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Abstract

The higher order structure of the metaphase chromosome has been an enigma for over a century and
several different models have been presented based on results obtained by a variety of techniques. Some
disagreements in the results between methods have possibly arisen from artifacts caused during sample
preparation such as staining and dehydration. Therefore, we treated barley chromosomes with ionic liquid
to minimize the effects of dehydration. We also observed chromosomes on a film with holes to keep
pristine chromosome structure from being flattened as seen when placed on a continuous support film. A
chromosome placed over a hole in a thin carbon film was mounted on a tomography holder, and its
structure was observed in three dimensions (3D) using electron tomography. We found that there are
periodic structures with 300-400 nm pitch along the axis in barley chromosomes. The pitch sizes are
larger than those observed in human chromosomes.

1. Introduction

Since the discovery of chromosomes in the mid-19th century there have been sustained research
efforts to elucidate their structure. Comprehensive chromosome structure, however, has remained an
enigma and the detailed internal structure is still controversial.

The Hi-C method (Lieberman-Aiden et al., 2009) has been used to detect the interaction of each position
of chromatin fibers as a means to understand the internal structure of chromosomes for the past 10 years.
The Hi-C contact matrix of metaphase human chromosomes with polymer simulations showed that
metaphase Hi-C data are inconsistent with classic hierarchical models and are instead best described by a
linearly organized longitudinally compressed array of consecutive chromatin loops (Naumova et al.,
2013).

The Hi-C method (Belton et al., 2012) was also utilized for chicken (Gibcus et al., 2018), giant axolotl
(Schloissnig et al., 2021) and barley (Kubalova et al., 2021) chromosomes. Gibcus et al. (2018) found that
chicken chromosomes in prometaphase adopt a spiral staircase-like structure with a helically arranged
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axial scaffold of condensin II at the bases of chromatin loops by polymer simulations of Hi-C data. They
estimated the height of one helical turn to be ~200 nm, which is consistent with microscope observations
suggesting that consecutive genomic loci follow a helical gyre with a pitch of ~250 nm within the
cylindrical shape of chromatids (Strukov and Belmont, 2009; Strukov et al., 2003).

Schloissnig et al. (2021) found that in axolotl mitotic chromosomes, a 35 Mb helical turn is predicted,
which is threefold longer than chicken chromosomes in Gibcus et al. (2018). From a combination of bar-
ley metaphase chromosome-derived Hi-C data, oligo-FISH, sister chromatid exchange detection, super-
resolution microscopy, and polymer simulation, Kubalova et al. (2021) concluded that sister chromatids
are formed by chromatin helices of identical handedness. The helical turns span 20-38 Mb creating a
~400 nm thick fiber.

Imaging techniques such as transmission electron microscopy (TEM), scanning electron microscopy
(SEM) and atomic force microscopy (AFM) can be utilized to confirm the results. Helical structures have
been observed in TEM and SEM since the 1970s. Helical turns were observed in chromosomes of animals
such as frogs (Seto, 1972) and humans (Boy de la Tour and Laemmli, 1988; Ohnuki, 1968; Rattner and
Lin, 1985; Sumner, 1991; Ushiki et al., 2002; Utsumi, 1982). Helical turns of 450-550 nm chromatin
fibers were also observed in onions (Hao et al., 1990; 1988).

We previously visualized longitudinally compressed stacks with 100-200 nm periodicity along the
chromosome axis in an isolated human chromosome (Hayashida et al., 2021). The observed shapes are
closer to parallel decks rather than helixes. The structures are longitudinal, but not axial. Similar images
were presented in Fig. 7 in Rattner and Lin (1985), Figs. 2 and 7 in (Ushiki et al., 2002) and Fig. 1 in
Strukov and Belmont (2009). It is also consistent with the Hi-C data of metaphase human chromosomes
(Naumova et al., 2013). If the compressed stacks were part of helical shapes, the boundaries between the
stacks would be tilted from the direction perpendicular to the chromosome axis. Whether chromosome
higher-order structure is longitudinal or axial might depend on the cell cycle stage, or their origins
(species of animals or plants etc.). Further investigation will be necessary to fully understand the internal
structure of chromosomes.

