In vivo quantification of dynamic gene expression in the Arabidopsis root
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Introduction

Gene expression is a dynamic continuous phenomenon. Therefore it
IS important to quantitatively capture spatio-temporal patterns of
gene expression. In principle, fluorescent reporter genes that are
driven by native promoters in conjunction with confocal microscopy
allow to observe such patterns in living tissues with cellular resolu-
tion. However, to carry this out in a quantitative manner many chal-
lenges have to be overcome. These include movement of cells In
space over time, repeated measurements of single specimen and
replication of these measurements on different individuals. By using
Arabidopsis roots in a microfluidics device that allows growth of more
than 60 individuals in combination with an automated image acquisi-
tion process, we are able to quantitatively capture spatio-temporal
patterns of gene expression in a developing organ. As a proof of prin-
ciple we obtain a comprehensive image data set for key develop-
mental regulators under different growth conditions.

Using the Arabidopsis root as a model for live imaging

Due to its architecture and development, the Arabidopsis root signifi-
cantly reduces the complex problem of tracking cells in a developing
organ. Whereas in animal systems due to cell migration this is typi-
cally a complex 4-dimensional problem (position of a cell in space
and time), it can be reduced to 2-dimensions in the root (Fig. 1).
Moreover, there are rich resources of gene expression data of differ-
ent cell types, since the Arabidopsis root constitutes the model organ
that is transcriptionally profiled with the highest resolution at the cell
type level'=°.
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Figure 1:The cellular orga-
nization of the Arabidopsis
root. The root consists of 15
cell types (indicated by differ-
ent colors) that are organized
around its radial axis. The dif-
ferent cell types arise from
stem cells In the tip of the
root. Each new cell division
successively displaces an
older cell distal to the stem
cells. After divisions, cells un-
dergo elongation and differ-
entiation In distinct zones
along the longitudinal axis.
Therefore the developmental
time line of a cell can be de-
termined by the position on
the root's longitudinal axis.
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The RootArray - a microfluidics device to grow roots

To estimate variation and establish confidence levels from replicates
for image-based measurements of gene expression in growing
roots, we designed the RootArray. This microfluidics device provides
the capacity of growing 64 Arabidopsis plants in parallel. It gives rise
to two separate chambers (Fig. 2). The seeds are planted in the
upper chamber on agar filled holes. In this chamber seeds germinate
and it provides sufficient volume to allow shoot growth for several
days. Once the seeds have germinated, the roots penetrate the agar
and emerge into the root chamber. The root chamber is filled with
liquid growth medium that can be exchanged at any time. This allows
for changing the growth conditions for all individuals at the same
time. Once the roots have emerged, the whole device is mounted on
a confocal microscope.
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Figure 2: The RooOtAr-
ray. Upper panel: Sche-
matic of the RootArray.
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Panel. Picture of the
actual RootArray with
Arabidopsis plants 2 days

after germination.

Moving specimens are a major challenge for in vivo imaging. Where-
as there is no cell migration in the root, root cells divide at the tip of

the root and then elongate. This leads to moveme

nt of the root tip. To

capture whole roots, including the root tips throughout the whole time
course, we conduct a low-resolution scan of the whole root chamber
before each time point of the experiment. The resulting image con-
tains all roots and is processed by a computer program to detect the
positions of all roots. An image tiling path for high-resolution images
IS calculated on basis of this procedure and the coordinates of these
images are fed into the microscope controller. High-resolution

images from a single root are stitched together a

nd saved. XML de-

scriptor files are generated and updated in real-time with specific in-
formation about the experiment and each image. These processes
are repeated for every time point and enable us to conduct fully auto-

mated imaging over several days (Fig. 3).
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Figure 3: Workflow of image acquisition with the RootArray system.
For the acquisition of each time point, a low-resolution scan is performed

first. This image is used for the automated detection of the

roots. The roots

will then be imaged at high resolution. After capturing images of all roots at

high resolution, the whole process is repeated.

Stress changes root morphology and gene expression

The transcriptional state of cells can be significantly changed by en-
vironmentally stressful growth conditions®. As, these changes are
highly dynamic and dependent on the cell type, they provide an op-
portunity for a proof of principle of the RootArray system. We are col-
lecting a core image data set for transcriptional fusions of 15 devel-
opmentally relevant transcription factors under standard growth con-
ditions and 6 different stress conditions. Each experiment is con-
ducted over several time points spanning at least 36 hours. Notably,
these stresses perturb development and morphology as well as
gene expression of the studied transcription factors in stress specific
manners (Fig. 4).
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Conclusions

Gene expression takes place across time and space, however most
approaches do not provide high spatio-temporal resolution to mea-
sure gene expression. Thus novel approaches are needed. The
RootArray coupled with this automated pipeline for image acquisition
IS such a technology. To increase our throughput further, we are cur-
rently completing the development of computational frameworks for
fully automated quantitation, database storage and internet-based
sharing of these data. Apart from looking at gene expression, we are
also conducting measurements of cellular metabolite concentrations
with genetically encoded FRET nanosensors.
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