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Abstract

Significance: A wealth of fluorescent reporters and imaging systems are now available to characterize dynamic
physiological processes in living cells with high spatiotemporal resolution. The most reliable probes for
quantitative measurements show shifts in their excitation or emission spectrum, rather than just a change in
intensity, as spectral shifts are independent of optical path length, illumination intensity, probe concentration,
and photobleaching, and they can be easily determined by ratiometric measurements at two wavelengths.
Recent Advances: A number of ratiometric fluorescent reporters, such as reduction-oxidation-sensitive green
fluorescent protein (roGFP), have been developed that respond to the glutathione redox potential and allow
redox imaging in vivo. roGFP and its derivatives can be expressed in the cytoplasm or targeted to different
organelles, giving fine control of measurements from sub-cellular compartments. Furthermore, roGFP can be
imaged with probes for other physiological parameters, such as reactive oxygen species or mitochondrial
membrane potential, to give multi-channel, multi-dimensional 4D (x,y,zf) images. Critical Issues: Live cell
imaging approaches are needed to capture transient or highly spatially localized physiological behavior from
intact, living specimens, which are often not accessible by other biochemical or genetic means. Future
Directions: The next challenge is to be able to extract useful data rapidly from such large (GByte) images with
due care given to the assumptions used during image processing. This article describes a suite of software
programs, available for download, that provide intuitive user interfaces to conduct multi-channel ratio imaging,
or alternative analysis methods such as pixel-population statistics or image segmentation and object-based ratio
analysis. Antioxid. Redox Signal. 00, 000-000.

Introduction tion wavelengths for dual-excitation probes, or simultaneous
measurement at two emission wavelengths for dual-emission

RATIOMETRIC METHODS for quantitative imaging of probes.
physiological parameters using fluorescent reporters in While imaging animal cells in culture is optically
living cells were developed in the 1980s to compensate for  straightforward, plants and fungi pose additional challenges
varying optical path length, illumination intensity, probe for reliable measurements, as (1) the cells of interest do not
concentration, and photobleaching (2, 21). Since then, the grow on the coverslip, but exist in large, optically complex
ratiometric approach has been adapted to confocal, multi- tissues with refractile components and absorbing elements;
photon, and super-resolution systems, and has inspired the (2) cells are large, but the cytoplasm is only present as a thin
development of numerous ratioable fluorescent probes, in- layer between the vacuole and cell wall or in trans-vacuolar
cluding genetically encoded fluorescent proteins, that either stands that require 3D (x,y,z) sampling to be captured effec-
show intrinsic spectral shifts on binding the ion or ligand of tively; (3) the cytoplasm and organelles move rapidly, ne-
interest or are linked to form bi-molecular FRET (Forster cessitating fast temporal sampling; and (4) there are high
resonance energy transfer) sensors (1, 10, 11, 22). The key levels of auto-fluorescence that require additional bleed-
elements for quantitative ratio imaging are a fluorescent through correction and masking. It is also increasingly im-
probe that shows a shift in excitation or emission spectrum portant to correlate the parameter of interest, such as redox
with changes in the parameter of interest, and an imaging potential, with morphological or developmental changes in
system that is capable of rapidly switching between excita-  the specimen, or with other physiological parameters, such as
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reactive oxygen species (ROS), imaged simultaneously with
additional fluorescent probes in multi-channel measurements.

The challenge is then to develop convenient software
packages that are capable of extracting useful information
from such large (GByte), multi-dimensional images (see for
example, FluoQ for ImageJ, 19). In response to this need, the
programs described here were written to visualize and ana-
lyze ratiometric changes in fluorescence of the dual-excitation
redox-sensitive protein, reduction-oxidation-sensitive green
fluorescent protein (roGFP) and its derivatives, expressed in
transgenic cell cultures, plants, and fungi, alongside other
physiological parameters, such as ROS or mitochondrial ac-
tivity, in multi-dimensional 4D (x,y,z,f) images. While devel-
oped for redox imaging, in practice, the programs can also be
used to quantify fluorescent signals from any ratiometric (or
single-wavelength) probe in any system.

Ratio Analysis Software Overview

An overview of the functionality of the software suite is
shown in Figure 1. There are separate interfaces to import and
preprocess images before ratio analysis (Fig. 1A, B: import
module), conduct a basic ratio analysis (Fig. 1C, D: basic ratio
analysis module), and include additional fluorescence chan-
nels to allow correlation between multiple physiological pa-
rameters (Fig. 1E, F: advanced ratio analysis module), which
also allows pixel-population measurements to handle complex
structures that are not readily sampled by manual measurements
from discrete regions of interest (ROI); and object-based seg-
mentation approaches, coupled with morphological character-
ization to correlate organelle physiology with spatial landmarks
(Fig. 1G, H: object-based ratio analysis module). The programs
are written in MatLab (The Mathworks) and packaged in a
single compiled executable file, or available as the original
matlab files, for download from www.markfricker.org. A
complete manual is also provided in the download package.

