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Time-course imaging experiments on live organisms are critical for understanding the dynamics of
growth and development. Light-sheet microscopy has advanced the field of long-term imaging of live
specimens by significantly reducing photo-toxicity and allowing fast acquisition of three-dimensional
data over time. However, current light-sheet technology does not allow the imaging of multiple plant
specimens in parallel. To achieve higher throughput, we have developed a Multi-sample Arabidopsis
Growth and Imaging Chamber (MAGIC) that provides near-physiological imaging conditions and allows
high-throughput time-course imaging experiments in the ZEISS Lightsheet Z.1. Here, we illustrate MA-
GIC's imaging capabilities by following cell divisions, as an indicator of plant growth and development,
over prolonged time periods. To automatically quantify the number of cell divisions in long-term ex-
periments, we present a FIJI-based image processing pipeline. We demonstrate that plants imaged with
our chamber undergo cell divisions for 416 times longer than those with the glass capillary system
supplied by the ZEISS Z1.

& 2016 Elsevier Inc. All rights reserved.
1. Introduction

Understanding the dynamics underlying plant growth requires
quantitative analyses of the organism's development over time. A
key strategy to perform quantitative analyses of plant develop-
ment over time is the observation of spatiotemporal cues in in vivo
specimens (Reynaud et al., 2008). Confocal laser scanning micro-
scopy, spinning disk microscopy, and epifluorescence platforms
have been typically used to study such developmental cues
through the visualization of fluorescently tagged proteins, in-
dividual cells, and tissue types at specific developmental stages
(Ovečka, 2015). However, photo-induced cellular toxicity and
fluorophore bleaching impose severe time limitations on the use
of these microscopy tools (Sena et al., 2011). Consequently, the use
of these tools is generally limited to imaging developmental pro-
cesses that occur in short time-span intervals of seconds to
),

.

minutes (von Wangenheim et al., 2014), although microfluidics
devices have been developed that have allowed longer imaging
experiments (Grossmann, 2011; Busch, 2012).

A technical advance has been achieved with the use of light
sheet fluorescence microscopy (LSFM). In LSFM, the sheet of light
that illuminates the specimen is orthogonal to the detection path
(Maizel et al., 2011) and only fluorophores close to the focal plane
of the detection system contribute to potential phototoxicity
(Reynaud et al., 2008). By reducing photobleaching effects while
imaging, the specimen is exposed to 5000 times less energy than
in a confocal microscope (von Wangenheim et al., 2014). Fur-
thermore, the light sheet has a unique stage set up that is well
suited for imaging plant organisms. The specimen is suspended
vertically, which allows for roots to follow the gravity vector. The
light sheet stage allows for 3-dimensional movement and rotation
around a vertical axis, such that imaging from all angles is possible
(Reynaud et al., 2008). Additionally, data acquisition in LSFM
technology allows the detector to collect all pixels in one image as
opposed to one pixel at a time, which has a great impact on the
rate of image acquisition –100 frames per second, in contrast to
the confocal at 1–5 frames per second (Reynaud et al., 2008;
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Weber and Huisken, 2011). As a result, LSFM permits lengthier
imaging time course experiments than conventional microscopes
and possesses unique characteristics well-suited for imaging
plants. Accordingly, LSFM has been used to study longer devel-
opmental events such as plant organogenesis and lateral root
formation (Sena et al., 2011; Maizel et al., 2011; Vermeer, 2014
Vermeer and Geldner, 2015).

