prp’licgltiéﬁ_NOtg {4
#2010 -
o

"

N\

Light-Sheet Fluorescence Microscopy
for Living Plants

The study of plants is not only important to support our understanding of biological
mechanisms, but also to foster knowledge of crop improvement and safety, especially with
respect to the global economy.” While plant samples were traditionally studied as thin dyed
sections, 3D in situ live imaging is the current state-of-the-art research method. In recent
years, the study of in situ 3D morphogenesis using fluorescence microscopy has been
greatly enriched by the availability of a wide range of fluorescent tissue-specific reporter
lines' as well as genetically encoded biosensors.?

One major challenge in working with 3D plant tissue is that tissue is often inhomogeneous.
This is further complicated by the fact that plant cells have a cell wall and chlorophyll-
containing tissues that absorb light, which limits the microscopy approaches that can be
used.® Additionally, plants have an intrinsic geometry with aerial parts that have natural
tropisms for light and roots that are influenced by gravity. Thus, the sample setup does not
only need to satisfy the physiological conditions (e.g., light or temperature) but also physical
ones (e.g., large sample size and upright/vertical mounting).*

From an imaging point of view, fluorescence microscopy raises complications with the fact
that lasers emit photons at several orders of magnitude higher than the sunlight to which
plants are typically exposed. ® This can potentially impact photosynthesis, local temperature,
and light exposure, all of which can lead to sample deterioration or imaging artifacts."*

An elegant solution to the above problems is light-sheet fluorescence microscopy (LSFM).
LSFM uses a sheet of light for selective plane excitation while information is collected
simultaneously by an uncoupled emission objective and a camera.® This setup means that
large samples can be studied as the beam paths can penetrate the tissue. However, only
a thin sheet is illuminated so phototoxicity is low, and most LSFM setups allow for vertical
sample embedding and full environmental control, which is critical for sample health.

In this application note we highlight challenges with using microscopy for image acquisition
of plants, challenges specific to LSFM, data processing challenges, and how Bruker Luxendo
can support you in overcoming these obstacles to create meaningful data.



Challenges of Plant Imaging

Capturing Dynamic Processes

Most biological processes are inherently dynamic so the ability to acquire data over time is
often better than single timepoint acquisition with only a snapshot of information. However,
live imaging is a trade-off between preserving the sample and acquiring good data with
sufficient signal quality and resolution.*

Visualizing Tissues

Despite the increasing availability of tissue-specific fluorescent markers, dyes are still often
used to visualize tissues of interest. Unfortunately, dyes can bleach upon laser exposure and
some can become potentially toxic.? That is why reducing photons with techniques such as
LSFM is pivotal for sample health.

Aerial Parts vs Roots

Studying plants beyond the sprouting phase means having to consider aerial parts and
roots. Aerial parts contain chlorophyll, which not only reacts to light exposure, but scatters
light. Furthermore, chloroplasts, the cells containing chlorophyll, are autofluorescent and
give off even additional fluorescence.’ Roots, especially root tips, are often studied in
morphogenesis, but they strongly react to gravitational forces and growth geometry can
change rapidly. Thus, using adaptive microscopy approaches is needed for timelapses
longer than 30 minutes.?

Light-sheet fluorescence microscopes are made with a variety of components that make
them well-suited to overcome these considerations. Voluminous sample chambers provide
space for the samples to grow, vertical embedding considers gravitation, and environmental
control creates consistent conditions for samples. To improve data quality, images can be
acquired from multiple views (e.g., Bruker's MuVi SPIM) that are subsequently merged to
derive data with high signal and resolution. To address sample movement and/or growth
outside the desired field of view (FOV), adaptive autofocus can help with

automatic sample tracking.

Cell Walls

Like an exoskeleton, cell walls provide mechanical and chemical resistance for plants and
contain 40%-t0-60% cellulose, 10%-t0-24% lignin, and varying amounts of other cell wall
proteins. This composition makes them a complex 3D network where cellulose fibrils can
further trigger light scattering.”

However, as cell walls have a 3D geometry, the ability to image living plants in situ greatly
assists with sample preparation challenges such as plant section quality, or finding the
correct position and FOV of interest in a section.’

Challenges of LSFM

Light Interaction with Matter

Light interacts with matter, which leads to light ray interference by changes in transmission,
reflection, refraction, diffraction, absorption, and scattering.®® The impact of matter on light
rays can be particularly pronounced when the refractive indices of sample, embedding
medium, and materials are mismatched. One way to optimize the optical properties of the
system is the use of a low numerical aperture (NA) illumination objective and a high NA
detection objective. This allows for a thin light-sheet with wide-field detection.®

Since artifacts, such as shadowing and striping, are particularly pronounced in static single-
side illumination setups, a pivoted the light-sheet and multi-view approach can help reduce
these detrimental issues. Lastly, lattice LSFM combined with structured illumination
techniques can further improve data resolution.’
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In LSFM, the light sheet is central to everything. The thickness of the sheet determines

not only the amount of sample that is illuminated, but also the thinner the sheet, the higher
the resolution in z. In combination with fast axial scanning, the entire FOV is homogenously
illuminated. Additionally, the beam geometry is important, especially with respect to placing
the beam waist in the centre of the FOV."

