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Large scale, high resolution three dimensional (3D) ultrastructural reconstruction of cells and tissues has become
increasingly important to our understanding of complex biological systems. There have been a few partial 3D
ultra-structures of Caenorhabditis elegans (C. elegans) reported, however 3D reconstruction of a whole nematode
has never been achieved. Here, we independently developed a technique called automatic collector of ultrathin
sections scanning electron microscopy and using this methodology, generated a 3D reconstruction of an entire C.
elegans larva with 100 nm axial and 15 nm lateral resolution. Compared to the current available ATUM (automated tape-collecting ultramicrotome) technique, our work provides another alternative complete solution that
can be applied to obtain large scale 3D ultrastructure of tissues. Our workﬂow includes an automated hardware
system for high throughput serial section collection, a software package for automatic SEM imaging, and an
image reconstruction program. These combined techniques can now be used together to rapidly provide access
to understand the anatomy of the whole nematodes.

1. Introduction
The roundworm Caenorhabditis elegans (C. elegans) is an excellent
model organism for cell and developmental biology studies (Corsi et al.,
2015; Joshi et al., 2010; Strange, 2006). Its ultrastructural information
is important to understand biological systems and phenomena including development (Hobert and Bulow, 2003; Shaham, 2015), physiological activity (Bock et al., 2011; Royle and Lagnado, 2010), autophagy (Long et al., 2014; Tekinay et al., 2006), apoptosis (Rosenbaum
et al., 1997; Roth and D’Sa, 2001), and aging (McGee et al., 2011;
Wilkinson et al., 2012). In particular, the three-dimensional (3D) ultrastructure of C. elegans at diﬀerent developmental stages will shed
light on how cells interact and diﬀerentiate in diﬀerent tissues, how
neuron cells connect into a network, and how cells develop during the
aging process at a whole body perspective (White et al., 1986). Previously, 3D ultrastructural reconstructions of partial bodies of the nematode were reported and studied including studies of the nervous
system (Hall and Russell, 1991; White et al., 1986), microtubules
(O’Toole et al., 2003), centriole assembly (Pelletier et al., 2006), amphid channel cilia (Evans et al., 2006), embryos (Muller-Reichert et al.,
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2007), the head (Hall et al., 2012; Muller-Reichert et al., 2010), and the
midbody (Hall et al., 2012) . However, 3D ultrastructural reconstruction of the entire nematode, especially the one at its larval stage, has
never been achieved.
In recent years, ﬁve electron microscopy (EM) based techniques
have been developed that have facilitated 3D ultrastructural reconstruction of biological specimens. These combined approaches have
yielded a new technology called volume electron microscopy (volume
EM). Conventional serial section transmission electron microscopy
(ssTEM) is a manual, highly specialized and time-consuming technique.
It took decades for White JG et al. to utilize this technique to reconstruct and delineate the connectivity of the entire adult hermaphrodite nervous system (White et al., 1986). In addition, section loss and
artifacts were diﬃcult to avoid during collection. Serial section electron
tomography (ssET) is time consuming and each tomogram has an extremely limited volume compared to other techniques, however the
main eﬀect of the missing wedge in Fourier space is to limit resolution
in the z-direction, although dual axis tomography is often performed on
stained sections, reducing the missing wedge to a missing pyramid
(Peddie and Collinson, 2014). Additional techniques including serial
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block face scanning electron microscopy (SBF-SEM) and focused ion
beam scanning electron microscopy (FIB-SEM) have the advantages of
full automation, higher axial resolution (5–30 nm), almost no loss of
sections, and the generation of fewer artifacts (such as folds, shrinkage,
stretching, and holes), and have made them widely used in volume
electron microscopy (Briggman and Bock, 2012; Peddie and Collinson,
2014). However, the sample disposability combined with the non-repeatability of imaging, restricted scale in the axial direction, slow
imaging speed, and charging eﬀects (in particular for SBF-SEM)
(Briggman and Bock, 2012; Peddie and Collinson, 2014) have limited
their applications, especially for larger scale 3D reconstructions
(> 100 μm).
A novel volume EM technique called automated tape-collecting ultramicrotome scanning electron microscopy (ATUM-SEM) was recently
developed by Jeﬀ Lichtman’s lab for large volume data collection of the
brain connectome (Hayworth et al., 2014; Hildebrand et al., 2017;
Kasthuri et al., 2015; Schalek et al., 2011; Terasaki et al., 2013;
Tomassy et al., 2014). The outstanding advantages of ATUM-SEM include that samples can be revisited, imaging can be repeated at different resolutions, parallel imaging can be achieved to accelerate
overall speed, and volume scale is not restricted, in principle. Therefore, ATUM-SEM would be the most suitable method for 3D ultrastructural reconstruction of a whole C. elegans.
Considering the technique ATUM-SEM is currently only available in
a few labs, to further develop this technique, here we developed another alternative complete solution for large scale 3D reconstruction of
biological specimens, which we have termed “automatic collector of
ultrathin sections scanning electron microscopy” (AutoCUTS-SEM).
AutoCUTS-SEM is designed to have a compact and easy-to-use hardware that can be tolerant to environmental vibration and is mechanically ﬂexible, increasing overall workﬂow eﬃciency.
We applied our AutoCUTS workﬂow to whole C. elegans larva and
collected a set of serial sections and acquired serial SEM images of them
using our own control software. These combined techniques were used
to generate a 3D reconstruction of a single, whole C. elegans larva with
100 nm axial and 15 nm lateral resolution.