Although LSFM overcomes multiple long-term imaging issues,
certain challenges remain when imaging plants. First, only one
specimen can be imaged at a time, preventing the imaging process
from scaling up. This becomes a limiting factor for long-term ex-
periments, where obtaining biological replicates significantly in-
creases time and economic costs. Second, the specimen to be
imaged needs to be transferred and loaded from its original
growing plate into an imaging capillary system, which can be
time-consuming and can generate a stress response in the plant.
Moreover, when loaded in the capillary system provided by ZEISS
for imaging, both shoot and root are embedded in agar. This pre-
vents the shoot from exchanging gases, thereby inducing an ex-
treme, rapid stress response in the plant. Although previous pro-
tocols have addressed the drawback of transferring plants to a
glass capillary or having the shoot embedded in agar (Ovečka,
2015; Sena et al., 2011; von Wangenheim et al., 2014; Maizel et al.,
2011; Novák et al., 2015), no attempt has been made to scale-up
the number of plants imaged in the same experiment.
Fig. 1. A. 3D-Computer-Aided Design (CAD) model of MAGIC. Parts and dimensions are la
lines around each sample indicate the range of motion of the light sheet when doing a z
obstruct the light path during imaging. C. Side by side pictures of the ZEISS glass capillar
showing MAGIC mounted and locked into the metal holder provided by ZEISS. Photo s
visualized through the window (blue square). Zoom of MAGIC and the plants inserted
To address these issues, we designed a growth chamber and
imaging device compatible with the ZEISS Lightsheet Z.1. This 3D
printed device, the Multi-sample Arabidopsis Growth and Imaging
Chamber (MAGIC), currently allows us to grow and image 4 Ara-
bidopsis roots during the same experiment, eliminating the need
to transfer samples while scaling up the imaging process. More-
over, MAGIC allows the shoots to grow outside of the agar, al-
lowing gas exchange during the imaging process. We developed a
protocol for planting, growing, and imaging Arabidopsis plants in
MAGIC. We describe a semi-automatic image processing pipeline
to perform the analysis of the acquired data. Using this imaging
protocol, we validated MAGIC's imaging capabilities. We showed
that roots that were imaged with MAGIC undergo significantly
lower levels of stress than those imaged with the ZEISS glass ca-
pillary imaging system, resulting in considerable improvements in
plant development and growth in each long-term imaging session.
2. Results

2.1. MAGIC allows growth and imaging of multiple roots

We designed MAGIC as a device where multiple plants are
imaged in near physiological conditions (Fig. 1). Our 3D printed
device takes advantage of the ZEISS stage setup, which allows the
beled in blue. B. Cross-sectional bottom view of the plant holder disk. The two blue
-stack. Holes are positioned in such a way that neither the plants nor the supports
y (left) and MAGIC (right), both mounted into the metal sample holder. D Schematic
howing MAGIC inserted into the Lightsheet Z.1. Note that the plant holder disk is
in the Z.1. imaging chamber filled with water.
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specimen to remain in a vertical position, enabling the plants to
follow the gravity vector. Similar to the glass capillary of the
Lightsheet Z.1 (Fig. 1D), MAGIC is designed to attach to the ZEISS
sample holder (Fig. 1C) and to be inserted into the microscope
through the upper system cavity door. In particular, MAGIC's de-
sign consists of two features: a drive shaft and a plant-holder disk
(Fig. 1A). The top of the drive shaft locks into the sample holder
allowing MAGIC to be controlled by the ZEISS Lightsheet Z.1-as-
sociated software (ZEN Software), such that the device has the
ability to move and rotate in all dimensions. The bottom of the
drive shaft is connected to the plant-holder disk. By allowing
plants to be placed in a circular configuration, the shape of the
plant holder takes advantage of ZEN's rotational capability,
granting MAGIC the ability to image multiple samples by spinning
the disk around the central axis. The plant-holder disk is designed
to hold four Fluorinated Ethylene Propylene (FEP) tubes. The po-
sitions of the holes are designed to individually cross the light
sheet path when imaged, such that the loaded plants do not block
each other or the laser paths (Fig. 1B). Notably, the choice of FEP
tubes is based on the fact that their index of refraction (1.34)
closely matches that of water (1.33) and they can be used in the
Lightsheet Z.1 (Kaufmann et al., 2012). Moreover, the FEP tubes
allow the shoots to grow outside of the agar, permitting gas ex-
change during the imaging process.