Although structures with size exceeding 100 nm were observed by TEM, AFM, SEM and Hi-C as we
summarized in the previous two sections, periodic structure larger than 11 nm was not detected in human
chromosomes by cryo-EM (Eltsov et al., 2008; Maeshima et al., 2010). The chromosomes were not
treated with any staining or chemical fixation while most chromosomes mentioned in the last two
paragraphs were stained and fixed with chemicals. However, the thickness of sections observed by cryo-
EM is typically about 40 nm. Therefore, it is unlikely that structures larger than 40 nm would be
recognized in such sections. In other words, these results might not confirm that staining and chemical
fixation generate structures larger than 100 nm.

In this paper, we observed barley by electron tomography (ET) and compared the results to human
chromosomes (Hayashida et al., 2021) to investigate differences and similarities between human
chromosomes and barley chromosomes. We observed OsOys -stained chromosomes placed on a continuous
thin carbon film. We also observed unstained chromosomes on a thin carbon film with holes to prevent
chromosomes from being flattened at the carbon-chromosome interface, for example by surface tension
(Hayashida et al., 2015; Hayashida and Malac, 2017). We detected the presence of similar longitudinally
compressed stacks in human and barley chromosomes. The pitch of the stacks is 300-400 nm along the
chromosome axis.

2. Materials and Methods



Barley chromosomes were isolated and purified as described in the previous paper (Sartsanga et al.,
2021). Barley chromosomes stained with OsO4 were prepared by the ChromEM procedure (Ou et al.,
2017). In brief, the buffer solution containing the chromosomes was then dropped onto carbon/formvar
support film on a grid for TEM. Chromosomes were fixed with 2.5% (v/v) glutaraldehyde in 0.1 M Na-
cacodylate, 5 mM CaCl,, pH 7.4, at 4°C overnight. Fixed chromosomes were washed five times for two
minutes in 0.1 M sodium cacodylate buffer and treated for 15 minutes with blocking buffer (10 mM
potassium cyanide in 0.1 M sodium cacodylate). DNA was stained with DRAQS5 (10 uM) in 0.1%
saponin, 0.1 M cacodylate buffer for 10 minutes followed by washing with the blocking buffer three times
for five minutes. The grid was transferred to a glass-bottom dish contained 2.5 mM diaminobenzidine
tetrahydrochloride (DAB) in 0.1 M sodium cacodylate buffer and placed under the fluorescence
microscope. For DAB photo-oxidation, chromosomes on the grid were continuously fluorescence
illuminated under Cy5 channels for 30 minutes then rinsed five times for two minutes with 0.1 M sodium
cacodylate buffer. Chromosomes were then stained for 30 minutes with 2% OsO4in 0.15 M sodium
cacodylate buffer, 2 mM CaCl,, 1.5% potassium ferrocyanide followed by washing with distilled water
five times for two minutes. For TEM observation, chromosomes were treated with 0.5% ionic liquid (IL)
butyl-methyl-imidazolium tetrafluoroborate (BMI-BF4) (TCI, Japan) for 1 min and dried in a vacuum
pumping system for 2 h. The chromosomes were transferred from the support film and transferred to a
360° rotation holder (Tanigaki et al., 2015; Tsuneta et al., 2014) in a focused ion beam instrument using
the method described in our previous paper (Phengchat et al., 2019).

Unstained barley chromosomes were prepared by following the procedure in previous paper (Sartsanga
et al., 2021). The buffer solution containing the chromosomes was dropped onto QUANTIFOIL® Holey
Carbon Films on a grid. The film has 3 pm diameter prefabricated holes. The holes prevent excessive
ionic liquid from remaining on the surface of chromosomes and also prevent chromosome from being
flattened at the carbon-chromosome interface in the areas where chromosome is suspended over the holes.
Chromosomes were fixed with 2.5% (v/v) glutaraldehyde in PBS at 4°C overnight then washed three
times with PBS for 5 minutes each. After fixation, chromosomes were treated with 0.5% BMI-BF, and
dried as described above. A chromosome which makes a bridge over a hole was transferred to a 360°
rotation holder (Yaguchi et al., 2008). The QUANTIFOIL® Holey Carbon Film has holes and it is not
sufficiently strong to hold chromosomes for the acquisition duration of a tomography tilt series.
Therefore, carbon frame was deposited on the left and right sides (as we describe later) in FIB to prevent
the film from bending.