Movie S1. The workﬂow used to establish a section library with AutoCUTS. The workﬂow used to establish a section library with AutoCUTS can be found on online at http://
dx.doi.org/10.1016/j.jsb.2017.09.010.Next, we sequentially collected SEM

micrographs of the mounted sections in a semi-automatic manner using
an FEI Helios NanoLab 600i scanning electron microscope that was
controlled by our custom program and scripts based on the FEI iFast
software (Fig. 1c).
Finally, the serial images acquired with AutoCUTS-SEM were corrected and aligned prior to 3D reconstruction, which was relatively
challenging in comparison with FIB-SEM and SBF-SEM techniques
(Saalfeld et al., 2012). In this study, we developed a new image processing program (MiRA-Align) to complete a pipeline for image registration (Fig. 1d, left) that contains a search function between adjacent
sections, corresponding displacement calculations, to the ﬁnal image
warping. After image processing, the ﬁnal 3D reconstruction of the
whole nematode was visualized using Amira software (Fig. 1d, right)
and analyzed further.

2.2. Design of AutoCUTS device
The AutoCUTS device was designed to sequentially retrieve sections
from the water of a diamond knife boat immediately after they were cut
by the diamond knife via a reel-to-reel conveyor belt (Fig. 1b and Movie
S1). The AutoCUTS device is composed of the machine body (Fig. S1a)
and the control system (Fig. S1b).
Compared to the commercial ATUMtome, the AutoCUTS has several
novel improvements. (1) There is a high degree of integration with the
sectioning apparatus. Its main body is more compact and directly
mounted onto the ultramicrotome, which saves space but more importantly, reduces the requirements for the work environment, such as
the necessity of an anti-vibration microtome table. Moreover, the device has two states to avoid disturbing conventional operation of the
ultramicrotome: working position (Fig. S1c) and parking position (Fig.
S1e, see red dashed frame). (2) AutoCUTS has a four-freedom mechanical platform (Fig. S1a) placed on the left side of the microtome to
enable a large range of motion to adjust the position of the tape pick-up
arm. This allows regulation of movement from left to right in the X axis
(Fig. S1a, part 11 in purple), back and forth in the Y axis (Fig. S1a, part
12 in amber), and up or down within the Z axis (Fig. S1a, part 13 in
arctic blue). Speciﬁcally, this facilitates horizontal rotation by the R
axis allowing a ﬂexible knife stage angle (Fig. S1a, part 14 in green; and
Fig. S2). Such ﬂexibility is very useful because the trimmed block face is
not always perfectly horizontal (Fig. S2c); therefore, the knife stage
needs to rotate to align the cutting edge of the diamond knife in parallel
to the surface of the block (Fig. S2d). (3) Ergonomic operation. An
operator can easily use the left hand to adjust the position of the tape
pick-up arms and the ultramicrotome, while easily use the right hand to
adjust the conveying speed of tape collection via the control system
(Movie S1). (4) A pair of rubber rollers, driven by a servo motor, assures
that the tape runs at a constant speed synchronized with the cutting
speed (Fig. S1a, parts 5 and 6 in red). (5) A bearing is mounted onto the
head of the take-up arm to reduce the friction between the tape and the
arm head (Fig. S1d).

