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Abstract: Genetically encoded Forster resonance energy transfer (FRET)-based biosensors have been used to
report relative concentrations of ions and small molecules, as well as changes in protein conformation,
posttranslational modifications, and protein—protein interactions. Changes in FRET are typically quantified
through ratiometric analysis of fluorescence intensities. Here we describe methods to evaluate ratiometric imaging
data acquired through confocal microscopy of a FRET-based inorganic phosphate biosensor in different cells and
subcellular compartments of Arabidopsis thaliana. Linear regression was applied to donor, acceptor, and FRET-
derived acceptor fluorescence intensities obtained from images of multiple plants to estimate FRET ratios and
associated location-specific spectral correction factors with high precision. FRET/donor ratios provided a
combination of high dynamic range and precision for this biosensor when applied to the cytosol of both root and
leaf cells, but lower precision when this ratiometric method was applied to chloroplasts. We attribute this effect to
quenching of donor fluorescence because high precision was achieved with FRET/acceptor ratios and thus is the
preferred ratiometric method for this organelle. A ligand-insensitive biosensor was also used to distinguish
nonspecific changes in FRET ratios. These studies provide a useful guide for conducting quantitative ratiometric
studies in live plants that is applicable to any FRET-based biosensor.
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INTRODUCTION

Genetically encoded Forster resonance energy transfer (FRET)-
based biosensors are powerful tools for monitoring changes in
the concentrations of ions and metabolites in live cells. The
ability to analyze such changes with high spatiotemporal
resolution has revolutionized studies of a myriad of cellular
processes including transport, compartmentalization, signaling,
and metabolism (Frommer et al,, 2009; Okumoto et al,, 2012;
Jones et al., 2013). FRET biosensors for ions and small molecules
consist of a ligand-binding domain fused to two spectral variants
of green fluorescent protein (GFP), usually cyan fluorescent
protein (CFP) and yellow fluorescent protein (YFP) variants.
Ligand binding to such biosensors induces a conformational
change that alters FRET efficiency, which is detected as a change
in fluorescence lifetime (Hum et al., 2012) or, more commonly,
through a change in the ratio of the intensities of the two
fluorescent proteins, i.e., FRET ratio. Consequently, fluorescence
lifetime and FRET ratio both reflect the fraction of biosensors in
each conformation. This fraction is directly proportional to
ligand concentration over a range that is defined by the binding

affinity and ultimately, saturation of the biosensor.

FRET-based biosensors have been used more widely in
animal cell systems than in plants, but there is a growing list of
biosensors that have been developed or specifically adapted
for use in plants that includes those for glucose, maltose,
sucrose, glutamine, calcium, zinc, phosphate, and abscisic acid
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(Allen et al., 1999; Frommer et al., 2009; Okumoto et al., 2012;
Gjetting et al., 2013; Jones et al.,, 2013, 2014; Waadt et al,, 2014;
Mukherjee et al., 2015). However, the successful application of
FRET biosensors in plants has revealed a number of technical
challenges. For example, RNA silencing severely limits
expression and detection of some FRET biosensor transgenes
(Deuschle et al., 2006). This problem was resolved through the
use of an alternative promoter (Krebs et al., 2012), by limiting
analyses to young seedlings (Rincon-Zachary et al, 2010;
Chaudhuri et al,, 2011), or by expressing the transgenes in
RNA silencing mutants (Deuschle et al., 2006; Yang et al., 2010;
Chaudhuri et al,, 2011; Mukherjee et al., 2015).

Pigments and other endogenous molecules that
contribute to either autofluorescence or the quenching of
biosensor fluorescence also pose a challenge for quantitative
studies in plants (Muller et al., 2013). Improvements in
fluorescent proteins and in biosensor design, including the
use of circularly permuted fluorescent proteins (Nagai et al.,
2004; Krebs et al, 2012), have greatly increased both
fluorescence intensities and dynamic range. Fluorescence
quench, as well as variation in biosensor expression, can be
partially resolved by using FRET sensitized emission, which
accounts for donor spectral bleedthrough and acceptor
cross-excitation to determine the fraction of acceptor fluor-
escence that is derived from FRET (Xia & Liu, 2001;
Wallrabe & Periasamy, 2005; Okumoto, 2014). These correc-
tions may be unnecessary if analyses are restricted to single
cells, but could be critical when investigating ligand con-
centrations in different cell types or when comparing results
from multiple individuals to ascertain gene/protein functions.
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Monitoring inorganic phosphate (Pi) in live plants is a
particularly attractive application for FRET biosensors. The
mechanisms underlying the systemic distribution of this
essential nutrient are poorly understood yet cellular and
subcellular concentrations are expected to vary in response to
both environmental and metabolic conditions (Walker &
Sivak, 1986; Raghothama, 1999; Vance et al., 2003; Plaxton &
Tran, 2011; Kanno et al., 2012). Moreover, analytical methods
that have been used previously to probe Pi contents of some
plant cell compartments, such as nonaqueous fractionation
and >'P-NMR, lack cellular resolution (Rebeille et al., 1984;
Sharkey & Vanderveer, 1989; Pratt et al, 2009; Gout et al.,
2011). We recently adapted a Pi biosensor that had been used
previously in animal cells (Gu et al., 2006) for use in plants
(Mukherjee et al., 2015). The second-generation Pi biosensors,
cpFLIPP;j, consist of a cyanobacterial Pi binding protein fused
between eCFP (FRET donor) and a circularly permuted Venus
(cpVenus) (FRET acceptor). Ratiometric analyses with one
of these biosensors, cpFLIPPi-6.4m, revealed changes in
cytosolic Pi concentrations in root epidermal cells in response
to varied external supply, and also allowed detection of a
mutation-induced change in Pi accumulation within plastids
in root epidermal cells. In both cases, the analyses relied on
comparisons of pooled FRET/donor data.

