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Abstract

We describe a method for the three-dimensional live imaging of filamentous fungi with light sheet-based
fluorescence microscopy (LSEM). LSEM provides completely new opportunities to investigate the biology
of fungal cells and other microorganisms with high spatial and temporal resolution. As an example, we
study the established aging model Podospora anserina. The protocol explains the mounting of the live
fungi for the light sheet imaging, the imaging procedure and illustrates basic image processing of data.
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1 Introduction

1.1 Podospora
anserina

Advanced fluorescence microscopy, including confocal microscopy
[1, 2], is a standard tool to study filamentous fungi at cellular and
subcellular levels [1-3]. Fluorescence microscopy is essential for
in vivo studies of dynamic processes and provides spatially and
temporally resolved information of organelles such as the endo-
plasmic reticulum, mitochondria, and the Golgi apparatus [2].

We describe a detailed step-by-step user guide for the live
imaging of fungal mycelia and hyphae with the cutting-edge tech-
nology Light Sheet-based Fluorescence Microscopy (LSFM) [4].
As an example, we apply the protocol to the filamentous fungus
Podospora ansevina.

Podospora anserina is a filamentous fungus that is characterized by
a limited, short lifespan [5, 6]. After germination of ascospores,
the progeny of a sexual reproduction, the developing colony
(mycelium) grows by extension at the tips of filamentous cells.
After a strain-specific period of linear growth, growth slows down
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1.2 Light Sheet-
based Fluorescence
Microscopy (LSFM)

until it completely ceases and the mycelium dies at the periphery.
This easily identifiable phenotype, the availability of mutant strains
and the plethora of potential experiments make P. anserina an ideal
model for the investigation of the basic mechanisms of aging
[7-12]. Over the years, several specific P. anserina strains have
been generated and molecular pathways have been identified,
which are involved in the control of aging and life span [10], e.g.,
autophagy. For microscopic analyses of pathways related to autoph-
agy, transgenic strains expressing fluorescent fusion proteins are
available [8, 11, 13]. In our protocol, we employ the P. anserina
GFP::PaATGS8 strain. PaATGS8 is the fungal homologue of the
LC3 protein in mammalian cells. The GFP-tagged PaATGS allows
to monitor autophagosomal dynamics in live fungus [13].

Imaging dynamic processes in living organisms with fluorescence
microscopy has developed into an essential tool in biology [14—
16]. Time-lapse fluorescence microscopy provides information on
cellular and subcellular processes over time in whole organisms and
single cells. Three-dimensional imaging is essential to analyze the
interplay of cells in multicellular organisms. The main challenges of
fluorescence microscopy are minimizing phototoxic effects in live
specimens, minimizing photobleaching and achieving a high three-
dimensional recording speed. These challenges are addressed by
spinning-disk confocal fluorescence microscopy [17], heavily opti-
mized wide-field fluorescence microscopy (OMX) [18], and light
sheet-based fluorescence microscopy (LSEFM) [19, 20]. The
youngest and most promising of these three techniques is LSFM.
The principles of LSEM are described in Fig. 1. In LSFM, a laser
light sheet illuminates the sample with an extremely low energy of
about 2 pJ at 488 nm in the illumination plane [20, 21]. LSFM
takes advantage of modern CCD and CMOS cameras, which pro-
vide a high recording speed. While in second-generation LSFMs
such as the Digital Scanned Light Sheet-based Fluorescence
Microscope (DSLM), a speed of six planes/second was achieved
(one plane consisting of 2048 x 2048 pixels) [20], third-generation
microscopes record >100 images per second [22]. A key advantage
of LSEM over confocal microscopes is the high dynamic range of
the images, which is essential for subsequent high-performance
image processing. With LSFM, the long-term fluorescence imag-
ing of zebrafish (Danio rerio) and fruit fly ( Drosophila melanogas-
ter) embryos for up to 72 h have been achieved without impairing
embryonic development [20, 23]. The high speed of the light
sheet microscope has allowed to follow the mitosis and migration
in toto of more than 16,000 cells in the zebrafish embryo. LSEM
has also been applied to study developing lateral roots in Arabidopsis
thaliana [24], to investigate the development of T7ibolium casta-
neum [25, 26], and, not the least, to study the behavior of three-
dimensional cell cultures and multicellular spheroids [27-31].
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Fig. 1 Principles of Light Sheet-based Fluorescence Microscopy (LSFM). (a) Setup of a single plane illumination
microscope (aka SPIM [19]). (b) Principles of LSFM imaging. Left: a single plane in the specimen is illuminated
by a light sheet and overlaps with the focal plane of the detection lens. Hence, only the plane that is observed
is also illuminated, resulting in lower photobleaching and lower phototoxicity. Center. by moving the specimen
through the stationary light sheet, a three-dimensional stack of images is recorded. Right. by rotating the
specimen multiple-views image stacks are obtained. Combining multiple different views of the specimen
increases the resolution along the z-axis. (¢) Close-up of a specimen chamber, showing both the illumination
and detection objective lenses oriented at a 90° angle with respect to each other