2. Results
2.1. Workﬂow of AutoCUTS-SEM
The workﬂow of using AutoCUTS-SEM to obtain the high-resolution
3D structure of an intact C. elegans larva involved four main procedures.
The ﬁrst requirement was to obtain a suitable resin block of C. elegans
with well-preserved ultrastructure and contrast for SEM images, and
with suﬃcient hardness for collection of serial sections. Due to the low
permeability of the C. elegans cuticle, it is diﬃcult to preserve its ultrastructure using conventional chemical ﬁxation and inﬁltration protocols. A variety of studies have reported that the subcellular structures
of C. elegans can be well preserved using high-pressure freezing (HPF)
ﬁxation combined with subsequent freezing substitution (FS), which
keeps the shapes of organelles close to their natural states (Hall et al.,
2012; Rolls et al., 2002; Weimer, 2006). Therefore, in the present work,
we utilized the HPF/FS method to ﬁx and dehydrate C. elegans with a
prolonged penetration time that allowed resin to uniformly penetrate
into the worm (Fig. 1a).
Second, after trimming the resin block, the automatic collection of
serial C. elegans sections was accomplished by our AutoCUTS device
(Fig. 1b and Movie S1). It took approximately 5 h to collect 2140 C.
elegans sections on a 5.5 m tape. Each section was 100 nm thick with an
area of roughly 1 mm2. The total volume of sections is approximately
0.214 mm3. After sectioning, the tape was cut into strips, which were
mounted onto a 10 cm wafer. As a result, we established a section library of an entire C. elegans larva with 8 silicon wafers (Fig. 1b).
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Fig. 1. Overall workﬂow of AutoCUTS-SEM. (a)
Resin block preparation for C. elegans using HPF/
FS. The specimen used for analysis is positioned
in the top portion of the block (red arrow). (b)
Automated collection of high throughout serial
sections using AutoCUTS. Left, the AutoCUTS
device mount on an ultramicrotome. The red
dotted box indicates the main body of AutoCUTS,
the red arrow shows the control system of
AutoCUTS. Middle, the diamond knife boat is
ﬁlled with water. Serial ultrathin sections are
from a trimmed resin block containing worm
tissue. The resulting sections ﬂoat on the surface
of the water before adhering to the moving tape.
Right, tools, a full wafer containing the ﬁxed
section tape, and an entire section library of C.
elegans containing 8 wafers. (c) Data acquisition
procedure from an optical image (left) for navigation to scanning electron microscopy (middle
and right) for mapping and ﬁnal imaging. The
SEM image on the right was taken using CBS
detector under the condition of accelerating voltage 2 kV, beam current 0.34 nA, pixel size 15 nm,
and dwell time 10 μs. The scale bar is 5 μm. (d)
Large-scale 3D reconstruction. Images were stitched and aligned (left) before 3D reconstruction
of the entire nematode (right). (For interpretation
of the references to colour in this ﬁgure legend,
the reader is referred to the web version of this
article.)

not only reduce wrinkles produced during the collection process
(Morgan et al., 2016), but also helped maintain the arrangement of the
sections on the tape.
When hydrophobic tape was used, we observed bubbles on some
sections that crawled onto the tape and then burst (Movie S2, yellow
mark). During SEM imaging, we also observed signiﬁcant wrinkles on
many sections (Fig. S3a,b), which were likely due to bubbles that were
dragged along during collection. However, when we applied the glow
discharge treatment to the same tape to increase its hydrophilicity, we
found that the bubbles disappeared, the sections easily crawled onto the
tape (Movie S2), and the ﬁnal SEM images were almost completely
smooth with no wrinkles (Fig. S3c,d).

2.3. Selection and pretreatment of collection tape
We performed several experiments and determined that for optimal
function and reproducibility, the collection tape has to be relative inelastic, ﬂat, hydrophilic, electrically conductive, and radiation resistant. The inelasticity reduced section deformation during the collection process. The ﬂatness of the tape increased the quality of the
captured SEM images, which is an important factor for subsequent
image alignment and reconstruction, especially when the sections were
thin (∼50 nm). The electrical conductivity and the electron radiation
resistance were also important factors to ensure high quality SEM image
acquisition with less charging eﬀects. The hydrophilicity was found to
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Movie S2. A comparison of the collection moment with tape before and after glow discharge. A comparison of the collection moment with tape before and after glow discharge can be
found on online at http://dx.doi.org/10.1016/j.jsb.2017.09.010.

We evaluated a variety of collection tapes (Fig. S4 and Table S1), and
found that a PE (Polyethylene) tape mixed with carbon nanoparticles
(Fig. S4a–d) has good conductivity and proper inelasticity. Furthermore, it is easy to increase its hydrophilicity by glow discharge treatment and allows enough contrast to recognize sections on the tape by
eye. However, its disadvantage is that its ﬂatness was not good enough
to collect thin sections (< 70 nm) because the backscattered electron
signal from the tape added additional background to the ﬁnal SEM
images.
We also tested an ITO (Indium Tin Oxides) pre-coated PET
(Polyethylene terephthalate) tape that is conductive, transparent, and
smooth (Fig. S4e–h). However, this tape is also hydrophobic and it was
diﬃcult to increase its hydrophilicity using glow discharge treatment,
which would concomitantly reduce its conductivity. Hydrophilic PET
(Fig. S4i–l), hydrophobic aluminum coated PET (Fig. S4m–p) and hydrophobic Kapton (Polyimide, PI) (Fig. S4q–t) tapes were also poor
candidates because they were not conductive and needed to be coated
with carbon before SEM imaging. Further, we noted that it was hard to
identify sections on them by eye, especially on the hydrophilic PET tape
due to its transparency (Fig. S4i). Additionally, we found that a few
bubbles occasionally appeared on the ﬁnal SEM images when the hydrophilic PET tape was used (Fig. S4l, red arrow). The aluminum coated
PET was easily deformed (Fig. S4m) and not smooth enough due to
obvious veins (Fig. S4n,o). The Kapton tape was suﬃciently ﬂat (Fig.
S4r) and had good resistance to electron radiation (Fig. S4t) and would
be a good choice to collect serial sections with a thickness less than
70 nm, despite the need for glow discharge and carbon coating pretreatments.
Based on these data, we selected PE tape, mixed with carbon nanoparticles, for collection of the 100 nm thick serial sections of C. elegans larva for 3D reconstruction.