Image import and preprocessing

The programs use a common import module (Fig. 1A, B)
to load images from a variety of formats. Each program
progresses through the ratio analysis step by step, to ensure
that due consideration is explicitly given to each of the pa-
rameters used in the analysis. Once set, the processing and
calibration parameters can be stored in a database and re-
applied to subsequent analyses or datasets.

The starting point for analysis is a multi-channel, multi-
dimensional fluorescence image (Fig. 1A), often with a
corresponding (non-confocal) bright-field image (Fig. 1B).
Visualization of the probe response involves calculation of
pseudo-color-coded ratio images that help the user under-
stand the spatiotemporal dynamics in different cells or sub-
cellular compartments. Ratio images are calculated on a
pixel-by-pixel basis from images collected at wavelengths
that preferentially excite the oxidized and reduced form of the
probe. For roGFP on current laser-based confocal micro-
scopes, these are typically 405 and 488 nm, respectively.

Pixel-by-pixel ratioing is critically dependent on correct
image registration, as even very slight misalignment of the
ratio images yields obvious fringing with completely inap-
propriate ratios along the boundaries. During data collec-
tion using confocal systems, this typically means that line
switching, rather than frame switching between excitation
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wavelengths must be used to minimize the impact of organ-
elle or specimen movement. During data processing, it is
possible to correct for minor channel misalignment by cal-
culating the (sub)-pixel offsets that maximize the cross-cor-
relation between the selected image(s) and a reference image,
typically the channel with the brightest and best resolved
features. Images are then aligned using bi-linear interpolation
with these offsets [Fig. 1A (i)].

Likewise, time-series measurements of intact specimens in
perfusion systems often experience some level of drift in the
(x,y) plane or focus shift along the z-axis. It is helpful to align
the image series to ensure measurements are made from
the same region of the specimen in subsequent analysis.
Specimen movement or stage drift can be partially compen-
sated by (x,y) registration using temporal cross-correlation
[Fig. 1A (i)].

While many animal cells conveniently grow as a mono-
layer on a coverslip greatly facilitating imaging with a single
optical section or using total internal reflection fluorescence
(TIRF) microscopy, a number of optical sections are often
required to capture features of interest in plant and fungal
cells. When visualizing morphological markers, such as or-
ganelle markers, 3D (x,y,z) data are often visualized as a
maximum intensity projection (MIP) along the z-axis for
each channel. However, this is not appropriate as a precursor
to quantitative measurements, particularly when ratioing two
channels, as the MIP selects the “‘noisiest’” pixel at the ex-
treme of the intensity distribution along the z-axis, and will
pick out pixels from different positions in z for each channel,
making it impossible to calculate a reliable ratio image.

An average brightness projection in z provides better noise
reduction, and it may be useful for simple objects that do not
overlap in the z-axis. However, a more appropriate approach
is to apply local noise reduction by smoothing in (x,y,z), se-
lect the z-position of the brightest voxel in one, or a sub-set of
channels, and extract the same (x,y,z) voxel from all the other
channels [Fig. 1A (iii)]. This provides a sub-sample of the
original 3D data that faithfully preserves the main features of
interest in the z-axis, and is absolutely required if different
channels are going to be ratioed later on to ensure that in-
formation from the same (averaged) voxels are compared.
This approach also compensates to some extent for axial
movement, as the brightest object is extracted irrespective of
its z-position.

Basic ratio analysis

The basic ratio analysis program (Fig. 1C, D) is designed
to analyze single (x,y) images, 3D (x,y,?) time series, or 3D
(x,y,2) z-stacks. The first processing step usually involves
improving the signal-to-noise ratio (S/N) by spatial or tem-
poral averaging [Fig. 1D (i)]. While there are a range of
noise-reduction algorithms available, simple averaging using
2D or 3D kernels of different sizes provides a balance be-
tween S/N and spatiotemporal resolution. Averaging can be
usefully combined with sub-sampling to reduce image sizes
and increase processing speed, as spatial resolution is already
compromised by averaging. As averaging is likely to yield
noninteger values, this step also requires conversion from
integer to floating-point format.

To measure intensity values correctly, it is important that
the images are collected with a nonzero background, so that
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FIG. 1. Schematic dia-
gram showing the main el-
ements of the redox ratio
analysis software. Multi-
channel, multi-dimensional
images are loaded into the
software using the import
module ((A, B), red boxes),
aligned, filtered, and, if ap-
propriate, their dimensionality
is reduced using projection
algorithms (A). The Basic ra-
tio analysis module (C, D,
green boxes) is used to con-
struct pseudo-color-coded ra-
tio images (D), following
background subtraction and
auto-fluorescence correction.
Measurements are made using
manually defined regions of
interest (C). The advanced
ratio analysis module (E, F,
purple boxes) extends the
analysis to include multiple
channels (E) and provides
additional visualization ap-
proaches, such as kymograph
plots. There are also options to
analyze the whole population
of pixels (F) using 1D fits to
the log-ratio data or a 2D
Gaussian ~ mixture  model
(GMM) fit to the corrected
intensity data. The object-
based ratio analysis module
(G, H, blue boxes) uses a
watershed segmentation, fol-
lowed by a local intensity
threshold to identify individ-
ual objects. The ratio values
are then calculated from the
average intensity for each ob-
ject. The object ratios can be
analyzed as a population re-
sponse (G) or combined with
morphological  information,
such as cell identity or with
distance from a spatial land-
mark, to correlate the redox
behavior with the cell re-
sponse (H).
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the statistical properties of the background can be estimated
accurately and subtracted from each channel [Fig. 1D (ii)]. In
addition, auto-fluorescence bleed-through into one of the
measurement channels is a common problem, particularly
with plant specimens and blue/violet excitation. As auto-
fluorescence has structure in the image, it cannot simply be