In this study we expanded and refined our previous
work by defining quantitative FRET ratiometric imaging
methods for different cell types and subcellular compart-
ments, including those with pigments. Specifically, we
used confocal microscopy to image the cpFLIPPi-6.4m Pi
biosensor in the cytosol of root epidermal cells and in both
the cytosol and chloroplast stroma of leaf mesophyll cells of
Arabidopsis thaliana. The application of linear regression to
donor, acceptor, and FRET-derived acceptor fluorescence
intensities for each target location in the plant improved the
precision of estimates for FRET sensitized emission correc-
tion coefficients and for FRET ratios obtained from images
of multiple plants. Our results also indicated that the FRET/
eCFP ratio method is highly reproducible for the cytosol of
both root and leaf cells, but is more variable when applied to
chloroplasts. We attributed the variation to quenching of
donor eCFP fluorescence by pigments within this organelle,
but regardless of mechanism, the variation was largely
eliminated when the FRET/cpVenus ratio method was
applied to the same samples. Consequently, FRET/cpVenus
(FRET/acceptor) is the preferred ratiometric method for
FRET biosensors localized to chloroplasts.

MATERIALS AND METHODS

Plasmids

Plasmids for expression of cpFLIPPi-6.4m in bacteria and in
plants were described previously (Mukherjee et al., 2015). The
cpFLIPPi-Null biosensor is a derivative of cpFLIPPi-6.4m
in which a portion of the Pi binding domain has been
altered from GAGAAF to ISGSTS. The cpFLIPPi-6.4m and
cpFLIPPi-Null transgenes were cloned in pRSET for
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expression in Escherichia coli and in the pCN-UBQ10 plasmid
(Mukherjee et al, 2015) for expression in Arabidopsis.
Plastid-targeted variants of each sensor were constructed by
inserting a 237 bp fragment encoding the 79-amino acid RbcS
chloroplast transit peptide (Lee et al., 2006) in frame at the
5' end of the sensor genes.

In vitro Pi Binding Assays

The pRSET cpFLIPPi clones were introduced into E. coli
BL21 (DE3) bacteria and single colonies were cultured
overnight in 100 mL of Luria Bertani medium (Bertani,
1951). The cells were harvested by centrifugation and then
lysed using BugBuster protein extraction reagents (EMD
Millipore, Billerica, MA, USA). The expressed sensor
proteins were purified from cell lysates using His-affinity
chromatography with elution in 20 mM Tris-HCI, pH 7.5,
150 mM K-gluconate, and 400 mM imidazole. The eluent
was dialyzed overnight at 4°C against 20 mM Tris-HCI, pH
7.5, then stored at 4°C. Protein concentration was quantified
using the Bradford colorimetric assay and samples were
diluted in protein dilution buffer: 100 mM K-gluconate,
30mM NaCl, 25mM MES, 25mM HEPES, 40% (w/v)
sucrose, pH 7.5. The protein solution was mixed with varied
amounts of Pi, and the fluorescence was measured using a
Synergy HT plate reader (Biotek, Winooski, VT, USA) with
excitation at 420/27nm and emission at both 485/20 nm
(eCFP) and 540/25 nm (FRET-derived cpVenus). Excitation at
500/20 nm was used for direct excitation of cpVenus.

Generation of Transgenic Arabidopsis Plants

Cytosol- or plastid-targeted biosensor clones were intro-
duced into Agrobacterium tumefaciens strain GV3101, and
the resulting strains were used to transform Arabidopsis via
the floral dip procedure (Clough & Bent, 1998). Transgenic
plants were selected on agar medium containing 10 uM
phosphinothricin. At least ten independent lines for each
construct were examined for fluorescence and progeny from
arepresentative line that maintained uniform fluorescence in
the T2 generation were used for all subsequent studies.