2 Materials

2.1 Chemicals 1. Low-melting point agarose aliquots: prepare a 1 % solution of
and Small Laboratory low-melting point agarose (gel point 26-30 °C, e.g., Sigma
Equipment A9414) in PBS. Aliquot the agarose solution in 2 ml vials.

Store at 4 °C.

2. 5x 5 mm coverslips with thickness between 0.06 and 0.08 mm
(Wagner & Munz GmbH, Munich, Germany, http://www.
wagnermunz.com/ ).

3. Sharp angled-tip precision forceps (e.g., Excelta SKU 50-SA,
http:/ /www.excelta.com/).

4. Bent coverglass forceps with enlarged rectangular tips (e.g.,
Leica Biosystems 38DI11102, http://www.leicabiosystems.
com).

5. Clear transpavent nail polish.
6. Disposable scalpel.
7. Laboratory pipettes (P200, 20-200 ul, yellow tips).
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2.2 P anserina
Strains
and Culture Media

2.3 Custom
Equipment

2.3.1  Sample Holder
for the LSFM

1. P anserina Gfp::PaAty8 strain constructed from the wild-type
strain ‘s’ [5].

2. Standard cornmenl agar (BMM) [6].
3. M2 agar[9].

The function of the LSFM holder is to provide a stable support for
the sample and mechanically connect it with the xyz0 translational /
rotational stage of the microscope. We describe a basic sample
holder design that can be adapted to the LSFM stage available to
the user. Our holder has been designed for the monolithic Digitally
Scanned Light Sheet Microscope used in our laboratory (mDSLM,
see Fig. 1c and [24]).

The holder consists of a stainless steel rod carved at one edge
in order to support a coverslip, as shown in Fig. 2. The holder can
be fabricated by any mechanical workshop. An alternative fabrica-
tion method is 3D printing, which is a reasonable approach when
testing various holder configurations (se¢ Notes 1-3 for tips and
tricks). In any case, the material hast to be biocompatible and
endure repeated autoclaving. For machined holders we recom-
mend stainless steel or a hard plastic material such as Delrin™
(polyoxymethylen, POM).

The 5 mm x 5 mm glass coverslips that supports the P. anserina
sample is glued to the specimen holder by a droplet of transparent

3 mm

2 mm

25 mm

Fig. 2 Custom sample holder for LSFM. The LSFM holder connects the sample
with the xyzO translational/rotational stage of the light sheet microscope. The
holder is custom built in a mechanical workshop or 3D-printed (see Note 1-3).
Possible materials are stainless steel or hard plastic, such as POM
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Fig. 3 Attachment of the glass substrate on the sample holder. A tiny droplet of nail polish is deposited on the carved
part of the holder with a pipette and a 5 mm x 5 mm glass coverslip is firmly attached for a few seconds

2.4 Imaging
Equipment

2.5 Software
for Image Processing

nail polish. Nail polish is an eftective, cheap, and quickly hardening
glue for mounting samples in light microscopy. Once dried it has
no harmful effects on biological specimens immersed in common
culture media.

As shown in Fig. 3, a tiny amount of nail polish is deposited on
the carved part of the LSFM holder by using a pipette or a brush.
Next, the coverslip is rapidly but gently attached to the holder by
using flat-tip coverslip forceps. The nail polish is allowed to dry for
at least 30 min while the holder lies horizontally with the sample
pointing upwards, to ensure a positioning parallel to the holder’s
longitudinal axis.

The appearance of the assembled holder, ready for mounting
the sample, is shown in Fig. 4.

1. Various suitable LSFM implementations are described in detail
in [19, 32, 33] (SPIM), [20] (DSLM), [24] (monolithic
DSLM, mDSLM). Commercial LSEMs are now available from
the companies Zeiss (LightSheet Z.1, http: / /www.zeiss.com/
microscopy/en_us/products/imaging-systems/lightsheet-
z-1.html), Luxendo (http://luxendo.eu/), and 3i (https://
www.intelligent-imaging.com/index.php).