well as their positions (Fig. S5). Each section on the wafer navigation map was marked along with its serial number and its coordinates in pixel. It took approximately 15 min to manually select
all sections on a single wafer. The main advantage of manual selection was high recognition accuracy, especially for those with
irregular section arrangements. In addition, the pixel coordinates of
the sections could be adjusted based on the position of sample
within the section. If the sample was not in the geometrical center,
the manual way improved the accuracy and eﬃciency of follow-up
SEM imaging.
(3) Pinpointing regions of interest (ROI). After sections were mapped,
the wafer was transferred to the SEM chamber. Then our “PinPoint”
program was used to convert the section coordinates in the optical
image into those for SEM stage. Before coordinates conversion, we
needed to perform a pre-calibration by using the coordinates of two
pre-made ﬁducials on the top and bottom of the wafer (Fig. S6a). In
the present work, since the transversal area of C. elegans larva was
very small in comparison with the overall area of the section, one
step pinpointing is not good enough to target ROI; therefore, we
developed a script based on the FEI iFast software to achieve semiautomatic, precise positioning of the area occupied by C. elegans
within each section (Fig. S6b). Overall, it took about two hours to
pinpoint all sections and obtain the corresponding low resolution
images on each wafer.
(4) Acquiring high resolution SEM images. Finally, automatic collection of serial SEM images (backscattered electron signal) was
completed by our scripts based on the FEI iFast software (Fig. S7).
In the present work, the total time required to acquire each high
resolution SEM image was approximately 80 s using the following
parameters: 15 nm/pixel, 10 μs dwell time, and 2048 × 1768 image
size.

2.4. Semi-automated image acquisition strategy

The program “SecNum” and “PinPoint” as well as the scripts are
available on our website http://cbi.ibp.ac.cn/shared-resources/
autocuts-sem.

Our strategy and workﬂow of automatic collection of high
throughout SEM images is comprised of four key steps (Fig. 2):

2.5. Systematic sampling of C. elegans larva
(1) Wafer Navigation. First, an image of the entire wafer was acquired.
This can be obtained optically or using an SEM montage. However,
full wafer imaging using SEM montages was time-consuming and
the accuracy of aligning individual montage tiles was often prone to
deviation, which severely inﬂuences the subsequent mapping. In
the present work, eight wafer images were rapidly and conveniently
obtained using an optical digital camera (Fig.1c, left). The accuracy
of the optical images was suﬃcient to meet the requirements for
subsequent experiments, and was carried out under conditions
where all of the sections and ﬁducials were visible.
(2) Serial Section Mapping. Our “SecNum” program was used to annotate and register the serial numbers of the individual sections as

To save time and increase the successful rate of the whole
AutoCUTS-SEM workﬂow, it was particularly important to verify
sample quality of the whole nematode prepared by HPF/FS prior to
high throughput data acquisition. Therefore, systematic sampling of the
section library was performed to rapidly verify the quality of the whole
set of sections and identify the proper magniﬁcation for subsequent
high resolution SEM imaging. Here, serial high resolution SEM images
were acquired for every 50th section, i.e. the 1st, 51st, 101st section
and so on, using our systematic sampling program based on the
“SecNum” and “PinPoint” programs (Fig. S8a,b).
Based on the systematic sampling images, we found that no C.
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Fig. 2. Image data acquisition workﬂow. Our optimized
strategy for the imaging workﬂow is comprised of four key
steps: (1) Wafer Navigation. A full wafer image was captured with an optical digital camera or using a SEM montage. (2) Section Mapping. The output of this step included a
picture of the wafer with serial numbers and pixel coordinates corresponding to each section using “SecNum”.
(3) Pinpointing regions of interest. To acquire precise positions of regions of interest on each section, we used SEM
combined with “PinPoint” software and customized iFast
scripts. In this process, we also obtained the low resolution
images of ROI using CBS detector. The scale bar is 40 μm.
(4) Acquiring high resolution SEM images using CBS detector. The scale bar is 5 μm. Automated collection of high
throughout SEM images was completed by virtue of our
script based on the iFast software.

elegans larval tissues appeared in the ﬁrst and 1951st images, indicating
that we had completed an entire set of nematode sections (Fig. 3a).
Furthermore, the nematode ultrastructure was well preserved and retained clear ultrastructural details, as described by previous studies
(McDonald, 1999; Rostaing et al., 2004; Weimer, 2006) including
neurons, the excretory canal, mitochondria, and endoplasmic reticulum. In particular, almost no wrinkles were observed on the sampled sections (Fig. 3a and Fig. S8c). These results suggested that the
quality of the serial nematode sections was suﬃcient for subsequent
high-throughput SEM imaging analyses.