Live Imaging of Roots and Leaves

For analysis of roots, Arabidopsis seeds were germinated and
grown in 96-well microplates with 230 uL of 0.5 x Murashige
and Skoog medium (Murashige & Skoog, 1962) containing
0.25% (w/v) sucrose and 250 uM Pi in a growth chamber
(60% relative humidity, 21°C, and 90 ,umol/mz/ s light
intensity for a 16 h photoperiod.). After 5 days the seedlings
were transferred to fresh medium containing either 250 uM
Pi (Pi replete) or 10uM Pi (Pi deficient). The media were
replaced every 24 h. After 48 h seedlings were mounted in their
respective growth medium on a cover glass, they were gently
covered with a small cover glass to keep the roots flat when
imaged using an inverted Olympus IX81 microscope equipped
with a Yokogawa CSU-X1 Spinning Disk confocal unit and
an iXon3 897 EMCCD camera (Andor Technology, Concord,
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MA, USA). The same camera settings for electron-
multiplying (EM) gain (5%) and preamplifier gain (2.4%)
were used for all experiments. Plants were imaged using a
40x (numerical aperture 1.3) oil immersion objective.
Comparable results were obtained in trial experiments using
a 60x (numerical aperture 1.2) water immersion objective
provided that all control images were captured with the same
objective. A 445nm laser was used to excite eCFP. A 483/
32nm filter was used to detect eCFP emission, and a 542/
27nm filter was used to detect FRET-derived cpVenus
emission (FRET emission) and emission from directly
excited cpVenus. A 515nm laser was used for direct
excitation of cpVenus.

For analysis of leaves, Arabidopsis plants were grown in
soil for 4 weeks in a growth chamber with the same environ-
mental conditions described above. The 5th rosette leaf was
detached and immediately placed adaxial surface down
in a custom made chamber (http:// microscopy.tamu.edu/
lab-protocols/light-microscopy-protocols.html). The leaf
was treated with perfluorodecalin to rapidly infiltrate inter-
cellular air spaces and thereby improve optical qualities of
the leaf (Littlejohn et al, 2010). This treatment had
no measurable effect on biosensor fluorescence or FRET
compared with water-mounted leaves. The leaf was gently
covered with a small glass brick to keep the specimen flat
against the cover glass. Palisade mesophyll cells were imaged
using a 40x objective as described above. Untransformed
plants were imaged using the same image acquisition setting
to determine background fluorescence values.

Image Processing and Ratiometric FRET Analysis

Images were processed and analyzed using Metamorph and
Image]J software. Background fluorescence values (mean pixel
intensities) for each combination of excitation and emission
were determined for each target location in plants from images
of five to ten cells in three to five untransformed plants. The
mean background values for each emission channel were
subtracted from the corresponding images of transgenic plants
before further processing. Metamorph software was used to
align the pixels for each emission channel to ensure that they
were in register. A threshold was applied to each eCFP image
because in all cases it had lower pixel intensities than the
corresponding FRET emission and cpVenus images and thus
specified the most restrictive boundary for the target location.
A masked binary file was then created from the eCFP
thresholded image. This binary file was multiplied to each of
the three background-subtracted images for eCFP, FRET
emission, and direct cpVenus, respectively. Regions of interest
(ROIs) were applied to the eCFP image and mean intensity
values for each ROI were recorded. The same ROIs were
propagated to the FRET emission and direct cpVenus images,
and mean intensities were recorded.

The FRET emission intensity values were corrected for
donor spectral bleedthrough and acceptor cross-excitation to
yield sensitized FRET emission values. Correction coefficients for
spectral bleedthrough and cross-excitation were determined for

each target cell compartment from images of plants expressing a
single fluorescent protein (eCFP or cpVenus) using the same
image acquisition settings used for biosensor imaging. Mean
intensity values for ROIs applied to FRET emission images were
plotted against the corresponding eCFP and direct cpVenus
values. Linear regression using the LINEST function of Microsoft
Excel™ v15.0 was applied to the data. The slopes of the fitted
straight lines from FRET emission versus eCFP, and FRET
emission versus direct cpVenus represent the donor spectral
bleedthrough and acceptor cross-excitation correction coeffi-
cients, respectively. Sensitized FRET was calculated for each
FRET emission ROI using the following equation: Sensitized
FRET = Raw FRET — (eCFP emission x a) — (cpVenus emis-
sion x b), where a and b represent the donor spectral bleed-
through and acceptor cross-excitation factors, respectively.

Sensitized FRET/eCFP and sensitized FRET/cpVenus
FRET ratios were calculated for each ROI then pooled to
calculate mean values. Alternatively, sensitized FRET emis-
sion intensity values for all ROIs in a given cellular location
were plotted separately against all of the corresponding eCFP
and direct cpVenus intensity values, and then linear
regression using the LINEST function of Microsoft Excel ™
v15.0 was applied to the data. The slopes of the lines from
these plots represent the fitted FRET/eCFP and fitted FRET/
cpVenus ratio, respectively.