The MuVi SPIM produces a homogenously illuminated FOV using fast axial scanning. This
works by sweeping a tightly focused Gaussian beam along the illumination axis, leading to
an elongated, uniform, and thin light sheet that provides uniform axial resolution over large
FOVs.

Multi-View Imaging
Data can be acquired from multiple views and angles, and subsequently fused to increase
data quality and reduce artifacts. Importantly, the fusion can be done with or without

FIGURE 1

Light interacts with
matter. (A) Overview of
imaged plant. (B) Ideal
light path versus the light
path encountered due to
light-matter interaction.
(C) Breakdown of
potential light-matter
interactions. (D) The
light-sheet setup impacts
resolution and FOV. (E)
Using a pivoted LS helps
to address artifacts such
as striping. In this case it
shows intestine tissue,
but the same principles
apply for plant tissues.
Panel (B) and (C) adapted
from [9].



fiduciary markers. Together with the ability to cover large specimens with high-quality
images, this can also provide isotropic spatial resolution.’?

The MuVi SPIM allows for sample rotation, enabling a 360° view and making it the fastest
multi-angle view system on the market. The next-generation MuVi SPIM also shows an
unrivalled signal-to-noise ratio due to light-sheet scanning, adjustable light-sheet thickness,
robust aberration tolerance, and dual de-striping via pivot scanning.

Flexibility in Setup and Embedding

Most LSFM systems allow for vertical sample embedding, as well as sample chamber
access. Depending on what stage and organ of the plant one wants to study, several
embedding options exist. For example, one can use jellifying media (e.g., phytogel, low
melting agarose) and holders (e.g., glass capillary or FEP tubes) to establish a top-holding or
bottom-holding setup.® Environmental control can be established in the sample chamber and
held stable over time. Additionally, the sample chamber can be filled with medium, which
can be exchanged over time to avoid wearing-off or building-up of compounds making use
of motorized pumps.

FIGURE 2.
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Lastly, it is often useful to apply more advanced imaging techniques or transiently perturb
the system to observe biological behavior. This allows novel insights into the biology of
processes.* To achieve this, Bruker Luxendo has light-sheet solutions for photomanipulation
(PM module) and advanced imaging (AIM - advanced imaging module) techniques.

Data Challenge

Handling Data Analysis with Luxendo Software

In this era of data, one major challenge is the analysis and storage of acquired data,
particularly LSFM, where datasets can easily be in the terabyte range.”™ Bruker’'s LuxBundle
allows for effective image registration and fusion, which enables data to be processed with
application-specific software solutions.

To ensure long-term data storage and archiving, Luxendo Bruker also offers the well-known
ACQUIFER HIVE solution. To effectively analyze data, application specific programs are
being developed to aid image plant cell segmentation and analysis, such as lineage tracing,
(e.g., MorphographX,'* PlantSeg,'® or MARS/ALT'S).



Application Example

LSFM to Study ANNEXIN 1 in Arabidopsis

Annexins are an evolutionary conserved superfamily of multifunctional proteins which are
fundamental to many processes, such as cell growth, differentiation, and stress responses.
In this case study, Ticha et al. produce a transgenic Arabidosis line to visualize endogenous
ANNEXIN 1 (ANN1) and study its in vivo distribution using LSFM."

FIGURE 3.

3D rendering of
ANN1-GFP distribution
in Arabidopsis. Data
were obtained by
MuVI SPIM, and after
post-processing 3D
reconstruction was made
by Arivis. Pseudocolors
show fluorescence
intensity, with the
lowest corresponding
to black and the highest
fluorescence intensity
corresponding to red.
Arrowheads point to
root hair tips, (t) points
300 300 0 trichoblasts, and

(a) atrichoblasts.

Figure reproduced with
permission from Ticha
etal.”
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Conclusion

Imaging living plants involves challenges on several levels, including sample properties (e.g.,
aerial and roots, chlorophyll, cell walls), tissue visualization (e.g., dyes vs reporter lines),
sample-friendly imaging (e.g., embedding, low phototoxicity, timelapses), and efficient data
handling (e.g., processing and storage). Working together with end users and application
specialists, Bruker Luxendo has the experience needed to deliver expert commercial LSFM
solutions that can significantly aid the imaging of living and naturally growing plants.
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