-type cells (Figure 3B,D). To

assess the possible effects on oxidative stress in mitochondria, control and mtHyPer7-
expressing yeast were treated with low levels of paraquat, a redox-active small molecule that
accumulates in mitochondria and results in elevated superoxide levels in the organelle?4

21 1f mtHyPer7 expression either induces oxidative stress in mitochondria or protects
mitochondria from oxidative stress, then mtHyPer7-expressing cells should exhibit an
increased or decreased sensitivity to paraquat treatment, respectively. Treatment with low
levels of paraquat resulted in a decrease in yeast growth rates. Moreover, the growth rates

of wild-type and mtHyPer7-expressing cells in the presence of paraquat were similar (Figure
3C,E). Therefore, expression of the biosensor did not create significant cellular stresses in
budding yeast cells or alter the sensitivity of yeast to mitochondrial oxidative stress.

Given the evidence that mtHyPer7 is suitable for studying mitochondrial H,O, in budding
yeast, it was tested whether mtHyPer7 could detect mitochondrial H,O5 in mid-log phase
wild-type yeast and changes in mitochondrial H,O, induced by externally added H,O,. An
H,0, titration experiment was performed and the mean oxidized:reduced (O/R) mtHyPer7
ratio was measured in mitochondria.

The automated analysis scripts produced several output files.

The ratio image (ratio.tif): A Z stack consisting of the ratio of the background-corrected,
thresholded 488 nm and 405 nm stacks. This stack can be viewed in Fiji without additional
processing; however, enhancing the contrast and/or colorizing the image as described in
protocol step 4.3 or 5.6 prior to viewing is recommended.

The mask image (mask.tif): A Z stack consisting of the thresholded mitochondrial areas
used for analysis. This image must be used to evaluate the accuracy of the thresholding.

The ROIs used for analysis (ROIs.zip): When this file is opened in Fiji, along with the
source image, the ROIs are superimposed on the image to cross-reference the results table
and source image. Each ROI is renamed with a cell number and ROI number.

Measurement tables (NumResults.csv, DenomResults.csv, Results.csv) containing the area,
mean, and integrated density of thresholded mitochondria for each slice in the numerator,
denominator, and ratio images, respectively. In slices where mitochondria were absent or out
of focus, NaN is recorded.

A log file (Log.txt) documenting the options used for background and noise correction,
thresholding, and ratio calculation.

The O/R ratio of mtHyPer7 showed a dose-dependent response to H,O, concentration,
which reached a plateau at 1-2 mM externally added H,O5 (Figure 7). Surprisingly,

the HyPer7 ratio was lower in the cells exposed to 0.1 mM H,O, than in the control

cells, although this difference was not statistically significant. One explanation for this
phenomenon may be a hormesis response, in which exposure to a low level of stressor may
induce stress responses, such as antioxidant mechanisms, which in turn lower the amount
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of ROS detectable by the probe. Higher levels of stressors, in contrast, may overwhelm the
internal stress responses and result in a higher readout from HyPer7.

Finally, previous studies revealed that fitter mitochondria, which are more reduced and
contain less superoxide, are preferentially inherited by yeast daughter cells?, and that
cytosolic catalases are transported to and activated in yeast daughter cells#2.43.44.

45 These studies document the asymmetric inheritance of mitochondria during yeast cell
division and a role for this process in daughter cell fitness and lifespan, as well as mother-
daughter age asymmetry. To test whether differences in H,O, exist between mothers and
buds, mtHyPer7 was measured in buds and mother cells. Differences in mitochondrial H,0,
were observed within yeast cells, and a subtle but statistically significant decrease in H,O,
biosensor readout was detected in mitochondria in the bud compared to those in the mother
cell (Figure 8). These findings are consistent with previous findings that mitochondria in
the bud are better protected from oxidative stress. They also provide documentation that
mtHyPer7 can provide a quantitative readout for mitochondrial H,O, with cellular and
subcellular resolution in budding yeast.