REsuLTs AND DiscussioON

Defined Image Acquisition for Different Cell Types
and Subcellular Compartments

Pi is an essential nutrient with key structural and regulatory
roles that impinge on nearly every facet of plant growth and
metabolism (Vance et al,, 2003; Plaxton & Tran, 2011).
However, our understanding of the mechanisms underlying
Pi distribution and compartmentalization throughout the
plant, as well as those required for the sensing and signaling
of its availability (Chiou & Lin, 2011; Zhang et al., 2014), are
limited by the inability to monitor Pi concentrations in
individual cells and subcellular compartments of live plants.
We demonstrated recently that ratiometric imaging of a Pi
biosensor could be used to detect changes in Pi concentra-
tions within the cytosol and plastids of root epidermal cells
(Mukherjee et al., 2015). We therefore wished to expand this
approach to other cell types and subcellular compartments as
a step toward holistic studies of Pi homeostasis.

Previously, we could not be certain that the same ima-
ging and/or analysis regimes could be applied to other cell
types or organelles, particularly those that contain pigments.
Indeed, fluorescence signals from the cpFLIPPi-6.4m Pi
biosensor were much weaker in mature leaves than in
seedling roots when the same imaging conditions were used.
We therefore sought to optimize image capture settings for
each of our target cellular and subcellular locations.
Although our efforts focused on cpFLIPPi-6.4m, we suggest
that the overall strategy and associated considerations are
broadly applicable to other FRET biosensors.
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An initial criterion for image capture optimization was
to ensure that pixel intensities were well above background
levels, yet also below saturation in each of the three images
needed for ratiometric FRET analysis: eCFP (donor excita-
tion and emission), FRET emission (donor excitation,
acceptor emission), and direct cpVenus (acceptor excitation
and emission). Another constraint was that for a given
location in the plant, the same image capture settings were
needed for eCFP and FRET emission to provide a quantita-
tive measure of the ligand-dependent fluorescent outputs of
the biosensor. The image capture variables for our confocal
system included excitation laser intensity, exposure time,
and camera sensitivity (EM gain and preamplifier gain). For
convenience, we chose to use the same camera sensitivity
settings for all experiments. In addition, because the
EMCCD camera we used has a single detector, eCFP and
FRET emission images were captured with equivalent
sensitivity. However, it should be noted that if a confocal
system is used that employs two or more detectors then the
spectral responses and sensitivities of each detector must be
defined independently for each experimental condition
(van Rheenen et al., 2004). We varied laser intensities and
exposure times to yield mean pixel intensities that were
~10-fold greater than those for background fluorescence
measured with the same settings. This signal-to-background
ratio ensured that all measurements were within the linear
range of the camera, which was necessary for quantitative
measurements (Brown, 2007).

Because direct cpVenus fluorescence reflects biosensor
abundance rather than ligand concentration, arbitrary image
capture settings could have been used provided that the pixel
intensities fell within the linear range of the camera. However,
we chose to use settings that yielded mean pixel intensity values
similar to those for eCFP and FRET emission because this
minimized any potential variations in detector sensitivity. This
was an important consideration since direct cpVenus fluores-
cence was used to determine FRET sensitized emission values
and, in some cases, was used to normalize FRET emission
(described in the following sections).

Images captured with optimized settings required pro-
cessing before ratiometric analyses could be conducted.
Figure 1 illustrates the image processing steps used in this
study. First, background fluorescence was removed from raw
images by subtracting mean pixel intensities obtained
from images of the same locations in untransformed plants
(Fig. 1a). A threshold was then manually applied to eCFP
images to define the boundaries of the biosensor location
(Fig. 1b). The eCFP images were chosen for this step because
they consistently had the lowest pixel intensity value and
would therefore provide the most conservative boundaries.
To apply the same boundaries to the corresponding FRET
emission and direct cpVenus images, the thresholded eCFP
image was first converted to a masked binary image file
(Fig. 1b). This step converted all of the fluorescence inten-
sities above the threshold in the eCFP image to a value of
one, and all intensities below the threshold to zero. The
values for each pixel in the masked binary image were then
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Figure 1. Stages of image processing. a: Images for eCFP, FRET
emission, and direct cpVenus after background subtraction.
b: Threshold applied to an eCFP image and the masked binary
image (black and white) created from the thresholded eCFP
image. ¢: Final processed eCFP, FRET emission, and cpVenus
images. Regions of interest (ROIs) are drawn on the final images.
Scale bar is 10 yum. FRET, Forster resonance energy transfer.

multiplied to the corresponding pixel intensities in the
background-subtracted eCFP, FRET emission, and direct
cpVenus images to yield final processed images (Fig. 1c).
ROIs were applied to the processed images (Fig. 1c), and
mean pixel intensities for all pixels with intensities greater
than zero within each ROI were recorded.

Location-Specific Spectral Correction Coefficients

We wanted to use the FRET ratio as the readout of relative Pi
levels in different locations in the plant, but first needed to
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evaluate spectral factors that could influence ratio values.
For example, donor bleedthrough (eCFP fluorescence that
is detected in the cpVenus channel) and acceptor cross-
excitation (direct excitation of cpVenus by the eCFP excitation
laser) could vary with biosensor expression and/or cellular
location (Xia & Liu, 2001; Day & Davidson, 2012). We first
assessed the extent that bleedthrough and cross-excitation
varied with fluorescence intensity and then determined
spectral correction coefficients that we could use to correct for
their respective contributions to FRET emission in each of our
target locations, i.e., to calculate FRET sensitized emission.
From six to eight independent plants expressing either eCFP
(donor alone) or cpVenus (acceptor alone), we captured and
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processed eCFP, FRET emission, and direct cpVenus images
for cytosol of root epidermal cells and for cytosol and chloro-
plast stroma of leaf palisade mesophyll cells. All images were
captured using the same optimized settings used to image
cpFLIPPi-6.4m. ROIs were applied to these images and mean
pixel intensities were recorded.