subtracted as a single value similar to background measure-
ments. However, it is possible to estimate the auto-fluorescence
from an emission wavelength range that does not have any
signal from the probe. For example, with roGFP, this is
possible with excitation at 405nm and emission at 435-
485 nm. As the auto-fluorescence spectrum tends to be quite
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broad, a scaled version of the auto-fluorescence image can be
subtracted from the probe image to correct for the auto-
fluorescence bleed-through, provided the auto-fluorescence
spectrum does not alter with time or treatment [Fig. 1D (iii)].

It is also useful to mask pixels with intensity values close to
background or near saturation from the ratio image, or pixels
that are drawn from regions with high local coefficient of
variation that might correlate with edges of structures or
compartments that are not well resolved, as these give a noisy
and misleading impression of the real ratio value [Fig. 1D
(iv)]. Without masking, edge effects from ratioing low signal
intensities can be substantial and can visually dominate the
ratio image in plant and fungal specimens.

For pseudo-color display [Fig. 1D (v)], the masked ratio is
coded by hue on a spectral color scale ranging from blue
(fully reduced) to red (fully oxidised), with the limits set by
an in situ calibration or extrapolated from an in vitro cali-
bration. The most useful initial mapping is to HSV (hue,
saturation and value or intensity) color space, where the ratio
is coded as hue and the average intensity from both channels
gives the value. This is converted back to red, green, and blue
(RGB) color space for display, and effectively gives bright
colors for regions with good signals that fade to background
for regions with low signals.

If the data are a time series [Fig. 1D (ix)], it can be viewed
as a movie or montage. If the original data are a z-stack [Fig.
1D (vii)], visualization benefits from calculating rocking or
tilting projections to aid 3D interpretation via motion paral-
lax. Conventional rotation algorithms use maximum bright-
ness projections of RGB images. However, this is not
appropriate for color-coded ratio images. Instead, projections
in HSV color space are used to record the (x,y,z) position of
each voxel in maximum projection of the V channel alone. The
corresponding voxel from the H and S channels is then used to
reconstruct the rotated pseudo-color image [Fig. 1D (vii)].

While ratio images are a useful tool to help visualize
spatial variation in signal responses, the S/N ratio is ex-
tremely low for single pixels, even after spatiotemporal
smoothing. Quantitation is better achieved by manually se-
lecting larger ROIs, which have some morphological or
physiological significance (Fig. 1C). Each ROI encompasses
many pixels, with corresponding improvement in S/N at the
expense of spatial resolution, which can be easily presented
and interpreted in graphical form [Fig. 1C (iv)].

The basic ratio program also has an option (not shown in
Fig. 1), to batch process a complete set of single (x,y) images
present in one folder, which is useful to compare the steady-
state redox potential in multiple samples and treatments,
measured over the whole image or from defined ROIs, rather
than a continuous evaluation of changes in redox potential in
one specimen over time.

Advanced ratio analysis

The advanced ratio program (Fig. 1E, F) extends the basic
ratio analysis to handle 4D (x,y,z,¢) images with a maximum
of five fluorescence channels, including an auto-fluorescence
channel (Fig. 1E), and parallel bright-field images (Fig. 1B).
This allows correlation of changes in auto-fluorescence-
corrected ratio images with a maximum of two other
physiological parameters, and (non-confocal) bright-field
morphology. In addition to the manual ROI measurements,
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movies, and montages available in the basic ratio analysis
module, there is also an x-¢f kymograph option to represent
the response along a manually defined transect as a 2D
image with response on the x-axis and time on the y-axis
[Fig. 1D (xi)].

Pixel-population measurements

In more complex images, such as intracellular hyphal
networks during fungal infection (13), picking a few ROIs
across the specimen does not provide a robust, un-biased
estimate of the physiological behavior throughout the system.
However, this can be achieved in the advanced module by
considering the intensity or ratio information from a statis-
tical perspective, along with estimates of the goodness of
fit (Fig. 1F), and either calculating multi-component 1D
Gaussian fits to the log ratio data from all pixels [Fig. 1F (iii)]
or fitting 2D Gaussian mixture models (GMM) to the cor-
rected intensity data before ratioing [Fig. 1F (iv)]. Fitting to
the original intensity data or log ratio values does not take
into account the relative intensity of the different pixels
contributing to the distributions. Thus, ratios from very dim
pixels contribute as equally as ratios from very bright pixels.
A better alternative is to calculate a 1D or 2D weighted his-
togram in which each data point is replicated in the data set in
proportion to the average intensity at each of the two wave-
lengths. This ensures that a large number of dim and noisy
pixels do not skew the fits. The advanced ratio module in-
cludes options to explore these data fitting approaches.