2.2. MAGIC yields in parallel long-term imaging experiments

To test MAGIC's imaging capabilities we performed 3-h time-
course experiments and compared the imaging outcome with
plants imaged using the ZEISS glass capillary. To assess the ima-
ging capabilities in both systems, we used plant cell division as our
Fig. 2. Light sheet images of pCYCB1;1:CYCB1;1-GFP Arabidopsis roots acquired every 20 m
Cells expressing the CYCB1 marker correspond to dividing cells. A1, B1. Max-projections
during the time series using the capillary system (A1) while cell divisions persist through
shown in A1 and B1. Highlighted circles depict cells that are either not progressing (red) o
are visualized in the capillary system (A2), and new divisions are still observed the cap
indicator for root growth and development. We therefore imaged
the cyclin B1 marker (pCYCB1;1:CYCB1;1-GFP), whose expression
corresponds to the G2/M phase of the cell mitotic division.

Using the traditional loading method of the ZEISS glass capil-
lary system, where individual plants are transferred from a nu-
trient-rich plate into a glass capillary, we observed that the
CYCB1;1 marker consistently decayed within 3 h (Fig. 2-A1).
Moreover, all the cells expressing the CYCB1;1 marker were still
expressing CYCB1;1 from the first time point, suggesting that these
divisions were arrested in the G2 phase and no new cell divisions
occurred (Fig. 2-A2). Remarkably, using the MAGIC system, in
which plants are grown and imaged inside of an FEP tube, we
observed ongoing cell division throughout the experiment with
little decay in the marker signal (Fig. 2-B1) as new cell divisions
occurred at the end of the 3-h time frame (Fig. 2-B2). Moreover,
with the multiplexed capacity of MAGIC, imaging 12 biological
replicates required only 9 h of microscope usage, significantly re-
ducing the length and the economic cost of the experiment
compared to the 36 h required for the glass capillary system.

To further test MAGIC's long term imaging capacities, we ex-
tended the imaging time to 48 h (n¼4 replicates) (Supplemental
video 1). Although at the end of this time lapse we saw fewer cell
divisions, all the roots still showed the CYCB1;1 marker. By
showing that plants imaged with MAGIC undergo cell divisions
for at least 48 h, as opposed to �3 h with the manufacturer-
supplied setup, we demonstrate our chamber significantly
improves the imaging conditions, increasing the imaging length
by 416 fold.

Supplementary material related to this article can be found
online at http://dx.doi.org/10.1016/j.ydbio.2016.05.029.
in for 3 h with the original ZEISS capillary system (A1 and 2) or MAGIC (B1 and 2).
(40 z-slices) of two selected roots. The projections show that cell divisions decrease
out the time series using MAGIC (B1). A2, B2. Medial longitudinal plane of the roots
r progressing through the cell cycle (blue). Through the 3-h period no new divisions
illary system (B2).

http://dx.doi.org/10.1016/j.ydbio.2016.05.029


Fig. 3. A. Flow-chart of the image-processing pipeline in FIJI. B. Total number of cell divisions present at each time frame in the 3-h experiment in the glass capillary system
(gray bars) and in MAGIC (red bars). C. Number of new cell divisions taking place at each time frame in the glass capillary system (gray bars) and in MAGIC (red bars). Bars
represent an average of the cells quantified across biological replicates in each of the imaging systems (n¼12). Error bars represent the standard error of the mean values.
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2.3. An image processing pipeline automated the quantification of
cell divisions