Fluorescence intensity values varied up to ninefold in
some cases (Fig. 2). However, plots of eCFP bleedthrough
versus eCFP, and of cpVenus cross-excitation versus direct
cpVenus revealed that both bleedthrough (Figs. 2a, 2c, 2e)
and cross-excitation (Figs. 2b, 2d, 2f) were directly propor-
tional to fluorescence intensity over the entire range of
intensities detected in each of the locations we examined.
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Figure 2. Determination of location-specific FRET correction coefficients. Mean intensity values obtained from 15 to
20 ROIs in FRET emission images from six to eight independent plants are plotted against the corresponding intensity
values from eCFP or direct cpVenus images. Slopes of the graphs represent correction coefficients for donor bleed-
through and acceptor cross-excitation that were used to calculate FRET sensitized emission. FRET, Forster resonance

energy transfer; ROIs, regions of interest.
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Consequently, we applied linear regression to data in each
plot to yield a fitted line with a slope that represents a spectral
correction coefficient. That is, slopes in Figures 2a, 2¢, and 2e
are the coefficients for correcting eCFP bleedthrough,
and slopes in Figures 2b, 2d, and 2f are the coefficients for

correcting acceptor cpVenus cross-excitation.

We could have calculated correction coefficients from
the mean of pooled FRET ratio values (bleedthrough/eCFP
and cross-excitation/direct cpVenus), but this would have
been a source of error for subsequent ratiometric FRET
analyses if one or both fluorescence responses had been
nonlinear. In such an event, nonlinear regression would have
been used to derive the coefficients. Alternatively, plugins
for ImageJ are available to calculate nonlinear coefficients
(Feige et al., 2005; Roszik et al., 2009), but plotting intensity
values from multiple individuals as described here provided
a simple way to assess data variation within a population.

Although donor bleedthrough and acceptor cross-
excitation were uniformly proportional to fluorescence
intensity within a given location in the plant, the
corresponding correction coefficients differed between
locations. We hypothesize that these differences reflect
consistent differences in the chemical environments of each
location, such as concentrations of pigments or other
molecules that could influence, e.g., quench, the fluorescence
of one or both of the fluorescent proteins. Regardless of the
underlying mechanism, our results indicate that location-
specific spectral correction coefficients must be defined to
accurately assess biosensor FRET ratios in different cell
compartments. Accordingly, all FRET emission data
described hereafter were corrected using location-matched
correction coefficients to yield FRET sensitized emission.

Ratiometric FRET Analyses: FRET/Donor Versus

FRET/Acceptor

Although several ratiometric FRET analysis methods have
been described (Xia & Liu, 2001; Feige et al., 2005), the
FRET/donor ratio method is most commonly employed
because it is highly sensitive to changes in ligand con-
centration. With this method, fluorescence intensities of the
numerator and denominator components of the ratio both
change in response to ligand concentration, and the
changes are in opposite directions, thus yielding a large
response. However, we hypothesized that the FRET/acceptor
ratio would be preferable when examining pigmented
cells/cell compartments. Our rationale was that pigments
would affect eCFP and cpVenus fluorescence unequally,
primarily because chlorophyll absorbs light over a broad
range (400-500 nm) that coincides with eCFP emission. As a
result, eCFP fluorescence could be quenched. However,
because FRET emission and acceptor both rely on output
from cpVenus, any effects of pigments on its fluorescence
would be proportional. Chlorophyll fluorescence occurs
at wavelengths greater than 600nm so would have a
negligible effect on quantitation of either eCFP or cpVenus

fluorescence.
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To systematically compare the efficacies of FRET/donor
and FRET/acceptor approaches for different cellular
locations we imaged plants expressing the cpFLIPPi-6.4m Pi
biosensor using location-specific image capture settings and
processed the images as described in Figure 1. We then used
the corresponding location-specific spectral corrections
coefficients (Fig. 2) to calculate FRET sensitized emission
[Sensitized FRET = Raw  FRET - (eCFP  emission x
eCFP bleedthrough) — (cpVenus emission x cpVenus cross-
excitation)]. We first compared the two FRET ratio analysis
methods for the cytosol of root epidermal and leaf palisade
mesophyll cells (Fig. 3). Pigments do not typically accumu-
late in the cytosol, but we could not know if pigments,
particularly chlorophyll, present in other parts of the leaf
would affect donor or acceptor fluorescence unequally.
Fluorescence intensities varied by up to fivefold in some
cases, but plots of FRET emission versus eCFP (Figs. 3a, 3c)
and of FRET emission versus direct cpVenus (Figs. 3b, 3d)
showed that FRET emission was directly proportional to
both donor and acceptor emission in both cell types, as
required for ratiometric analysis.