Object-based ratio measurements

Transgenic reporters, such as roGFP, can be easily targeted
to organelles, such as chloroplasts and mitochondria, facili-
tating sophisticated dissection of sub-cellular behavior.
However, these organelles are present in considerable num-
bers (hundreds) particularly in plant and fungal cells, and are
highly dynamic, making it impractical to manually select
individual objects, and unhelpful to consider the total pixel
population statistics described earlier, as these disguise in-
dividual organelle behavior. As an alternative, it is possible to
automatically segment each organelle separately, and then
calculate the average ratio values on an object-by-object
basis (Fig. 1G). A wide variety of segmentation algorithms
can be used, but we have found a generic two-step procedure
is routinely applicable. Objects are initially separated from
each other into nonoverlapping domains using watershed
segmentation of an inverted template image calculated from
the original intensity channels [Fig. 1G (iv—v)]. Each object
definition is refined using a local intensity threshold within
each watershed domain, to accommodate objects with dif-
fering overall intensity [Fig. 1G (vi)].

Once the objects are segmented, various morphological
parameters can be measured automatically, along with the
average intensity at each wavelength needed to calculate the
ratio values. If the objects do not move during the time series,
object responses can be visualized as an ‘‘object’’-time plot
analogous to a kymograph [Fig. 1G (x)]. In parallel, the (non-
confocal) bright-field image can be processed separately to
highlight morphological features of interest, using a combi-
nation of noise filtering, projection, contrast enhancement,
and manual delineation (Fig. 1B, H). Key landmarks can
then be established to correlate physiological response with
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cell or organelle identity, morphology, or localized event
[Fig. 1G (xi)].

Calibration of the redox potential

Relative changes in ratio values can provide a reasonable
amount of information for comparative studies. However,
more precise calibration may be possible with experimental
treatments that define the in vivo probe response. Ideally, each
experiment should include an internal calibration at the end of
the experiment by perfusion with a reductant, such as di-
thiothreitol (DTT), followed by an oxidant, such as H,O, or
aldrithiol-2(2,2’-dipyridyl disulphide) (4, 8), to drive the
roGFP to a highly reduced or oxidized form, respectively.
H,0, has been the most widely used reagent to oxidize roGFP
so far, but has the disadvantage that it is not specific for thiols
and can also cause extensive formation of O, bubbles that
perturb imaging. Aldrithiol shows greater specificity for thiols
groups and avoids bubble formation. In practice, calibration
values can be stored and applied to other data sets collected
under identical imaging conditions. Each program has addi-
tional steps to calibrate the roGFP ratio values determined
according to the following two-step process.

The degree of oxidation (OxD) of the roGFP sensor is
calculated from Equation (1), according to (8):

R—Ryeq
Lagsos (Ro.x - R) + (R - Rred)

Lugsrea

ey

OxD roGFP —

where R is the ratio of excitation at 405/488 nm after back-
ground subtraction and auto-fluorescence correction, R,.q is
the ratio of fully reduced form after perfusion with 10 mM
DTT, R, is the ratio of the fully oxidized form after perfusion
with 10-100mM H,0, or 0.1-10 mM aldrithiol, and I gg,.
and I,gg,.4 are the intensities at 488 nm for the fully oxidized
and fully reduced forms, respectively. The redox potential is
then estimated from Equation (2):

'pH 2.303RT 1- OXDroGFP

E :EO(roGFP) T F 0810 OxD,yorp ()

where R is the gas constant (8.315] K -mol™"), T'is the ab-
solute temperature, usually 298.15 K for plant and fungal
experiments and 310.15 K for mammalian studies, z is the
number of transferred electrons (2), F is the Faraday constant
(9.648% 10" C-mol ™), and E”"y,,Grp) is the midpoint redox
potential based on the standard midpoint potential E , at 30°C
and pH 7, adjusted for the estimated compartment pH and
experimental temperature (20-25°C) according to Equation (3):

/ , 2.303RT
E(iIZ)GFP) = EO(roGFP) - T (PH—T7) @),
where the midpoint redox potential for roGFP1 (Ej oGgp) iS
—288 mV and roGFP2 (Ej rogep2) is —272 mV (8). The most
useful calibration so far is the percentage oxidation, as this
normalizes between different experiments and laboratories,
and has an intuitive understanding, while the redox potential
has additional assumptions of local compartment pH and
mid-point potential.

Results

The software is applicable to many different experimental
situations. Here, we describe three examples that highlight
the major innovations of the approaches developed over and
above the basic ratio analysis.