Movie S3. The original images of the C. elegans larva stack. The original images of the C.
elegans larva stackcan be found on online at http://dx.doi.org/10.1016/j.jsb.2017.09.
010.

3. 3D reconstruction of an entire C. elegans larva
There are two main reasons why we chose to reconstruct a whole
nematode larva. One, is because of its relatively small length
(∼250 μm), we were able to complete the whole experiment in a relatively short period of time. Second, is that because there were few
reports regarding 3D ultrastructure of larvae. Here, it took about one
week to acquire 1913 high resolution images of a whole C. elegans larva
(Movie S3) using the imaging parameters determined by the aforementioned systematic sampling procedure. Then, after discarding a
small number of poor quality images, we were able to use our MiRAAlign software (to be published elsewhere) to align 1769 images (Movie
S4) within one week. To be noted that, we tried to use “Reconstruct”
(Fiala, 2005) to align and failed to get a good alignment. We thought,
our alignment method provides reliable correspondences between adjacent sections using the dense correspondence matching algorithm,
and optimizes the positions of these correspondences simultaneously
that can avoid error accumulation and propagation.

Movie S4. Image alignment of the C. elegans larval stack. Image alignment of the C.
elegans larval stackcan be found on online at http://dx.doi.org/10.1016/j.jsb.2017.09.
010.Based on the aligned and corrected serial images, we obtained the

3D reconstruction of a C. elegans larva that could be visualized in a
curved shape using FEI Amira software (Fig. 1d right). Since we had to
discard the ﬁrst several dozen serial images due to poor quality of
sections and failed alignment, a short region of the head was missing in
the ﬁnal reconstruction. With the reconstructed volume, we measured
the total length of this larva to be approximately 250 μm. We also have
an overall side view of the worm, slice by slice (Fig. 3b and Movie S5),
which depicted many diﬀerent cells and tissues including the metacorpus, the terminal bulb of the pharynx and the intestine (Fig. 3b). We
also observed many diﬀerent organelles such as nuclei and mitochondria (Fig. 3b). By zooming into the terminal bulb region using the serial
side views (Fig. 4 and Movie S6), all the nuclei as well as the intestine,
pharyngeal-intestinal valve (VPI), nerve ring, and the metacorpus were
clearly visible.
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Movie S5. The whole side-view micrographs of C. elegans the larval stack. Related to Fig. 3b. The whole side-view micrographs of C. elegans the larval stack. Related to Fig. 3b can be
found on online at http://dx.doi.org/10.1016/j.jsb.2017.09.010.

Fig. 3. Systematic sampling and 3D reconstruction of C. elegans larva. (a) Representative micrographs from systematic sampling of C. elegans larva. Each SEM image was acquired using
CBS detector under the condition of 2 kV, 0.34 nA and 10 μs dwell time. Every 50 sections (see the serial number on the top right) were imaged throughout the process. The scale bar is
5 μm. (b) The central slice (yz slice) of the reconstructed 3D ultrastructure of the whole C. elegans larva. In this tomogram, the pixel size in xy plane has been compressed fourfold to yield
60 nm/pixel and there is no compression in z direction. Several structures were clearly visible including the metacorpus, the terminal bulb of the pharynx, intestinal microvilli,
mitochondria, intestinal nuclei, and neuronal nuclei. The scale bar is 20 μm. (c) Volume rendering for the pharyngeal bulb and nuclei of intestinal epithelial cells. The ﬁrst bulb and
terminal bulb are shown in blue. Array of nuclei of intestinal epithelial cells identiﬁed in this worm are shown in green. The scale bar is 20 μm.
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Fig. 4. Zoomed-in slicing view of 3D ultrastructure of C. elegans larva around the terminal bulb region. The 180th, 200th, 220th, 240th, 260th, 280th, 300th and 320th slices (yz slice) are
shown. All the nuclei in the terminal bulb of the pharynx were clearly visible in these serial slices. Besides, we could also see the ultrastructures of intestine, pharyngeal-intestinal valve
(VPI), and the nerve ring. The scale bar is 5 μm.

Movie S7. 3D reconstruction of bulb and intestine nuclei of a whole C. elegans. Related to
Fig. 3c. 3D reconstruction of bulb and intestine nuclei of a whole C. elegans. Related to
Fig. 3c can be found on online at http://dx.doi.org/10.1016/j.jsb.2017.09.010.
Movie S6. The local side-view micrographs of C. elegans larva stack. Related to Fig. 4. The
local side-view micrographs of C. elegans larva stack. Related to Fig. 4 can be found on
online at http://dx.doi.org/10.1016/j.jsb.2017.09.010.

To aid future data mining of the wealth of information provided by this
dataset, our original data and aligned images of this serial section dataset have been provided on our website http://cbi.ibp.ac.cn/sharedresources/autocuts-sem.