As with the derivation of spectral correction coefficients,
FRET ratios could be calculated in two ways. One was to
determine the desired FRET ratio for each ROI in a given
location and to then calculate the pooled mean. Alter-
natively, linear regression could be applied to the data in
each plot, and the slope of the fitted line would represent the
FRET ratio for the population. We compared results
from both of these calculation approaches as part of our
comparison of FRET ratio methods. As shown in Table 1,
relative errors for measurements of FRET/eCFP were con-
sistently lower than those for FRET/cpVenus in the same cell
type, and in all cases the relative errors for measurements
obtained through linear regression were substantially lower
than when using pooled values. We therefore conclude that
FRET/eCFP (FRET/donor) is the preferred ratiometric
method for the cytosol of both root and leaf cells, and that
the use of linear regression provides a more precise estimate
of the FRET ratio for a population.

It should be noted that the use of linear regression to
improve estimates of the FRET ratio is limited to situations
where a relatively wide distribution of fluorescence intensities
exists, which is typical for analyses involving multiple plants.
When fluorescence intensities are largely invariant, as might be
expected when repeatedly imaging a single cell, then the use of
linear regression would be unnecessary, and this conclusion
would be supported through comparison of relative errors. For
example, we found that FRET ratios within a field of view, as
depicted in Figures 3e, 3f and 4c, varied by <4%. Regardless of
whether linear regression is used, plotting FRET emission
versus donor or acceptor fluorescence would allow rapid
evaluation of the population data set to identify individuals
with attributes outside the population norm, which may be
particularly important when evaluating the effects of environ-
mental conditions or pleiotropic mutations.

In contrast to our recommendation for the cytosol,
FRET/acceptor rather than FRET/donor should be used
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Figure 3. Ratiometric FRET analysis in cytosol. a-d: Plots of FRET sensitized emission versus either eCFP or direct
cpVenus mean intensity values obtained from 15 to 20 ROIs in the corresponding image files. Trend lines were determined
from linear regression. Slopes represent fitted mean FRET ratios. Each plot includes data from six to eight independent
plants. e, f: Representative pseudo-colored FRET ratio images were generated by dividing FRET emission pixel intensity
values by eCFP pixel intensity values. Color bars indicate the range of FRET/eCFP ratios in the cytosol of root epidermal
and leaf mesophyll cells. Scale bar is 50 yum. FRET, Forster resonance energy transfer; ROIs, regions of interest.

when analyzing biosensors localized to chloroplasts. FRET
emission was proportional to eCFP (Fig. 4a), but the data
points were more widely scattered than those for cytosol
(Fig. 3) and, as expected, the relative error was high even when
linear regression was used (Table 1). It was possible that the
variation in FRET/eCFP reflected heterogeneity of Pi
concentrations between chloroplasts. However, this possibility
was rejected because the variation was largely eliminated
when we examined FRET/cpVenus (Fig. 4b) and the relative
error was equivalent to those for measurements in the cytosol

(Table 1). These results support our hypothesis that pigments
or some other aspect of the local environment within
chloroplasts affect eCFP and cpVenus unequally. Regardless
of the basis for this effect it can be overcome by normalizing
FRET emission values to cpVenus intensity. Although FRET/
acceptor is less sensitive to changes in ligand concentration
than FRET/donor because only the numerator is responsive
to Pi concentration, the increase in precision (reduced
relative error) is a desirable compromise that would facilitate
detection of subtle changes in Pi concentrations.
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Table 1. Comparison of FRET Ratio Analysis Methods for Different Cellular and Subcellular Locations.

Subcellular FRET Ratio FRET Ratio from Pooled ROIs  FRET Ratio from Linear Regression

Biosensor Organ Cell Type Location Method (mean + SD, % relative error) (mean + SD, % relative error)
cpFLIPPi-6.4m Root Epidermis Cytosol FRET/eCFP 0.92+0.06, 6.5 1.02+0.02, 2.0
cpFLIPPi-6.4m Root Epidermis Cytosol ~FRET/cpVenus 0.29+0.02, 6.9 0.32+0.003, 0.9
cpFLIPPi-6.4m Leaf Mesophyll Cytosol FRET/eCFP 1.43+0.09, 6.2 1.26 +£0.03, 2.3
cpFLIPPi-6.4m Leaf Mesophyll Cytosol FRET/cpVenus 0.42+0.04, 10.4 0.36+0.02, 4.7
cpFLIPPi-6.4m Leaf Mesophyll Chloroplast FRET/eCFP 1.24+0.24, 194 1.29+0.09, 7.0
cpFLIPPi-6.4m Leaf Mesophyll Chloroplast FRET/cpVenus 0.61+0.04, 6.6 0.60+0.01, 1.7
cpFLIPPi-Null Root Epidermis Cytosol FRET/eCFP 0.65+0.03, 3.8 0.72+0.01, 1.6
cpFLIPPi-Null Root Epidermis Cytosol FRET/cpVenus 0.28+0.01, 5.4 0.26 +0.007, 2.8
cpFLIPPi-Null Leaf Mesophyll Cytosol FRET/eCFP 0.87+£0.06, 7.3 0.90+0.02,2.4
cpFLIPPi-Null Leaf Mesophyll Cytosol FRET/cpVenus 0.49+0.03,7.0 0.50+0.01, 2.4
cpFLIPPi-Null Leaf Mesophyll Chloroplast FRET/eCFP 0.85+0.06, 7.3 0.91+0.02, 2.4
cpFLIPPi-Null Leaf Mesophyll Chloroplast FRET/cpVenus 0.34+0.03, 8.6 0.35+0.01, 3.0