Application to ratio imaging of roGFP during pathogen
infection

We illustrate the different modes of analysis available
in the advanced ratio analysis program for multi-channel,
multi-dimensional images that allow correlation between
several physiological parameters measured simultaneously—
in this case, quantitation of the glutathione redox potential

>
FIG. 2. Advanced ratio analysis: Simultaneous measurement of ROS, mitochondrial membrane potential, and
glutathione redox potential in germlings of Magnaporthe oryzae. Germlings of M. oryzae (A) expressing cytoplasmic
Grx1-roGFP2 were sequentially imaged with excitation at 405 nm (B) and 488 nm (C) as z-stacks with 2 um spacing at 30's
time intervals, and analyzed as optimum plane projections after smoothing with a 5 x5 x 3 averaging filter and correction for
bleed-through from auto-fluorescence (D) in the 405 nm channel. Grx1-roGFP2 was located predominantly in the cytoplasm
of the basal cell (bc), mid cell (mc), and apical cell (ac), including the germ tube (gt) and appressorium (ap). Scale
bar=10 um. Fluorescence was also observed in the vacuole, particularly in the basal and mid cells, and visible as red
organelles in the merged image (E). The degree of oxidation of the Grx1-roGFP2 was visualized from the pseudo-color-
coded ratio, after calibration with 10 mM DTT, to reduce the internal pool and 100 mM H,0,, to oxidize it (F). To quantify
the responses, the average fluorescence from the appressorium was measured (Q). While the cytoplasm showed a uniform
low ratio (Q), Grx1-roGFP2 ratios from the vacuoles indicated the probe was more oxidized, but still capable of responding
to calibration (F). Images are shown as every ninth image from a 132-frame sequence. ROS were mapped in parallel using
CRDR (Ex. 633 nm, Em. 657-721 nm) (G), while mitochondrial activity was measured using membrane-potential parti-
tioning of TMRM (Ex. 543 nm, Em. 561-603 nm) (H). Levels of ROS increased linearly in the cytoplasm of all three cells,
but much more pronounced accumulation was observed in punctate structures in the appressorium (G, J, R). The punctate
structures labeled by CRDR overlapped with the TMRM signal (I), from which we infer CRDR predominantly reported
mitochondrial ROS in this system. The TMRM signal was normalized as the fold accumulation against the dye concen-
tration in the medium (K), showing a roughly 10-fold ratio (S) once the initial perfusion and loading had equilibrated. The
roGFP signals were also plotted as a weighted 2D histogram and fit with a three-component GMM that identified three sub-
populations corresponding to the cytoplasmic signals, vacuole signals, and signals during calibration with H,O, (L). Data
were also visualized as a kymograph along a transect running along the mid-line of the germling (M) to capture the
behavior of each cell (and sub-cellular vacuole compartments) over time for the roGFP ratio (N), CRDR response (O), or
TMRM accumulation (P). CRDR, CellROX Deep Red; DTT, dithiothreitol; Grx1, human glutaredoxin 1; roGFP, reduction-
oxidation-sensitive green fluorescent protein; ROS, reactive oxygen species; TMRM, tetramethyl rhodamine methyl ester.




(Egsp), rates of ROS production, and mitochondrial activity
in the rice blast fungus Magnaporthe oryzae (13). Rice blast
disease caused by M. oryzae is a major global problem that
annually causes yield losses sufficient to feed 3—10.6% of the
world’s population 2000 calories a day for 1 year (6). Plant
defenses to pathogen attack include a rapid burst of ROS.
However, ROS are also produced by normal fungal metab-
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olism, and are known to be required for successful devel-
opment of infection structures in M. oryzae (5, 9). It is
therefore important to determine the extent to which ROS
and Eggy control early development in M. oryzae and the
capacity of the glutathione anti-oxidant system to deal with
an imposed oxidative burst, as might be encountered during
host infection.
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Fungal spores expressing Grx1-roGFP2 (7) showed nor-
mal rates of germ tube extension, swelling, and appressorium
development (e.g., Fig. 2A), and were fully pathogenic on
barley and rice (data not shown). In addition to Grx1-roGFP2,
ROS were labeled with CellROX Deep Red (CRDR; Life
Technologies) and mitochondrial membrane potential with
tetramethyl rhodamine methyl ester (TMRM; Molecular
Probes). Cells were imaged using multi-channel 4D (x,y,z,7)
with quadruple excitation and paired line switching at 405 nm
and 633 nm, and 488 nm and 543 nm. Images were collected
for oxidized Grx1-roGFP2 (Ex. 405 nm, Em. 500-530 nm,
Fig. 2B), reduced Grxl-roGFP2 (Ex. 488 nm, Em. 500-
530 nm, Fig. 2C), wall auto-fluorescence (Ex. 405 nm, Em.
435-485nm, Fig. 2D), CRDR (Ex. 633nm, Em. 657-
721 nm. Fig. 2G), and TMRM (Ex. 543 nm, Em. 561-603 nm,
Fig. 2H). A non-confocal, bright-field transmission image
was collected in parallel (Fig. 2A).