Discussion

In this protocol, a method is described for using mtHyPer7 as a biosensor to assess
mitochondrial H,O, in living budding yeast cells. The biosensor is constructed using a
CRISPR-based method and introduced into a conserved gene-free region in the yeast
genome without the use of selectable markers. Compared to plasmid-borne biosensors,
integrated ones are expressed in all cells and at consistent levels, providing more reliable
quantification results. No selectable markers are used to generate mtHyPer7-expressing
cells, which allows for use of a wider range of strain backgrounds and facilitates the
genetic modification of biosensor-expressing cells. The mtHyPer7 protein is correctly
targeted to mitochondria without noticeable effects on mitochondrial morphology, function,
distribution, or cellular growth rates. mtHyPer7 shows a dose-dependent response to
externally added H,0,. Moreover, mtHyPer7 is able to report on the heterogeneity of
mitochondrial quality with subcellular resolution. Finally, using a spinning-disk confocal
microscope as opposed to wide-field microscopy for imaging mitochondrial-targeted
biosensors causes less photobleaching to fluorophores and generates high-resolution images
for analyzing subcellular differences.

Limitations and alternative approaches

This method is not suitable for imaging cells for more than 10 min, as the cells will dry out
under the coverslip. For longer-term imaging, it is better to use the agar pad method® or to
immobilize cells in a glass-bottom culture dish filled with SC medium.

The choice of biosensor should be guided by the concentration of the target under
experimental conditions. If the sensitivity of HyPer7 is too high, a different HyPer version
would be recommended, such as HyPer3 or HyPerRed*” - 48, However, it should be noted
that other HyPer probes are more pH-sensitive. For higher sensitivity, the peroxiredoxin-
based roGFP might be more appropriate (roGFP2Tsa2ACR)?’.
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The oxidation steady state of the H,O, sensor is tied to both oxidation and reduction

rates. The oxidation rate of biosensors is mainly caused by H,O», but the reduction rate
depends on the antioxidant reduction systems active in the cell and organelle. It has been
shown that HyPer7 is predominantly reduced by the thioredoxin system in yeast cytosol, and
its reduction is faster than that of roGFP2Tsa2ACR?’. Therefore, the different reduction
mechanisms and response dynamics of the probe should be taken into account when
interpreting measurements of H,O, biosensors. In particular, to infer H,O5 levels from

the biosensor readout, it must be assumed that the reduction system maintains a constant
capacity during the experiment. As an alternative to the scripts described here, a variety of
other software has been made freely available for the analysis of redox sensors#9.

Critical steps

With any biosensor, it is critical to demonstrate that the biosensor itself does not

affect the process being measured. Therefore, comparing the growth and mitochondrial
morphology of strains under each experimental condition is important. Here, mitochondrial
morphology is assessed using MitoTracker Red, which stains mitochondria in a membrane
potential-dependent manner. However, comparison of the mitochondria in untransformed
and biosensor-transformed cells can be accomplished by staining with tetramethylrhodamine
methyl ester (TMRM), an alternative membrane potential-sensing mitochondrial vital dye,
or MitoTracker Green, which stains mitochondria independent of membrane potential. If
deleterious effects are suspected, reducing the expression level or changing the integration
site may help.

Validating the dose-response behavior of the probe and the signal-to-noise ratio of the
imaging technique are also essential for collecting robust results. If the variability within
a group exceeds the variability between groups, differences become difficult to detect.
Intragroup variability may result from true population variation, or from noise in the
detection process. The key steps to increase the signal:noise ratio are image acquisition
(pixel value range and noise), background subtraction, and thresholding.

Noise effects can also be reduced during the calculation steps. The most straightforward
approach is to calculate the weighted mean intensity from the ratio image measurements
(Results.csv), where each pixel represents the local ratio between the excitation efficiencies.
This produces a “pixelwise” ratio. However, if the image signal:noise ratio is low, more
robust results can be obtained by calculating the weighted mean intensity for an ROl in both
the numerator and the denominator channels, and then calculating the ratio between these
two weighted means (“regionwise” ratio).

To select a thresholding method, the Fiji command Image | Adjust | Auto Threshold can be
used to automatically try all built-in Fiji methods. To evaluate segmentation (thresholding), a
saved mask is converted into a selection by clicking on Edit | Selection | Create Selection,
added to the ROI Manager (by pressing T), and then activated on the raw image file.

If mitochondria are not adequately detected, a different segmentation method should be
attempted.
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When comparing images, it is essential to acquire all the images with identical imaging
conditions, as well as to display all the images with identical contrast enhancement.