FRET, Forster resonance energy transfer; ROIs, regions of interest.

Substitution of the eCFP and cpVenus components of
the Pi biosensor with red-shifted fluorescent proteins that
support FRET, i.e. green and red variants (Lam et al., 2012),
would minimize the potential effects of chlorophyll and
other pigments. However, such substitutions often require
extensive optimization to attain fluorophore orientations
suitable to detect ligand-dependent changes in FRET
(Miyawaki, 2003; Deuschle et al., 2005; Muller et al., 2013).
Until such biosensors are available, the methods described
here for blue-yellow FRET pairs remain broadly applicable.

Using a Ligand-Insensitive Biosensor to Distinguish
Nonspecific Changes in FRET Ratios

Even when FRET ratios are carefully defined a control is
needed to distinguish what fraction of any observed differ-
ences are due to ligand-independent parameters, which
could include pH and various ion concentrations, particu-
larly chloride (Shaner et al., 2005). Differences in such
nonspecific factors may be inherent or a consequence of
experimental treatment. We previously used a cpFLIPPi
variant with high affinity for Pi as a control for nonspecific
changes in FRET/eCFP ratios (Mukherjee et al., 2015).
However, we could not be certain that this biosensor variant
would be saturated in all cellular contexts. We therefore
isolated a Pi-insensitive variant, cpFLIPPi-Null, from a
mutant library that was described previously (Mukherjee
et al,, 2015). We confirmed that cpFLIPPi-Null was insensi-
tive to Pi concentration using an in vitro binding assay in
which cpFLIPPi-6.4m vyielded the expected Pi-dependent
decrease in FRET/eCFP ratio (Fig. 5).

As shown in Fig. 5a, cpFLIPPi-Null yielded lower FRET/
eCFP ratio values than cpFLIPPi-6.4m even in the absence of
Pi. This difference in absolute FRET ratio most likely reflects
the relative orientations of the fluorophores (Deuschle et al.,
2005), which is an unavoidable and largely arbitrary con-
sequence of the small differences in protein sequences.
However, normalization of FRET ratios allows direct

comparisons between biosensor responses (Keinath et al,
2015). For example, the relative effects of Pi concentration
on the two biosensors is shown in Figure 5b. Importantly,
this approach can also be applied to assess the effects of
nonspecific factors on the FRET ratio. For example, changes
in pH and chloride concentration both affected the FRET
ratio, but the relative effects were equivalent for cpFLIPPi-
6.4m and cpFLIPPi-Null (Fig. 6), indicating that cpFLIPPi-
Null is a suitable control for distinguishing nonspecific
changes in the FRET ratio.

The cpFLIPPi-Null biosensor control was expressed in
Arabidopsis plants and images were captured and processed
for each target location exactly as described for cpFLIPPi-
6.4m. FRET ratio values for each location (Table 1) were then
used to distinguish Pi-specific from nonspecific changes in
FRET ratios. For example, we wanted to know what fraction
of the difference between FRET/eCFP ratio for cpFLIPPi-
6.4m in the cytosol of leaf mesophyll (1.26) and root
epidermis (1.02) was due to Pi concentration given that
FRET/eCFP values for cpFLIPPi-Null also differed in these
locations, 0.9 for mesophyll and 0.72 for root epidermis. To
compare these differences we calculated relative changes for
each biosensor. Specifically, the FRET/eCFP ratio for
cpFLPPI-6.4m was 23.5% greater in the cytosol of leaf
mesophyll than root epidermis, whereas cpFLIPPi-Null
exhibited a 25% difference between the same locations
suggesting that none of the difference observed with
cpFLIPPi-6.4m could be attributed to Pi.