The time series for M. oryzae was collected at 30s inter-
vals for 66 min in multi-track mode, as z-stacks of seven
optical sections taken at 3 um intervals apart, with (x,y) pixel
sizes at 0.22 um. Pinhole settings were adjusted individually
for each channel to give an estimated optical section thick-
ness of 2 um. This provided some degree of optical section-
ing, but with sufficient signal to noise to allow long-term
physiological measurements with low laser intensities, which
ranged from 1.3 to 7.3 uW at the specimen for the different
wavelengths. Each 3D data stack was preprocessed by fil-
tering with a 5x5x 3 averaging kernel, and the complexity
reduced using the import module to extract the voxel with the
highest intensity for oxidized or reduced Grx1-roGFP2 along
the z-axis to give a single (x,y) image at each time point for
each channel. Bright-field images were processed separately
by noise filtering, MIP, and adaptive contrast-limited adap-
tive histogram equalization (Fig. 2A).

After the preprocessing data reduction, Grx1-roGFP2 fluo-
rescence was observed in the cytoplasm and, to a lesser extent,
vacuoles (Fig. 2B, C, E). Fluorescence with excitation at
405 nm increased with probe oxidation during calibration with
H,0, (Fig. 1B), while signal with 488 nm excitation decreased
(Fig. 2C). However, there was also auto-fluorescence bleed-
through into the Grx 1-roGFP24s channel, typically around the
site of germ tube emergence, and the appressorium wall, vis-
ible in merged images (Fig. 2D, E). To correct the Grxl-
roGFP2,,s images, auto-fluorescence images were collected at
435-485nm (Fig. 2D), scaled by an empirically determined
bleed-through correction factor and subtracted. It should be
noted that images in Figure 2 have been rescaled for display—
the actual autofluorescence signal is typically <5% of the
Grx 1-10GFP2,05 signal.

Changes in Grx1-roGFP2 spectrum were visualized as
pseudo-color-coded ratio images, scaled to the minimum and
maximum of the in sifu calibration values (Fig. 2F). Locali-
zation of Grx1-roGFP2 in vacuoles was not expected, but
parallels other cytoplasmically expressed fluorescent pro-
teins in M. oryzae germlings, such as mCherry (data not
shown, see also (3), and may reflect high levels of autophagy
during development in M. oryzae (20). Nevertheless, the Grx1-
roGFP2 signal in both cytoplasmic and vacuolar compartments
responded to in situ calibration (Fig. 2F, Q).

The ratio image indicated that all the cytoplasmic com-
partments in the three-celled spore, glutathione germ tube, and
appressorium maintained a highly reduced redox potential
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(Fig. 2F). Response to calibration, measured from a manually
defined ROI in the appressorium, was rapid, with reduction by
DTT and oxidation by H,O, complete within ~2 min (Fig. 2F,
Q). Although H,O, caused bleaching of the probe, taking the
ratio corrected for the resulting changes in intensity (Fig. 2Q),
giving a dynamic ratio range around four, similar to previous
reports with the wavelength combinations used here (7).

It is much more difficult to measure the cytoplasm in the
cells other than the appressorium with manually defined
ROIs, because of the spatial overlap with vacuoles. However,
a GMM fit to the entire data series clearly identified a reduced
signal from the cytoplasm, a more oxidized signal from the
vacuoles, and a separate signal from both the cytoplasm and
vacuoles during the H,O, calibration. Contour maps from
the GMM were overlaid on 2D histograms generated from
the weighted pixel intensities, and the intensity value of the
Gaussian peak at each wavelength was used to calculate the
ratio, and hence degree of oxidation and redox potential for
each component (Fig. 2L). An alternative visualization ap-
proach involves constructing a kymograph along a user-
defined transect (Fig. 2M) that highlights the ratio behavior of
each compartment and cell type (Fig. 2N).

Simultaneously with measurements of Eggsy, ROS were
imaged with the long-wavelength ROS probe, CRDR. The
reactivity of CRDR to different ROS species has not been
published, but the manufacturer reports it is more photo-
stable, less pH sensitive, and more specific for ROS than
other reactive probes. In this study, the particular benefit is
that the red excitation (640nm) and emission (665 nm)
wavelengths facilitate multi-parameter imaging with roGFP
and TMRM. CRDR showed a time-dependent increase in
fluorescence in M. oryzae spores, labeling discrete punctate
structures, predominantly in the appressorium (Fig. 2G, I, R,
0). As CRDR is a reactive probe, the rate of ROS production
is reflected in the derivative of the absolute signal. Un-
fortunately, this is not possible to reliably calculate from the
imaging data as the punctate objects are motile, making
temporal differencing irrelevant. Nevertheless, the response
averaged over the entire appressorium was approximately
linear over the first 20 min, suggesting a relatively constant
rate of ROS production at this developmental stage (Fig. 2R).