As a simple analysis of this reconstructed volume, we performed
manual segmentation and obtained the 3D data for the bulb of pharynx
and all of the intestinal nuclei in this worm by using Bitplane Imaris
software (Fig. 3c and Movie S7). We therefore measured the volume of
the ﬁrst bulb of ∼445 μm3, the volume of the terminal bulb of
∼623 μm3, and the center distance between the two bulbs of
∼31.4 μm. Thirty-one intestine nuclei were clearly visible and arranged
in a spiral manner. The volume and 3D spatial position of each nucleus
was measured and compared (Table S2).

4. Discussion
In the present work, we turned a living C. elegans larva into a
minable 3D dataset amenable to multiple analyses by developing a new
volume EM technique, AutoCUTS-SEM. It can greatly shorten the experimental period required for these types of analyses. Therefore, the
accurate 3D information for the whole worms at all stages can now be
obtained, down to the scale of individual cells, tissues, and organelles.
93

Journal of Structural Biology 200 (2017) 87–96

X. Li et al.

5. Methods

With the advent of these improved techniques, ATUM or AutoCUTS
could be utilized to achieve multi-scale mapping and imaging of a large
number of ultrathin sections to generate larger data sets than were
previously attainable, which is important for many biological problems
including elucidating the complex networks of synaptic connections.
We also identiﬁed a few technical issues required for application of
these techniques in the future. Firstly, folds readily appeared in some
sections (Fig. S3a,b). We found that they were mainly derived from two
experimental sources. One is related to the hydrophobicity of the collecting tape (Morgan et al., 2016) (Fig. S3 and Movie S2), rather than
the cutting or collecting speed (data not shown) during the collection
process. The other reason is the diﬀerence in hardness between the
specimen and the blank resin. Sometimes we found that the sample area
within the section was shrunken. We have identiﬁed three main ways to
mitigate the problem of section folds. First, the excess blank resin was
cut oﬀ to retain only the sample area during block trimming. We also
anticipated that by decreasing the thickness of section to approximately
30 nm, the wrinkled portions of sample area would ﬂatten while the
section ﬂoats on the water, but this requires a suﬃciently sharp diamond knife (Hildebrand et al., 2017). Finally, reducing the hardness of
the resin is not only conducive to the resin penetration but also helpful
to match the hardness between the sample and the blank resin, which is
important to reduce section folds. In the present study, the ﬁrst way was
not suitable because the dimension of the block face should match the
distance between the tape head and the knife-edge and could not be less
than 1.5 mm, which is much larger than the cross-section of C. elegans
(∼50 μm). The second way demands huge workload and was also very
diﬃcult. Therefore, here we selected the third way as a best solution to
solve the problems of wrinkles.
Compared with FIB-SEM, the Z-axis resolution of AutoCUTS-SEM is
relatively low, and the distortions or alignment of images are more
complex. Therefore, improving the Z-resolution of AutoCUTS-SEM will
be a major challenge. Reducing the thickness of the sections is one
solution, however, it is not optimal. Section thickness cannot be reduced indeﬁnitely, because as it decreases, the cutting and collecting of
serial sections becomes much more diﬃcult (Kasthuri et al., 2015).
Further, more slices will be generated, resulting in an increased workload for subsequent data acquisition and image processing. We propose
that a better solution is to develop strategies for improvement of the Zresolution during the imaging process. For example, the multi-energy
deconvolution imaging strategy developed by the Thermo Fisher Scientiﬁc Company (former FEI Company) could potentially applied to
AutoCUTS-SEM. This strategy allows obtainment of high resolution
isotropic datasets via enhanced depth information from each section
(Lich et al., 2013).
The advantages of AutoCUTS-SEM could be further expanded when
the speed of SEM image acquisition is improved, to allow a large
amount of information obtained in a shorter period of time. A new SEM
instrument with multi beams to enable parallel, high speed and largeﬁeld image acquisition (Kasthuri et al., 2015; Marx, 2013)
(Mohammadi-Gheidari and Kruit, 2011) could be one solution to increase the speed.
Segmentation of data is currently the “bottleneck” in larger-volume
3D reconstruction (Briggman and Bock, 2012; Peddie and Collinson,
2014). In this paper, we used manual segmentation of nuclei, but the
speed of this segmentation remained limited. One of the most urgent
needs for future studies will be to develop software packages that facilitate automatic segmentation of organelles, and eventually whole
cells (Denk et al., 2012; Helmstaedter et al., 2013).
Finally, although there is still a lot of room for improvement, the
AutoCUTS-SEM is a key step towards the development of rapid technical and analytical schema that can be applied to multiple species and
tissues for 3D-architecture reconstruction studies of biological samples
at the millimeter scale.