A stained barley chromosome was observed in a Hitachi 1 MV Field Emission (FE) TEM (Kawasaki et
al., 2000a; Kawasaki et al., 2000b). Unstained barley chromosomes were observed in a Hitachi H9500
TEM operated at 300 kV acceleration voltage. A tomography series consisting of 61 images was collected
with a 3° tilt step (Hayashida and Malac, 2016; Hayashida et al., 2018) over the entire 0° to 180° tilt
range in both microscopes. The image sizes for the 1| MV-TEM were 3710x3838 pixels with a 1.77 nm
pixel size in a Gatan direct exposure K2 camera, and 1336 x 2004 pixels with a 5.2 nm pixel in a Gatan
Ultrascan 1000™ slow scan CCD camera in the Hitachi H9500. Composer and Visualizer by
TEMography.com, were used for reconstruction of all the tilt series and visualization of the tomograms.

3. Results
3.1 OsOq4 stained barley chromosome on a continuous carbon film
Isolated barley chromosomes with OsO4-labelled DNA molecules were observed with ET. The

chromosomes were placed on a continuous carbon film. Figs. 1a, b and ¢ show a TEM image observed
using 1 MV-TEM, a tomogram, and one of the slices extracted from the tomogram near the top surface of



the chromosome. Here, we note that TEM images are a sum of the intensity along the beam direction. In
thick samples, as used here, TEM images further suffer from the “top-bottom” effect (Reimer and Kohl,
2008). Tomograms differ from TEM images by providing the 3D volume of the sample without
integration along the beam path, resulting in isotropic resolution in 3D. Slices extracted from tomograms
display more internal structures than tomograms and tomograms can display more detailed sample surface
morphology than TEM images. Although there is no visible structure in the TEM image and the
tomogram, we can observe the longitudinally compressed stacks along the chromosome in the slice image
extracted from the tomogram, as shown in Fig. 1c. The area bordered by the solid line in Fig. 1¢c shows
features with a 300-400 nm period within the chromosome in the line profile (Fig. 1d). The longitudinally
compressed stacks along the chromosome axis are very similar to the slice image observed in a human
chromosome (Hayashida et al., 2021) except for the pitch. As reported in the previous paper (Hayashida
et al., 2021), the stacks were not observed near the carbon support film but rather near the top surface of
the barley chromosomes because the bottom side of the chromosome is flattened to maximize its contact
with the support film in order to reduce its surface energy (Hayashida et al., 2015).

3.2 Unstained barley chromosome suspended over holes in a thin carbon film

Fig. 2a shows a TEM image observed using 300 kV-TEM of an unstained barley chromosome on a thin
carbon film with holes. Additional carbon (that looks like a picture frame) was deposited using a focused
ion beam on the carbon film on both the left and right sides of the chromosome to make the sample
support sturdier for data acquisition as shown in the dashed rectangles in Fig. 2a. A contrast-adjusted
image is shown in Fig. 2b and the longitudinally compressed stacks with 300-400 nm pitch (bordered in
yellow) are observed. The stacks are not visible in the tomogram, so the tomogram is not included here. It
is possible that the sample surface has residual ionic liquid making it difficult to observe the surface
structure of the chromosome. Here, we note that the chromosome is not stained and the image intensity
arising from the chromosome alone in TEM is almost the same as ionic liquid or buffer.

Conversely, a barley chromosome in Figs. 3 and 4 where carbon film with holes was also used to support
the chromosome shows stacks clearly not only in a TEM image, but also in the tomogram. Additional
carbon frame was also deposited on both the left and right sides of the chromosome using a focused ion
beam. The line profiles from the chromosome in Fig. 3b show that there are longitudinally compressed
stacks with 300-400 nm pitch along the chromosome axis. Fig. 4a shows a tomogram of the chromosome
in Fig. 3a. The longitudinally compressed stacks (particularly along the chromosome axis) on the surfaces
from both front and back (film) sides can be partially seen in Fig. 3a. The boundaries of the stacks are
traced with yellow lines in Fig. 4b for clarity. The stacks’ positions at the front and back sides’ images
exhibit mirror symmetry. This means that the stacks are observed at the same positions in the front and
back side of the chromosome. Low contrast may explain why the stacks were only partially observed as
shown in Fig. 3 because the chromosome was not stained.

4. Discussion

We observed longitudinally compressed stacks along the barley chromosome axes which were similar
to the structures we observed in human chromosomes. (“Structure A” in Hayashida et al., 2021). While
the periodicity of the stacks was 100-200 nm for human chromosomes, 300-400 nm was observed in
barley chromosomes in this paper.