The punctate labeling is reminiscent of mitochondrial
distribution in this system, so to investigate whether the in-
crease in CRDR fluorescence principally reflects a high level
of ROS produced by mitochondrial activity (14), we tested
whether the punctate CRDR structures co-localized with
active mitochondria, identified by membrane potential-
dependent accumulation of TMRM. TMRM labeling re-
vealed highly motile tubular mitochondria, particularly in the
appressorium (Fig. 2H), that overlapped the CRDR signal in
merged images (Fig. 2G, I). As TMRM shows a Nernstian
potential-sensitive accumulation in mitochondria, the fold
accumulation can be estimated as a proxy for membrane
potential, by ratioing against the TMRM signal in the me-
dium (Fig. 2J, S, P). However, the absolute level of TMRM
fluorescence declines through photobleaching during the
experiment [the fold accumulation remains reasonably con-
stant around 10-fold, once the initial labeling period is
complete (Fig. 2S)]. Nevertheless, these fold-accumulation
values underestimate the true mitochondrial potential as
the volume averaging needed to achieve a reasonable S/N re-
duces the peak intensity attributed to individual mitochondria.



Lower levels of TMRM and CRDR accumulation were ob-
served in the other cells throughout development, even after
extended periods of probe incubation. We infer that mito-
chondria in these cells are in a different metabolic state, pos-
sibly geared toward synthesis of metabolic intermediates (12),
rather than ATP production.

Object-based ratioing—pulsing in mitochondria

Measurement of the physiological response of individual
organelles such as mitochondria is extremely time consuming
if separate ROIs have to be manually applied to extract useful
data. It is more convenient to automatically segment each
object, and either analyze individual mitochondria that show
an interesting response or determine the total population
behavior. In this example, object-based measurements were
used to characterize mitochondrial behavior in Arabidopsis
epidermal cells, where individuals in the population showed
transient pulses in mitochondrial membrane potential, mea-
sured using TMRM, that correlate with matrix alkalinisation,
measured using circularly permutated yellow fluorescent
protein (cpYFP) (15-18).

Trying to identify mitochondria that show rare pulsing
behavior is quite challenging if objects have to be manually
selected by the user from a field of potentially hundreds of
organelles, and there is a serious risk that measurements are
biased by selection of objects with the highest saliency when
viewing the time series. However, fluorescently labeled ob-
jects can be readily segmented using a two-step procedure
based on an initial watershed segmentation to separate ob-
jects into nonoverlapping domains, followed by a local in-
tensity-based threshold set at the 50% value between the local
maximum in each domain and the background. Using this
approach, it was possible to determine the response from
hundreds of mitochondria rapidly without user bias. Equally,
the watershed approach can over-segment any objects with an
“hour-glass” profiles, leading to fragmentation of long mi-
tochondria into multiple compartments. It may be possible to
develop secondary routines to ‘‘anneal’’ such fragmented
objects, but these have not yet been implemented.

Typically mitochondrial behavior in vivo is shown in
Figure 3 for a small region taken from a time series of Ara-
bidopsis cells expressing mt-cpYFP and also labeled with
TMRM (16). After object-based segmentation, one mito-
chondrion (No. 22), among the 57 present in this sub-image
from more than 200 present in the entire image, showed a
transient depolarization after about 10s (loss of red TMRM
signal, Fig. 3A, B) that lasted for a further 10s and that did
not occur in other mitochondria (see traces shown for two
others labelled in Fig. 3A, B). Simultaneously, there was an
increase in the average object cpYFP signal (Fig. 3A, C). The
data were quite noisy and there were also some transient
fluctuations in TMRM and cpYFP signal that did not show
this inverse behavior, but reflected slight changes in position
of the individual mitochondria, or indeed the whole cell (Fig.
3B, C). These fluctuations were compensated by a pseudo-
ratioing approach, dividing the cpYFP signal by the TMRM
signal (Fig. 3D). Alternatively, the covariance between the
two signals was used to efficiently highlight the pulsing be-
havior as a strong transient, negative covariance.

Identifying mitochondria showing this behavior was fa-
cilitated by constructing an ‘‘object”’-time plot (Fig. 3E),
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FIG. 3. Object-based ratio analysis: Measurement of
pulsing in individual mitochondria. (A) Images from a
time series showing a single mitochondrion from an auto-
matically segmented population in an epidermal cell in a
living Arabidopsis root that undergoes a transient membrane
depolarization and loss of TMRM signal (red) concurrently
with matrix alkalinisation, visible as an increase in cpYFP
signal (green). Traces showing the TMRM signal (B),
cpYFP signal (C), and cpYFP/TMRM ratio (D) for the se-
lected mitochondria highlighted in (A). (E) An ‘“‘object”
time plot for all the mitochondria in the image with the
TMRM signal (red channel), normalized to the median, the
normalized cpYFP signal (green), and normalized and in-
verted covariance (blue channel). The individual pulsing
mitochondrion (No. 22) is easily identified in this data
presentation format. cpYFP, circularly permuted yellow
fluorescent protein.
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FIG. 4. Object-based ratio analysis: Measurement of mitochondrial pH pulses in Arabidopsis root tips. Images were
collected as a time series of cpYFP fluorescence targeted to mitochondria in root cells of Arabidopsis thaliana. (A) Bright-
field transmission image of the root tip, scale bar=10 um. (B) Single merged image from the time series showing cpYFP
with 405 nm excitation (red) and 488 nm excitation (green). (C) Maximum projection over time of the cpYFP fluorescence
to illustrate the circulating paths of the mitochondria around the central vacuole. (D) Manual delineation of the cell outlines
from the bright-field image and maximum fluorescence projection. The perimeters of the segmented mitochondria are color
coded to reflect the parent cell. (E) Pseudo-color-coded object ratio map from 0.7 (blue) to 1.8 (red). (F) Maximum
projection over time of the object ratio values. (G) Time sequence showing the transient alkalinization of the mitochondrion
labeled with an arrow. (H) Ratio values during the transient alkalinization. (I) Plot of all the object ratios with distance from
the root tip (marked with an asterisk in E) at time point 303.5 s (J) ratio-distance plot for all objects from the complete time
series. (K) Frequency histogram of all the ratio values. The average ratio (green) and the upper (red) and lower (blue) 99%
confidence limits from the log ratio data are shown superimposed. Objects with ratio values greater than the upper bound
were considered to be pulsing. In total, about 1% of mitochondria showed a transient alkalinization over the time period.
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where the RGB image was constructed from the TMRM
signal normalized to the median for each mitochondrion
(red), normalized cpYFP signal (green), and inverse of the
covariance (blue). The pulsing mitochondrion was clearly
identifiable among the nonresponders in the object-time plot.
In cells with more complex population responses, under
stress treatments for example, the object responses can be
sorted and classified by a relevant summary of their indi-
vidual behavior, such as the maximum negative covariance in
this case, which can be used both to find interesting indi-
viduals and to summarize the population response.