We also used cpFLIPPi-Null to evaluate changes in the
FRET ratio associated with experimental treatment. In this case
we examined the effect of Pi deprivation on the FRET/eCFP
ratio measured in the cytosol of root epidermal cells. Again,
FRET ratios for both cpFLIPPi-6.4m and cpFLIPPi-Null
increased (Fig. 7), which for cpFLIPPi-64m would be
consistent with an expected decrease in Pi concentration.
The FRET ratio for cpFLIPPi-6.4m increased 45%, whereas the
FRET ratio for cpFLIPPi-Null increased only 17%. Thus, the
17% change observed for cpFLIPPi-Null represents nonspecific
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Figure 4. Ratiometric FRET analysis in chloroplasts. Plots of FRET
sensitized emission versus eCFP (a) and direct cpVenus (b) mean
intensity values obtained from 15 to 20 ROIs in each of six to eight
independent plants. Trend lines were determined from linear regres-
sion. Slopes represent fitted mean FRET ratios. ¢: Representative
pseudo-colored FRET ratio images were generated by dividing
FRET emission pixel intensity values by cpVenus pixel intensity
values. Color bar indicates the range of FRET/cpVenus ratios in
chloroplasts within leaf mesophyll cells. Scale bar is 50 yum. FRET,

Forster resonance energy transfer; ROIs, regions of interest.

changes in the cytosol associated with the Pi deprivation
treatment. Taking account of this nonspecific effect, 28% of the
change in the FRET/eCFP ratio for cpFLIPPi-6.4m can be

attributed to a decrease in Pi concentration.
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Figure 5. Comparisons of FRET/eCFP responses for cpFLIPPi-
6.4m and cpFLIPPi-Null in vitro. a: Effect of Pi concentration on
FRET/eCFP ratios for purified cpFLIPPi-6.4m and cpFLIPPi-Null
in an in vitro assay. Values shown are mean + standard deviation
for three replicates. b: Effect of Pi concentration on normalized
FRET/eCFP ratios from the same data shown in (a). Values were
normalized to the FRET/eCFP ratio measured in the absence of
Pi. FRET, Forster resonance energy transfer.

SUMMARY

Although optimal image capture settings must be deter-
mined empirically for every combination of biosensor,
microscope, camera, and cellular location, we have described
approaches to facilitate optimization of these parameters for
quantitative analysis of genetically encoded FRET biosensors
using confocal microscopy. These approaches are applicable
to any FRET biosensor. The application of linear regression
to fluorescence data to obtain FRET ratio values is particu-
larly useful when multiple individuals that exhibit a range of
fluorescence intensities are used because the increased
precision enhances the ability to detect small differences in
ligand concentration. This may be critical when comparing

Downloaded from https:/www.cambridge.org/core. Eastern Michigan University Library, on 09 Jan 2017 at 05:09:03, subject to the Cambridge Core terms of use, available at

https:/www.cambridge.org/core/terms. http://dx.doi.org/10.1017/5143192761600012X


https:/www.cambridge.org/core/terms
http://dx.doi.org/10.1017/S143192761600012X
https:/www.cambridge.org/core

1.2

11

1.0

0.9

0.8

Normalized FRET/eCFP

0.7

0.6

pH 7.0 pH 8.0 100mM KCI
® CpFLIPPi-6.4m O cpFLIPPi-Null

Figure 6. Effect of nonspecific factors on FRET/eCFP ratio for
cpFLIPPi-6.4m and cpFLIPPi-Null. FRET/eCFP ratios were
measured for purified biosensor proteins using an in vitro assay in
which pH or KCI concentration was altered as indicated. Values
were normalized to those obtained with the standard assay
condition (pH 7.5, 0mM KCI), which are indicated by the
black line. Values shown are mean + standard deviation for three
replicates. FRET, Forster resonance energy transfer.

1.6

HH

14
Pi-specific
change

Nonspecific
1.0 change

1.2

i

0.8

0.6

0.4

Normalized FRET/eCFP

0.2

0.0

cpFLIPPi-Null cpFLIPPi-6.4m
B PiFed 0O 48 h Pi starved

Figure 7. Effect of Pi deprivation on normalized FRET/eCFP
ratios for the cytosol of root epidermal cells. Seedlings expressing
cpFLIPPi-6.4m or cpFLIPPi-Null were maintained in Pi-fed
growth conditions or deprived of Pi for 48h before imaging.
FRET/eCFP values from Pi-fed seedlings were used for normal-
ization. Values shown are mean +standard deviation for six
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populations with different genotypes to discern gene/protein
function. The increase in precision also applies to the choice
of normalizer for FRET sensitized emission. FRET/eCFP is
preferred when the biosensor is localized to the cytosol.
In contrast, FRET/cpVenus is recommended when the
biosensor is localized to chloroplasts. It must be emphasized
that the ratiometric approaches we have described report
relative changes in ligand concentration. Calibration must be
established to define absolute ligand concentrations. Ideally,
calibrations would involve direct manipulation of ligand

Quantitative Imaging of FRET-Based Biosensors in Plants 309

concentrations in the target location, e.g., via microinjection,
but this is technically challenging and may not be achievable
for some subcellular compartments. Alternative approaches
include in situ calibrations, which can be conducted when
the ligand and/or chelators readily diffuse across cell
membranes, and in vitro calibrations using purified proteins
suspended in solutions that mimic the target cell compart-
ment as closely as possible. The continued development
of calibration strategies will be needed to enable broad
comparisons of results with FRET biosensors.
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