2.3.1. FIJI image processing pipeline
To evaluate whether plants would grow throughout the ima-

ging process, we quantified the number of cell divisions that oc-
curred during the experiments. To this aim, we quantified the
number of cell divisions per time frame as well as the new cell
divisions that are taking place at each time. We automated the
quantifications of cell divisions by implementing an open-source
image-processing pipeline in FIJI that incorporates built-in algo-
rithms (Fig. 3). For this, we first collapsed the z-stacks at each time
point into a single plane by performing a maximum-intensity
projection (max-projection). Since the roots grew during the ex-
periment, we then aligned the max-projections of each time
course to place the root in the same position across time. We
subsequently applied denoising operations, such as a background
subtraction followed by a Gaussian Blur filter, to even the back-
ground and consequently reduce the noise. We then generated
binary images by thresholding the denoised images with thresh-
olding algorithms. This resulted in images with black pixels in the
positions of high intensity, corresponding to the positions of the
cells that were dividing. A potential drawback of thresholding is
that it can miss some of the high intensity signals of an image. In
our case, the thresholding routines were able to identify 60–72% of
the total number of dividing cells. Subsequent image processing
operations, such as eroding and watershedding, separated ad-
jacent cells and adjusted the edges of the thresholded images as
needed. The format of the resulting thresholded images allowed
later analysis algorithms to identify each cell as a particle, and
therefore quantify both the number of cell divisions at each time
frame and the new cell divisions taking place at each time.

2.3.2. Quantification of cell divisions
To automatically quantify, in each time frame, the total number

of cells expressing the CYCB1;1 marker, we applied the FIJI particle
analysis method to the binary images. The particle analysis
method performed with a 9.6% chance of incorrectly labeling a
new cell division (9.6% false positive rate). We observed that an
average of 19 cell divisions are taking place at each time point in
the glass capillary experiment, while an average of 30 cell divi-
sions are observed in MAGIC's experiment (Fig. 4A). In particular,
the number of cell divisions observed at the end of the glass ca-
pillary experiment decreased by 94.97% with respect to the



Fig. 4. Max-projection of one root of Arabidopsis expressing pCYCB1;1:CYCB1;1-GFP at two consecutive time points obtained with MAGIC. Arrows illustrate how errors in
tracking cell divisions (false positive) are introduced during the image analysis. A. Max-projection of the root at time t. The arrows highlight two adjacent fluorescent cells. B.
Max-projection from panel A after thresholding and watershedding. The arrows point to two adjacent fluorescent cells identified by the tracking pipeline as two different
objects. C. Numbers represent the count of MTrack2 associated with the two fluorescent cells, 1 and 2, at time t. D. Max-projection of the root at time tþ1. The arrows point
to the same adjacent cells as in A. E. Max-projection from panel D after thresholding and watershedding. The arrow points to a cell that the tracking algorithm fails to
separate into the two cells observed at time point t. F. Number associated with the count of MTrack2 at time tþ1. Note that since the fluorescent cells are tracked through
time, cells should be labeled 1 and 2. However, since these cells are not clearly separated at tþ1, MTrack2 fails to detect that they continue to be the same objects as at time t.
Consequently, MTrack2 labels this object as a new fluorescent cell, 3, thus leading to a false positive.
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beginning of the experiment, while the decrease was only 29.06%
during the imaging session performed using MAGIC.

To determine whether the CYCB1;1 expression in these ex-
periments marked new cell divisions or cells that had become
arrested in the cell cycle in the G2 phase, we applied an algorithm
that could discern new cell divisions by identifying and tracking
the positions of all cells expressing the CYCB1;1 marker over time.
For this, we applied Mtrack2, an available FIJI plugin that auto-
matically tracks cells. Mtrack2 allowed us to identify when new
cell divisions took place with an 8.9% chance of incorrectly labeling
a new cell division (8.9% false positive rate). Mtrack2 automatically
determined that on average, the number of new cell divisions
during the course of the glass capillary experiment decreased from
13 to 0 (100% decrease), suggesting that no new cell divisions
occurred during the 3-h experiment (Fig. 4B). In contrast, the
number of new cell divisions during the course of MAGIC's 3-h
experiment decreased from 6 to 5 (15% decrease) indicating that
cell divisions are constantly taking place (Fig. 3B).

2.3.3. Error in the quantification of cell divisions
Image thresholding methods operate poorly when images have

inadequate contrast and show variation in gray level values within
the object and its background (Chen, 2004), both of which can
occur when imaging Arabidopsis root with the light sheet. As a
result, different intensities in CYCB1 affected the thresholding
operations by generating inadequate contrast or variation in gray
levels, which introduced two types of error in our analysis
pipeline.