2. Long working-distance water-dipping objective lenses with

high numerical aperture (e.g., Carl Zeiss Plan-Apochromat
63x/1.0 W, 421,480-9900-000).

Image processing software package (e.g., Fiji—Fiji is Just Image],
a distribution of Image], http://fiji.sc/).

3 Methods

3.1 P anserina
CGultivation

The P. anserina Gfp::PaAty8 strain expresses an N-terminal fusion
of the GFP protein to PaATGS, the fungal homologue to mam-
malian LC3, a well-known marker of autophagy. Labeling of ATGS8
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3.2 Sample
Mounting

- U

Fig. 4 Assembled sample holder. The final holder ready for mounting the
sample

allows the observation of the translocation of the fusion protein
from the cytosol to the autophagosome to the vacuole, where the
final degradation of the autophagosome takes place in fungi. For
the cloning procedure see [13].

1. Isolate monokaryotic spores from asci of a Gfp::PaAty8 cross.

2. Germination of isolated spores takes place by cultivation on
standard cornmeal agar (BMM) supplemented with 60 mM
ammonium acetate.

3. Incubate the spores at 27 °C in the dark for 2 days.

4. Culture freshly isolated P. anserina strains on M2-agar. See for
the exact composition of the M2-medium.

A 2 ml low-melting point agarose is put in a heater at 65 °C-70 °C
until the agarose is completely liquid. Shortly before imaging, a
5 mm x 5 mm slab of M2-agarose with the cultured mycelium
growing is cut with a sharp-tip scalpel (Fig. 5). In our setup, the
mycelium is grown on a thin layer (<1 mm) of M2-agarose depos-
ited on a glass slide. The glass slide is placed inside a 100 mm petri
dish also containing water-soaked tissue paper. This avoids drying
of the agarose during the culture.

Next, the square slab is gently removed with a sharp angled-tip
forceps and placed on the sample holder coverslip, on which a
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Fig. 5 Cutting the mycelium sample from the fungal culture on agar gel. A roughly
5 mm x 5 mm square slab is cut from the fungal culture by using a sterile
scalpel

droplet of liquid low-melting agarose is deposited (Fig. 6a, b).
The agarose ensures a stable adhesion between the glass substrate
and the sample.

Figure 6¢ displays the real sample observed under a
stereomicroscope.

Figure 7 shows the position of the sample holder in the LSFM
chamber. For imaging it is essential that the coverslip surface with
the sample is oriented at an angle of 45° with respect to the illumi-
nation axes of both the illumination and the detection paths of the
light sheet microscope, as depicted in Fig. 7a, b.

An illumination/detection angle of 45° ensures an optimal
imaging of the nearly flat coverslip-mounted sample in the
LSEM. In order to record a three-dimensional image stack, the
sample is translated stepwise along the z-axis, parallel to the detec-
tion optical axis (Fig. 7a, arrow). A typical z-axis step size for the
imaging of P. anserina is 0.5 pm. The stack recording procedure is
schematically shown in Fig. 8.

In order to resolve subcellular structures in the hyphae, high-
numerical aperture (NA) water-dipping objectives are recom-
mended. We employed a Carl Zeiss Plan-Apochromat 63x,/1.0
water dipping lens, which resolves tiny organelles such as individ-
ual autophagosomes. Objective lenses with low magnification and
high NA (e.g., Nikon N16XLWD-PF, 16x, NA 0.80) are ideal,
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Low-melting agarose

Fungal mycelium culture

Fig. 6 Mounting the sample on the LSFM-holder. (a) A droplet of low-melting point 1 % agarose is pipetted on
the glass coverslip. (b) The fungal culture cut slab is placed on the coverslip with a forceps. (¢) A photograph
of the real mounted sample recorded with a stereomicroscope (from Ref. [13]). The mycelium and hyphae are
visible on the coverslip (magnification 10x)
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Fig. 7 Positioning the mounted sample in the LSFM. The mounted sample is inserted in the light sheet micro-
scope (in this case an mDSLM). (a) Note that the coverslip surface is oriented at an angle of 45° with respect
to the illumination and detection optical axes (arrows). (b) An actual implementation, including the microscope
chamber, the excitation objective lens, the detection objective lens and the mounted sample. During imaging,
the chamber is filled with culture media
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Sample holder

Fig. 8 Recording a three-dimensional stack of the sample. The sample, positioned at 45° is translated along
the z-axis. (a) Left, z-slices of isolated hyphae are shown. The slices are recorded with a 0.5 pm step size. (b)
Maximum projection of 15 slices showing the mycelium hyphae

3.4 Results

since they combine high spatial resolution, long working distance
and a large field-of-view. As illumination lens we used a Carl Zeiss
Plan-Neofluar 5x,/0.16, which produces a light sheet with a thickness
of ~2 pm.