When isolated chromosomes are dried on a film, the bottom part is flattened because of adhesion.
Similar adhesion happens on polystyrene latex nanoparticles (Hayashida et al., 2015; Hayashida and



Malac, 2017). Therefore, stacks are observed only on the top surface in human chromosomes (Hayashida
et al., 2021; Rattner and Lin, 1985; Ushiki et al., 2002; Strukov and Belmont, 2009). It may have been
suspected that the stacks arise during the chromosomes’ drying. However, our results deny this suspicion
because we could eliminate the interaction by suspending chromosomes over a carbon thin film with
holes. Moreover, stacks were observed on the surface of an unstained chromosome for the first time. In
our previous paper (Hayashida et al., 2021), we could not observe the stacks in unstained chromosomes
on a continuous film in TEM images although the stacks of the chromosomes were observed in electron
diffraction patterns. It is possible that the holes in the thin carbon film we used this time prevented
excessive ionic liquid from remaining on the surface of chromosomes and the chromosome surface
structure became more visible as a result as shown in Fig. 2-4.

Our results showed that the positions of stacks were the same on both the top (opposite the film side)
and the film side. If the structures were helical, the positions would follow helical patterns, and the stacks
would be tilted from the direction perpendicular to the chromosome axis. Our results appear to be
consistent with the model for human chromosomes (Borland et al., 1988) in which DNA fiber loops are
randomly oriented within regions of roughly 200 nm axial extent along the long axis of each chromatid
and adjacent regions may slightly overlap with each other. The periodic features are longitudinal, but not
axial as suggested in Naumova et al. (2013). Similar images, in which the stacks were aligned along the
chromosome axis, were presented in Fig. 7 in Rattner and Lin (1985), Figs. 2 and 7 in Ushiki et al. (2002)
and Fig. 1 in Strukov and Belmont (2009).

It is still unknown why axial helix shapes were observed in some cases and longitudinally compressed
stacks were observed in others including this paper. The shape may be changed between helical and
longitudinally compressed stacks during isolation, drying or during the cell cycle. What can be concluded
is that barley chromosomes exhibit 300-400 nm periodic stacks (vs. 100-200 nm in humans) along the
chromosome long axis. This periodicity was also confirmed by the Hi-C technique (Kubalova et al., 2021;
Naumova et al., 2013).

In the Borland et al. (1988) model, the 200 nm region consists of 30 nm fibers Sartsanga et al. (2021)
found barley chromosome chromatin fibers 11.6 + 3.5 nm on the chromosome surface. On the other hand,
80 nm chromatin fibers without large cavities were observed in Kubalova et al. (2021). However, we did
not observe 30 nm or 80 nm structures in human and barley chromosomes, probably due to the dense
packing of fibers in the chromosomes. Further investigation is necessary to elucidate chromosome higher-
order structures.

5. Conclusion

We observed stained chromosomes placed on a continuous thin carbon film and unstained chromosomes
on a thin carbon film with holes by ET. We detected the presence of similar longitudinally compressed
stacks in both the stained and unstained barley chromosomes. The pitch of the stacks is 300-400 nm along
the chromosome axis. The holes in the thin carbon film prevented excessive ionic liquid from remaining
on the surface of chromosomes and the chromosome surface structure on both the top (opposite to the
film) side and the bottom (film) side became more visible as a result.
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Figure captions

Figure 1

(a) ATEM image observed using a IMV-TEM of an isolated barley chromosome whose DNA molecules
were labelled with OsOs. The chromosome is placed on a continuous carbon film.

(b) A tomogram of the chromosome.

(c) A slice image of the tomogram in (b)

(d) A line profile from inside the white line from top to bottom in (c).

Figure 2
(a) ATEM image observed using a 300kV-TEM of an unstained barley chromosome on a film with
holes.
(b) A contrast enhanced image of (a).
(c) Boundaries of the stacks in (b) are traced with yellow lines.

Figure 3
(a) A TEM image observed using a 300kV-TEM of an unstained barley chromosome on a film with
holes.
(b) Line profiles from inside the white lines in (a).

Figure 4
(a) Tomograms of the unstained barley chromosome shown in Fig. 3 from front and back (film) sides.

(b) Stack boundaries were traced with yellow lines.
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