5.1. Sample preparation
Samples were prepared based on previously described methods
(Hall et al., 2012; Rostaing et al., 2004; Weimer, 2006), with minor
adjustments. Brieﬂy, as part of the high pressure freeze (HPF) procedure, several living worms were picked into a type A specimen carrier
(200-μm well) containing E. coli with care to avoid voids and overﬁlling. This was used as a ﬁll to expel air pockets from the freeze
chamber. Then they were placed in a treated type B carrier (ﬂat) with
hexadecane and closed before freezing in the HPF device (Leica
HPM100, Germany). Following HPF, the fast-frozen samples were immersed into a freezing tube containing 2% osmium tetroxide in 98%
acetone/2% water and placed into the freeze substitution (FS) device
(Leica EM AFS, Germany) set to the following parameters: T1 = −90 °C
for 72 h, S1 = 5 °C/h, T2 = −60 °C for 12 h, S2 = 5 °C/h, T3 = −30 °C
for 10 h, then slowly warmed to 10 °C (5 °C/h). Following FS, samples
were rinsed four times in 100% acetone, 15 min each, at room temperature (RT). Next, they were stained in 0.5% Uranyl Acetate dissolved
in 90% acetone/10% methanol (ﬁltered before use), for 2hr in the dark
at RT. After staining, samples were rinsed four times in 100% acetone,
15 min each, at RT, then transferred samples into new 2 ml Eppendorf
tubes. After that, they were successively inﬁltrated in diﬀerent proportions of a resin (EMS, Resin Mixture: 16.2 ml SPI-PON812, 10.0 ml
DDSA, 8.9 ml NMA) and acetone mixture (1:3, 1:1, 3:1), and rotated at
RT for 5 h (1:3), overnight (1:1), and 12 h (3:1), respectively. Next,
samples were changed into 100% resin, which was replaced four times
over next ﬁve days, with constant rotation. Finally, we separated an
intact worm and repositioned it in accordance with the transverse directions using a stereoscope in an embedding mold with fresh resin
containing 1.5% BDMA, and allowed the block to polymerize for 48 h at
60 °C. It was noted that air pockets must be removed during the embedding process. In addition, E. coli, present as packing material in the
HPF procedure, obscured the presence of nematodes in the sample
during embedding. Therefore, we also used 2% low-melting agarose as
ﬁller, with good results (data not shown). However, we observed that
when using hexadecane or BSA (20%) as ﬁller, nematodes were easily
lost in later processing steps.
5.2. Block trimming
In order to obtain a suitable block for AutoCUTS, the initial block
was trimmed into a rectangle with a width of 0.8 mm and a height of
1.5 mm. The ﬁnal depth was determined by the length of the worm.
Next, we used abrasive paper or a double-edge razor blade to quickly
remove excess blank resin. Then, we used a Trim diamond knife
(Diatome, Switzerland) on an ultramicrotome (UC6, Leica, Germany) to
trim the surface of the block until only a tiny interval around top of the
worm remained. Finally, the block was rotated 90° in either direction to
trim all four sides with the Trim diamond knife or a glass knife until the
desired size was obtained. A 3 mm Ultra 45° diamond knife (Diatome,
Switzerland) was replaced prior to cutting the 100 nm thick serial
sections.
5.3. Preparation of collection tape
Diﬀerent collection tapes were bought from venders, including PE
tape with mixed carbon nanoparticles from Shanghai Jinghou
Electronics Technology Co., Ltd., China, PET tape from 3 M Co., USA,
ITO-coated PET tape from Shenzhen HuananXiangCheng Technology
Co., Ltd., China, Aluminum coated PET tape from Shenzhen
HuananXiangCheng Technology Co., Ltd., China, and Kapton tape from
DuPont, USA. In the present work, we chose the PE tape with mixed
carbon nanoparticles due to its good conductivity and relative inelasticity (see Results also).
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A roll of PE ﬁlm (1.22 m wide, 90 m long, and 0.18 mm thick) was
cut physically into 8 mm wide strips with the services from Tianjin
Xinhua Electronic Materials Co., Ltd., China. The tape surface was ultrasonically cleaned with alcohol. To increase the hydrophilicity of
tape, we used a Plasma cleaner apparatus (Beijing Jiaruntongli
Technology Co., Ltd., China) to carry out glow discharge treatment with
the parameters including power of 70 W, frequency of 40 kHz, processing time of 60 s. The total length of a roll of tape is ∼20 meters. The
complete tape was placed in the chamber of the plasma cleaner apparatus. Indeed, we have also custom-ordered a reel like plasma cleaner
apparatus to allow progressive feeding of the long tape (Fig. S9).