Object-based ratioing—
correlation with morphological landmarks

In cases where the mitochondria are not stationary, it is
difficult to extract “‘object’’-time measurements, as individ-
ual mitochondria move too fast or circulate out of the field of
view or plane of focus to track reliably for more than a few
frames. Nevertheless, the population behavior can still reveal
interesting local phenomena. Thus, mitochondria expressing
cpYFP in Arabidopsis root tip cells (Fig. 4A, B) are very
dynamic, tending to circulate around the central vacuole to
give a peripheral ring in each cell when viewed as an MIP
over time (Fig. 4C). The combination of the bright-field
image and projected image can be used to manually delineate
each cell in the root tip (Fig. 4D).

In other systems, it might be appropriate to use additional
probes to label the cell wall or the plasma membrane to
achieve better cell definition, and future software releases
may include an automated cell detection routine to facilitate
this process. The watershed segmentation and local thresh-
olding method identifies each mitochondrion (Fig. 4D),
which can then be associated with a particular cell or com-
partment. The average intensity for each segmented mito-
chondria with 405 and 488 nm excitation was used to
calculate object ratios (I;ss/l495) for the cpYFP signal from
mitochondria in each cell, and used to generate a pseudo-
color-coded object ratio map at each time point (Fig. 4E), or
projected over the complete time sequence (Fig. 4F). The
cpYFP spectrum is relatively insensitive to pH with excita-
tion at 405 nm, while there is a substantial increase with in-
creasing pH an excitation at 488 nm, allowing ratiometric
measurements of pH. Each mitochondrion was assigned to a
cell type and given a physical distance from the most distal
cell in the root apex, marked with an asterisk (Fig. 4E).

While the majority of mitochondria showed low ratios
between 0.7 and 1, occasionally individual mitochondria
(marked with arrows (Fig. 4D, E) showed an increased ratio
(color-coded red), corresponding to a more alkaline matrix.
In the maximum projection over time, a number of such al-
kaline mitochondria are visible in different cells (Fig. 4F), but
it is not clear from the single time point or the projected
image whether these have constitutively higher pH, or whe-
ther these mitochondria are also showing pulsing behavior.
Examination of a short time sequence shows that the behavior
corresponds to a transient pulse, with the average ratio in-
creasing from around 1 to 1.65 and back again over a 10s
window (Fig. 4G, H). An alternative approach to visualize the
population response involves plotting the ratio for each mi-
tochondrion with distance from the root tip, with the color of
each point matching the parent cell (Fig. 41). The increased
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ratio of one mitochondrion at time point 303.5s is clearly
visible in comparison to the population in all the other cells at
this time point (Fig. 4I). Plotting data for all time points
shows a number of other transient alkalinisation events in
other cells (Fig. 4]) where the ratio exceeds the 99% confi-
dence bound on the log ratio from the whole population (Fig.
4K). In total, there were 133 instances out of 13,032, where
the object ratio value exceeded the upper 99% confidence
limit, giving around 1% of the population pulsing at any one
time (Fig. 4K).
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Abbreviations Used

cpYFP = circularly-permuted yellow
fluorescent protein
CRDR = CellROX Deep Red
DTT = dithiothreitol
Egsy = glutathione redox potential
GMM = Gaussian mixture model
Grx1 =human glutaredoxin 1
HSV =hue, saturation, value color space
MIP = maximum intensity projection
OxD =degree of oxidation
RGB =red, green, blue
roGFP = reduction-oxidation-sensitive
green fluorescent protein
ROI =region of interest
ROS =reactive oxygen species
S/N = signal-to-noise ratio
TMRM = tetramethyl rhodamine methyl ester
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