Mitochondrial movement must be considered when optimizing imaging conditions. If the
mitochondria move significantly between excitation at 405 and 488 nm, the ratio image

will not be accurate. It is recommended to keep the exposure time <500 ms and to change
excitation by the fastest method available (e.g. a trigger pulse or acousto-optic tunable filter).
When capturing a Z stack, both excitations should be performed for each Z step before
moving to the next Z step.

For display of the results, changes in hue (color) are more obvious to the human eye than
changes in intensity. Therefore, the ratio value is converted to a color scale for easier visual
interpretation. Colorized images can be unmodulated, where all the mitochondrial pixels
appear at the same brightness, or intensity-modulated, where pixel intensity in the original
image is used to set intensities in the colorized image.

Modification and troubleshooting

As an alternative to confirming mitochondrial function by challenge with paraquat, cells
may be replica-plated or inoculated into fermentable and non-fermentable carbon sources.

For background subtraction, rolling ball subtraction (by navigating to Process | Subtract
Background...) may also be used to remove illumination nonuniformity. It should be
ensured that the presence of cells does not alter the background being subtracted (by
checking the option to Create Background and examining the result).

In summary, the mtHyPer7 probe provides a consistent, minimally invasive method to relate
the morphological and functional status of yeast mitochondria in living cells, and allows

the study of an important cellular stressor and signaling molecule in a genetically tractable,
easily accessible model system.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Design, molecular mechanism, and excitation/emission spectra of the HoO» biosensor
mtHyPer?7.

(A) The mtHyPer7 probe is derived by inserting circularly permuted GFP into the OxyR-
RD domain from Neisseria meningitidis. 1t contains the mitochondrial targeting sequence
from subunit 9 of the ATP synthase from Neurospora crassa (Su9). (B) lllustration of the
H,0,-sensing mechanism of mtHyPer7. Oxidation of cysteines in the RD domain increases
fluorescence emission upon excitation at 488 nm and decreases emission produced by
excitation at 405 nm. (C) Excitation and emission spectra of HyPer7 in oxidized and
reduced forms. This figure is reprinted with permission from Pak et al.24. Abbreviations:
GFP = green fluorescent protein; cpGFP = circularly permuted GFP.
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Figure 2: Generation of mtHyPer7-expressing cells by CRISPR.
The Cas9 and sgRNA-containing plasmid (YN2_1_LT58 X2site) and PCR-amplified

mtHyPer7-containing biosensor construct are introduced into budding yeast cells by lithium
acetate transformation. The gene-free insertion site on chromosome X (X2) is recognized
and cut by Cas9 protein with the sgRNA, and the biosensor is integrated into the genome
by homologous recombination. After identification of the successful transformants by
microscopic screening, colony PCR, and sequencing, the Cas9 plasmid is removed (cured)
by growth in non-selective media. Abbreviations: sgRNA = single guide RNA; TEF =
transcription enhancer factor.

J Viis Exp. Author manuscript; available in PMC 2024 May 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jie-Ning Yang et al.

Page 26

A MitoTracker Red merged
b
[0
o
>
=E
S
B o0- ~0.25
>
o -
< 0.20 1 {é'
1.5 1 3
a
8 0. 0.15
2d 1 +4
14 -
> A §0.10
| ——mHyPer7
0.5 ST (% 0,05 2
& mHyPer7 x *%
0.0 , , I | = 0.00—T1— T
0 12 24 36 48 S Lo
- Q Q
Time (h) S S)
& &
D 1.0 1 E __0.157 »__ tPQ
5
2
0.8 2 © .
4 0.10 1 S
O 806 7 e} %
»na 2 o -
o T o
0.4 A —WT o
——mHyPer7 '-g 0.05 %
0.2 o o —WT o
Cl‘—mHyPer7 (2 © *
©
0.0 T T T 1 20'00 | /\I I /\I
0 12 24 36 48 & L & £
Time (h) *xs‘zz $Q§®
& &

Figure 3: mtHyPer7 is targeted to mitochondria and does not affect mitochondrial morphology,
cell growth, or sensitivity to oxidative stress.