drawn on the wafer with their corresponding ones made on the wafer
stage. A low resolution optical image of the entire wafer was rapidly
acquired with a digital camera before section mapping. The optical
image was taken to ensure all of the sections as well as the four wafer
marks were clearly visible.
To map the tissue sections, a camera-acquired, full wafer image was
loaded into our “SecNum” program based on LabVIEW (Laboratory
Virtual Instrument Engineering Workbench, National Instruments
Corp., USA; see also Fig. S5). The visible sections were then selected,
marked and assigned with serial numbers and coordinates, which were
stored for the subsequent pinpointing.
Then the wafer was transferred into the chamber of a scanning
electron microscope FEI Helios NanoLab 600i. Thereafter, our program
“PinPoint” based on LabVIEW was used to achieve the Optics-to-SEM
correlation of each section (see also Fig. S6). Subsequently, in order to
gain the precise SEM coordinates of C. elegans larva for high resolution
imaging, low resolution images (accelerating voltage of 2 kV, beam
current of 0.34 nA, pixel size of 184 nm, dwell time of 3 μs) were acquired by CBS detector in a ﬁeld-free low magniﬁcation mode using the
FEI iFast software.
High resolution images were ﬁnally automatically acquired by CBS
detector in an immersion high magniﬁcation mode using the FEI iFast
software (see also Fig. S7) with the parameters including accelerating
voltage of 2 kV, beam current of 0.34 nA, pixel size of 15 nm and dwell
time of 10 μs. This process was repeated for each section on a wafer,
then on each wafer in the section library.

5.4. Automatic collection of serial C. elegans sections
Automated collection of serial C. elegans sections was accomplished
using the AutoCUTS device (Movie S1). The tape was drawn out from
the supply reel 1, passed through the guide idler 2, the guide idler 3, the
head of the take-up arm 4, between the active traction rubber roller 5
and the driven traction rubber roller 6, the guide idler 7, and ﬁnally
wound on the take-up reel 8 (Fig. S1a). The trimmed block and diamond knife were installed onto the ultramicrotome in a conventional
manner. The block in the microtome chuck was aligned so that the wide
side of the rectangle is at the bottom. The block surface should be
parallel to the knife edge, and the top and bottom edges of the block
should be perfectly horizontal with respect to the knife edge. The tape
head was horizontally centered over the knife boat by adjusting X axis
and the R axis, and then it was lowered vertically into the boat through
the Z axis. The optimum distance (∼2 mm) between the tape head and
the knife-edge was determined to be approximately 1.2 times the height
of the block face through the Y axis, ensuring that the slices could
“climb up” the tape in a one-by-one manner. This was shown to improve the uniformity of the section ribbon on the tape, which contributed to the subsequent image acquisition. The diamond knife boat
was ﬁlled with distilled water in the traditional manner. A tape speed of
0.45 mm/s was selected using our control software, which was timed to
perfectly match the section cutting speed of 0.4 mm/s. Once the tape
began to move, the water level in the knife boat was slightly lower than
what has been traditionally used and was readjusted as to maintain the
curve of the meniscus. Using the aforementioned speeds (0.4 mm/s),
about 400 sections could be collected per hour. In addition, we attached
a video camera to the ultramicrotome microscope to monitor and record the sectioning process. For the current device, we need to adjust
the water level every hour. Considering the maximum advance range of
ultramicrotome is constrained to 200 μm, we have to stop when the
advance ends and adjust the positions of the knife and the AutoCUTS
device and then restart the section process.
We determined that the thickness and stability of serial sections
tightly associated with the properties of the block, combined with the
sharpness of the knife edge (Hildebrand et al., 2017; Kasthuri et al.,
2015). In addition, we also observed that the environmental conditions
and lack of vibrational interference were also important, as was mentioned previously (Kasthuri et al., 2015).

5.7. Image alignment and distortion correction
The proposed image registration pipeline for serial sections of biological tissue was divided into three parts: search for correspondences
between adjacent sections, displacement calculations for the identiﬁed
correspondences, and warping the image tiles based on the new position of these correspondences.
SIFT-ﬂow (Lowe, 2004), a dense correspondence algorithm, was
adopted to search for correspondences between adjacent sections by
extracting equally distributed grid points on the well-aligned adjacent
sections. To be noted that, the region containing the worm was segmented to exclude the empty resin outside.
In the displacement calculation, the positions of the identiﬁed correspondences were adjusted throughout all sections by minimizing a
target energy function. This energy function contains three key items:
the data term, the small displacement term, and the smoothness term.
The data term keeps pairs of correspondences at the same positions in
the x-y plane after displacement. The small displacement term constrains the correspondence displacements to minimize image deformation. The smoothness term constrains the displacement of the neighbor
correspondences.
With the calculated positions of the identiﬁed correspondences, the
Moving-Least-Square (MLS) method (Schaefer et al., 2006) was used to
warp each section image. The deformation results produced by MLS is
globally smooth to retain the shape of biological specimens.

5.5. Establishment of the section library

5.8. Manual segmentation

The tape containing the tissue sections was cut into strips and glued
onto a 10 cm diameter silicon wafer (Suzhou crystal silicon electronic & technology Co., Ltd. China) using 12 mm wide carbon conductive double-faced adhesive tape (NISSHIN EM Co. Ltd, Japan). Each
wafer contained 10 parallel strips of tape. Because the tape has good
conductivity, carbon coating was not necessary in this work.

Manual segmentation of cells and their associated processes were
performed using a commercial software IMARIS (Bitplane,
Switzerland). The stack of labeled images was exported and processed
further for 3D rendering and data analysis.

5.6. Data acquisition
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