First, the variation in gray levels was mainly introduced by the
difference in intensities of the cells expressing the marker. This
difference in intensities resulted in the thresholding routine failing
to detect the dim fluorescent cells. To estimate the percentage of
all the cell divisions that the FIJI-implemented thresholding
methods detected, we manually counted the total number of
fluorescent cells throughout each experiment. We determined that
the local thresholding method was able to identify 78% of the cell
divisions, while the global thresholding method could identify 60%
of the cell divisions.

Second, the lack of contrast was caused by insufficient signal
sharpness of the pixels surrounding brightly fluorescent cells,
which complicated the distinction of the edge between two or
more adjacent fluorescent cells, occasionally resulting in a single
thresholded object. Consequently, the tracking plugin and particle
counting algorithms led to the count of extra cell divisions (false
positives) (Fig. 4). By manually counting the total number of
fluorescent cells occurring in the original images, we found that an
average of 9.6% of false positives was introduced by the particle
analysis method, while an average of 8.9% of false positives was
introduced by the tracking plugin.
3. Conclusions

We have built an imaging chamber, MAGIC, in which plants are
grown and imaged in media-agar containing FEP tubes in near-
physiological conditions. The designed chamber allows multiple
plants to be imaged in the ZEISS Z.1 Lightsheet in a single setting,
reducing previous costs and time. Despite the limitation that the
plants are maintained in the dark during the imaging session,
which slows down cell divisions during extended time-course
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experiments, our chamber significantly improved the imaging
conditions with respect to the glass capillary system. We have also
presented a semi-automatic image processing pipeline that
quantified cell divisions of plants imaged with both the glass ca-
pillary and our MAGIC chamber. We found that plants imaged with
MAGIC underwent cell divisions 416 times longer than those
imaged with the glass capillary system. These findings illustrate
MAGIC's capability to further advance the use of light sheet mi-
croscopy for long time-series plant experiments. Moreover, further
increasing the throughput and incorporating light emitting diode
(LED) lights to generate a light-controlled environment can ad-
ditionally foster MAGIC's technological potential.
4. Material and methods

4.1. MAGIC design and print

The three dimensional geometry of the chamber was designed
using Solidworks (V 2014/2015 SP3), a Computer-Aided Design
software. The native Solidworks file format was converted into the
standard tessellation language (.stl) format using the highest re-
solution settings available in Solidworks. The chamber was fabri-
cated with material jetting additive manufacturing (ASTM F2792)
using an Objet Connex 350 (Stratasys inc.) PolyJet™ printer. The
printer functions by selectively depositing thin layers of acrylic-
based photopolymer (�16 mm thick), representing the cross sec-
tional geometry of the component, which are cured by an ultra-
violet light source immediately after deposition. The printer bed
lowers the thickness of a single layer and the process repeats for
the next cross section. Stratasys VeroWhitePlus™ photopolymer
was used to produce the chamber. The Connex 350 printer was
prepared using standard setup, cleaning and operation protocols
described by the manufacturer. As is typical of polymer based
additive manufacturing, all downfacing surfaces were supported
by a secondary material, in this case Objet Support 705™. Parts
were fabricated with the “matte” setting selected in the Connex
setup software in order to ensure a homogenous surface finish. A
high pressure waterjet station (Stratasys) was used to remove the
supporting material from the chamber after printing and, a
1.55 mm drill bit was used to manually remove support structure
from the chamber seed wells to accommodate the FEP tubing. The
3D stl models, as well as the Objet Connex 350 build file is avail-
able on the authors' website.