(A) Mitochondrial morphology in living yeast cells expressing mtHyPer7. Left panel:
mtHyPer7 visualized with 488 nm excitation. Middle panel: mitochondria labeled with

250 nM MitoTracker Red. Right panel: merged images. Maximum-intensity projections
are shown. The cell outline is shown in white. Scale bar = 1 um. (B,C) Growth curves

and maximum growth rate of wild-type cells and cells expressing mtHyPer7 grown in the
presence (+PQ) or absence of 2.5 mM paraquat in YPD media. (D,E) Growth curves and
maximum growth rate of wild-type and mtHyPer7-expressing cells grown in the presence
(+PQ) or absence of 2.5 mM paraquat in SC media. All growth curves are the means of three
independent replicates. Maximum growth rates are represented as mean + standard error of
the mean (SEM). Growth curve analysis was done by diluting mid-log phase cells to an
OD600 of 0.0035 in 200 pL of corresponding media into each well of a 96-well flat-bottom
plate. The OD of the culture was measured every 20 min for 72 h using a plate reader.
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Each strain/condition was plated in triplicate and the averaged growth rate was plotted.
The maximum growth rate (slope) was calculated using the changes in OD over a 240 min
interval over the course of 72 h. Abbreviations: WT = wild type; PQ = paraquat.
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Figure 4: Cell growth and imaging.
Budding yeast cells expressing mtHyPer7 are grown to the mid-log phase. Z series images

are collected by spinning-disk confocal microscopy and then subjected to 3D reconstruction
and analysis. See protocol sections 2-3.
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Figure 5: Optimization of imaging.

(A) Evaluation of images and histograms for the correct intensity range. Maximum-intensity
projections of spinning-disk confocal images are shown. The histograms are shown with
both a linear Y axis (black) and a log-scale Y axis (gray) to illustrate the image dynamic
range. Left panels: a noisy image with low intensity and dynamic range. Center panels: an
image with an acceptable dynamic range (~1,000 gray levels) and intensity. Right panels:
an image improperly contrast-enhanced to produce excessive saturation. Scale bar = 1 um.
(B,C) Analysis of photobleaching of mtHyPer7. Successive Z stacks were collected with no
delay, Z stacks were summed, and the mean intensity of mitochondria was measured and
normalized to the first time point. Results from the first three time points (27 exposures) are
shown. (B) Excitation wavelength: 405 nm. (C) Excitation wavelength: 488 nm. The values
shown are the averages of three cells from each of three independent trials.
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Figure 6: Schematic of image analysis and presentation.
Spinning-disk confocal images are first background-subtracted. Mitochondria are segmented

by thresholding and converted to masks for each slice. These masks are applied to both
channels and the masked images are used to calculate the ratio image. ROIs are drawn to
measure the mtHyPer7 ratio in cells or subcellular regions. Colorized ratio images can also
be generated for data presentation. Scale bar = 1 um. Abbreviation: ROI = region of interest.
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Figure 7: Response of mtHyPer7 to externally added H»O».
(A) Maximum projection of 405 nm and 488 nm excited images and average intensity

projection of ratiometric images of mtHyPer7 in mid-log phase cells exposed to different
concentrations of H,O,. Pseudocolor indicates the oxidized:reduced mtHyPer7 ratio (scale
at bottom). Scale bar = 1 um. The cell outline is shown in white; n > 100 cells per condition.
(B) Quantification of the mtHyPer7 oxidized:reduced ratio in budding yeast cells treated
with different concentrations of H,O,. The means of five independent trials are shown,

with differently shaped and colored symbols for each trial. Mean £ SEM of the ratio of
oxidized:reduced mtHyPer7: 1.794 + 0.07627 (no treatment), 1.357 + 0.03295 (0.1 mM),
2.571 £ 0.3186 (0.5 mM), 6.693 £ 0.5194 (1 mM), 7.017 £ 0.1197 (2 mM). p< 0.0001
(one-way ANOVA with Tukey’s multiple comparisons test). p values are denoted as: ****p
< 0.0001.
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Figure 8: Mitochondrial HoO> level is lower in the daughter cell.
(A) Maximum projection of a ratiometric image of mtHyPer7 in a representative cell.

Pseudocolor indicates the oxidized:reduced mtHyPer7 ratio (scale at bottom). Subcellular
differences in the ratio are evident (arrowheads). Scale bar = 1 um. Cell outline: white. (B)
Difference between the mtHyPer7 ratio in the bud and mother cell. For each individual cell,
the mother ratio value was subtracted from the bud ratio value and plotted as a point. n = 193
cells pooled from five independent experiments, shown with differently colored symbols for
each experiment. Mean + SEM of the difference between the mtHyPer7 ratio in the bud and
mother cells: —0.04297 £ 0.01266. p = 0.0008 (paired #test)
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