The montage in Fig. 9 shows the individual slices of a stack, recorded
at increasing depth in the sample with 0.5 pm steps. A single hypha
in the mycelium is imaged.

By taking advantages of the high scanning speed of LSEM, the
shape and spatial orientation of the hyphae is directly obtained
(Fig. 10a—c). This provides new insights into fungal growth pat-
terns. Moreover, the high resolution of the 63x,/1.0 objective lens
allows the detection of single autophagosomes. Due to the high
signal-to-noise ratio and the high dynamic range of a camera, the
autophagosomes can be readily segmented by applying the segmen-
tation algorithms available, e.g., in the image processing software
Fiji (Fig. 10b).

The light sheet microscope’s high recording speed is exploited
for the time-lapse imaging of rapid subcellular events. In the exam-
ple shown in Figs. 11 and 12, the displacements of one individual
autophagosomes are tracked in three-dimensions.

4 Notes

1. 3D printing (aka additive manufacturing) is a suitable alterna-
tive to conventional machining for the production of custom
LSEM holders. It is particularly useful for prototyping and
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Fig. 9 Three-dimensional image stack of a single hyphae of Podospora anserina recorded with an mDSLM. The
recording depth is shown in each slice. The highlighted image at the bottom right is a maximum projection of
the stack slices and shows the entire hyphae. Acquisition parameters: detection lens CZ Plan-Apochromat
63x/1.0 W, excitation lens Plan-Neofluar 5x/0.16, laser line 488 nm, laser intensity 2.5 mW, exposure time
100 ms, emission filter 525/50. Marker: GFP-tagged Atg8

testing different configurations of a holder. A further advantage
of 3D printing is that it allows the construction of shapes that
are not achievable with a conventional milling machine or a lathe.
Professional printing services are available (e.g., Shapeways,
www.shapeways.com). CAD-files can be uploaded on the web-
site of the 3D printer service and the printed parts are usually
shipped within few days.

2. The 3D parts can be designed with CAD software packages
that are downloadable for free under determined license
restrictions. Examples are Inventor 2014 and Autodesk
123Design (both from Autodesk, San Rafael, CA), or Sketchup
(https: //www.sketchup.com). The CAD files of the designed
parts can be converted to a file format that is interpretable by
the 3D printer (a typical file format is .stl).

3. The biocompatibility of the material should be tested before
using 3D-printed parts in experiments. Studies assessing this
issue have been performed, see for instance [34].
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Fig. 10 Three-dimensional imaging of individual hyphae of Podospora anserina with a light sheet microscope
(mDSLM) The specimen is a 20-day-old wild-type P anserina culture, expressing Gfp-tagged Atg8. (a)
Maximum projection of the image stack. Scale bar 10 pm. (b) Segmented autophagosomes (yellow dots)
superimposed to the maximum projection. (¢) Three-dimensional spatial orientation of the hyphae from three
different points of view, showing the highly entangled architecture. The squares are 10 pm x 10 pm. The 3D
rendering has been performed with the “3D Viewer” plugin of Fiji. Imaging parameters: the stack was com-
posed by 192 slices. The slice spacing was 0.5 um. Acquisition parameters: detection lens CZ Plan-Apochromat
63x/1.0 W, excitation lens Plan-Neofluar 5x/0.16, laser line 488 nm, laser intensity 2.5 mW, exposure time
100 ms, emission filter 525/50

-

Fig. 11 Three-dimensional time-dependent localization of autophagosomes in the hyphae. (@) Maximum projec-
tion of one stack. The white arrow points at one single autophagosome within the hypha. (b) The same stack as
a maximum projection rotated in space to highlight the shape of the hyphae from another point of view. The white
arrow points to the same autophagosome in (a). The look-up table “blue orange icb”(In Fiji: Image/Lookup Tables/
blue orange icb) was applied to highlight the autophagosomes. The acquisition parameters are the same as
in Fig. 10. The data was processed with the “3D project” command of Fiji
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Fig. 12 Time-dependent localization of autophagosomes in the hyphae. Zoom-in of the region around the
autophagosome in Fig. 11a. The time sequence shows the movements of the autophagosome. Each frame
represents the maximum projection of one complete three-dimensional image stack. Stack were recorded
every 30 s. The look-up table “blue orange ich” was applied to better highlight the autophagosomes. Acquisition
parameters as in Fig. 10
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