4.2. Plant material and growth conditions

Prior to plating, Arabidopsis CYCB1;1:CYCB1;1-GFP seeds (Doer-
ner et al., 1996) were dry sterilized using 100% bleach and 1.5 mL
of HCl for at least 1 h, imbibed with 500–700 μL of sterile water,
and stratified for 2 days at 4 °C in complete darkness. After stra-
tification, seeds were plated on 1� MS (Murashige and Skooge)
media supplemented with 1% sucrose and grown vertically at
22 °C in long day conditions (16 h light/8 h dark). Seedlings were
grown on square plates for 5 days when imaged with the glass
capillary, while seedlings were grown in 1.55 mm thick FEP tubes
(Cole Parmer, EW-06406-60) for 6 days when imaged with MAGIC.
Note that for plant growth in FEP tubes, 1� MS media was filtered
with a 0.2 mm syringe filter, and 1% of low-gelling agar (Sigma
number A9045-25G) was then added to the filtered solution.
Sterile FEP tubes were cut to 1.5 cm lengths, and 20 μL of the fil-
tered, sterile 1� MS 1% agar media was added to each FEP tube.
The tubes were set aside for 5 min to allow for solidification. The
remaining agar solution was poured into a square polystyrene
plate (Genesee number 26-275) and set aside to solidify. Seeds
were placed at the top of each FEP tube. Using a sterile 22-gauge
syringe needle, the seeds were pushed approximately 1mm into
the agar. Once the plate had solidified completely, a sterile blade
was used to cut a 2 cm window in the agar (Supplementary Fig. 1).
The FEP tubes containing the seeds were then vertically placed in
the square hole, and the plate was sealed with parafilm and placed
vertically in a Percival to grow. The FEP tubes in which seedlings
were grown for 6 days were then placed into MAGIC prior to
imaging (Supplementary Fig. 1).

4.3. MAGIC imaging

The microscope imaging chamber was filled with 20 mL of
water, and allowed at least 20 min for temperature equilibration,
set at 22 °C. The stage was pulled down such that only the roots
were submerged in water; the water level in the chamber was
adjusted, when necessary. The front door camera (“Locate Capil-
lary” tab) was used to position roots 1–4, respectively, as labeled
on MAGIC, and the θ-orientation was noted for each root. The
acquisition interface was set up with the Plan-Apochromat 20� /
1.0 NA water immersion detection objective lens by using the
parameters specified in Supplementary Table 1.

To conduct the experiment, the z-stack, time series, multiview,
and group options were activated. A z-stack of approximately 40
slices at 3.00 mm intervals was generated for each θ-orientation
and was added to the multi-view option as a new “group” (Gn
corresponding to root n, for n¼1,2,3,4). The z-stacks for each root
were taken every 20 min for at least 12 cycles. Readjustments of
the root and corresponding z-stacks were made, if necessary, as it
grew out of the image frame.

4.4. Image analysis pipeline

Image analysis was performed using the FIJI software. To per-
form the max-projection, and since the high intensity of the initial
z-planes often masked the signal of the dividing cells throughout
the deeper layers of the root, 15–18% of the first planes from the
z-stacks had to be eliminated. The subsequent alignment of the
images through time was performed with the Linear Stack Align-
ment using SIFT plugin with the default parameters. The next
denoising operation for subtracting the background was per-
formed using a rolling ball of 200-pixel radius, and the Gaussian
Blur filter was applied with a sigma radius of 2. Thresholding was
performed with the global modified IsoData algorithm (Default
method) or with the local MidGray algorithm (Parameter1¼�5).
Although local thresholding methods are generally better suited
for unevenly illuminated images, such as those from brightfield
microscopy, global methods (modified IsoData) were chosen for
the case in which the cell-tracking algorithm would be used, as
this setting was found to introduce smaller errors in the tracking
algorithm (Mtrack2). The particle analysis method was applied to
the images that had been thresholded with the local thresholding
method, with a size of 100-infinity pixels2 and with a circularity of
0.2–1. Mtrack2 was applied to the images that had been thre-
sholded with the global thresholding method, with a minimum
object size of 1 pixel, a maximum object size of 999999 pixels, a
maximum velocity of 10, and a minimum track length of 1 frame.
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