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and the higher-order structure of chromosomes also is not understood.
In this study, we employed electron diffraction (ED) which provides a
Abstract: | non-invasive analysis to characterize the internal structure of
chromosomes. The results revealed the presence of structures with 125
to 150 nm periodic features directionally perpendicular to the
chromosome axis in unlabelled isolated human chromosomes. We also
visualized the 100 to 200 nm periodic features perpendicular to the
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specifically labelled with OsO4 using electron tomography (ET) in 300 kV
and 1 MeV transmission electron microscopes.
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Abstract

It is well known that two DNA molecules are wrapped around histone octamers and folded together to
form a single chromosome. However, the nucleosome fiber folding within a chromosome remains an
enigma and the higher-order structure of chromosomes also is not understood. In this study, we employed
electron diffraction (ED) which provides a non-invasive analysis to characterize the internal structure of
chromosomes. The results revealed the presence of structures with 125 to 150 nm periodic features
directionally perpendicular to the chromosome axis in unlabelled isolated human chromosomes. We also
visualized the 100 to 200 nm periodic features perpendicular to the chromosome axis in an isolated
chromosome whose DNA molecules were specifically labelled with OsO, using electron tomography
(ET) in 300 kV and 1 MeV transmission electron microscopes.

1. Introduction

The higher-order structure of chromosomes—i.e. their internal structure on a length scale of tens to
hundreds of nanometers—has been an enigma for over a century. Several models have been proposed to
explain how a chromosome is organized (Beseda et al., 2020; Fukui & Uchiyama, 2007; Ushiki et al.,
2002). Models of chromosome higher-order structure are based on the same fundamental premise of DNA
wrapping around histones to form nucleosomes. Nucleosomes are connected by links of DNA forming a
‘beads-on-a-string’ structure, referred to as an 11-nm chromatin fiber based on the 11- nm diameter of
nucleosomes. From this starting point, the proposed models differ in how the 11-nm chromatin fibers are
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folded into a chromosome. The hierarchical folded-fiber models describe the formation of chromatin
fibers at a length scale beyond 11-nm, including 30-nm and 100-200-nm chromatin fibers. The formation
of a 30-nm chromatin structure is reported repeatedly using reconstituted chromatin (Robinson et al.,
2006; Schalch et al., 2005; Song et al., 2014) and chromatin extracted from human cells (Cano et al.,
2006; Hancock, 2012; Zhou et al., 2019). The 30-nm chromatin fiber has been detected using various
visualizing techniques including scanning electron microscopy (SEM) (Inaga et al., 2007; Taniguchi &
Takayama, 1986; Wanner et al., 2005), transmission electron microscopy (TEM) (Maeshima & Eltsov,
2008; Maeshima et al., 2005; Marsden & Laemmli, 1979) and TEM tomography (Harauz et al., 1987).
Additionally, the 30-nm chromatin fibers are found in situ in some organisms, for example in avian
erythrocyte and in the sperm of starfish and sea cucumbers (Woodcock, 1994). Larger chromatin
structures (100-700 nm) consisting of 30-nm fibers have also been reported (Ohnuki, 1968; Taniguchi &
Takayama, 1986; Ushiki et al., 2002), although they have been disputed by other results (Joti et al., 2012).
On the contrary, recent study using polymer modeling shows that if the chromatin fibers are organized
following the hierarchical model, they will be overly restricted and cannot reproduce the chromatin
interaction as obtained from Hi-C analysis. Therefore, an alternative model describing that the mitotic
chromosome consists of arrays of consecutive chromatin loops, has been proposed (Naumova et al.,
2013). The chromatin loops are arranged disorderly way, having diameters between 5 to 25 nm (Ou et al.,
2017; Wako et al., 2020) . The higher-order chromatin structures including 30-nm chromatin fibers were
not detected in mitotic chromosomes by cryo-EM (Eltsov et al., 2008; Maeshima et al., 2010) and small-
angle X-ray scattering (SAXS) (Nishino et al., 2012). The reason for the inconsistencies might arise from
artifacts caused by the sample preparation. Chromosome dehydration is considered to be one of the
sources of artifacts (Kaneyoshi et al., 2015; Maeshima & Eltsov, 2008). To eliminate dehydration related
artifacts, we treated the chromosomes isolated from HeLa cells with ionic liquid, according to the study
by Dwiranti et al. (Dwiranti et al., 2012). Ionic liquids are known to coat the exterior and penetrate the
interior of the chromosomes, and they are compatible with vacuum conditions in an electron microscope
(Ishigaki et al., 2011; Kuwabata et al., 2006; Tsuda et al., 2011; Welton, 1999).

Electron diffraction (ED) is frequently used for studying periodicity and orientation of periodic structures
of an object. Electron beams offer the advantage of focusing to a small probe. Small-angle x-ray
scattering (SAXS), a family of x-ray scattering techniques, has been utilized to investigate the presence
of 30-nm chromatin fibers in the past (Chicano et al., 2019; Dwiranti et al., 2012; Nishino et al., 2012).
However, forming a small probe with x-rays is difficult. SAXS typically collects average data from
thousands of chromosomes suspended in a liquid at random orientations relative to the incident x-ray
beam and the x-ray detector. Unlike SAXS, information from an individual chromosome can be acquired
by ED in a TEM, because an electron beam can be focused on a small area of the sample (much less than
1 um with a small beam convergence angle that is needed to study large periodicities of the chromosome
sample). In addition, it is possible to switch the operating mode of a TEM between the image mode (real
space) to the diffraction mode (reciprocal space). Obtaining both ED and an image from exactly the same
area of a chromosome and placing the electron probe onto the precise region of the individual
chromosome is critical to understanding the relationship between the chromosome axis direction which is
vertical direction of chromosomes and the direction of the periodic features observed in the ED patterns.

Electron tomography (ET) in a transmission electron microscope (TEM) enables visualization of the
structure of an object in three dimension (3D) at high spatial resolution. Using a dual beam— i.e. a

Cambridge University Press



77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97

98

99

100

101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119

Microscopy and Microanalysis Page 4 of 18

focused ion beam (FIB) instrument with an SEM column—an individual chromosome can be located and
placed onto a 360° rotation ET sample holder then observed over a full tilt range (+90°) (Tanigaki et al.,
2015; Tsuneta et al., 2014). The full tilt range ET allows us to overcome the loss of structural information
due to the missing wedge of data and enables us to obtain reconstruction of the chromosome that has
isotropic resolution in 3D. Typical chromosome thickness (700 nm or so) is larger than optimum for a
medium energy (300 keV) microscope, and this leads to an inelastic background in the images. ED is less
sensitive than imaging to sample thickness and is capable of detecting periodic features throughout the
thickness of the sample (Jiang et al., 2010).

Therefore, we observed structures in unstained chromosomes using ED. Structures with 125 to 150 nm
periodic features perpendicular to the chromosome axis were observed in an unlabelled individual
chromosome observed by ED with a very high camera length. Additionally, we observed individual
metaphase chromosomes labelled with OsO,4 from HeLa cells using the ET in both 300 keV and 1 MeV
transmission electron microscopes. The use of 1 MeV of energy allows for the investigation of samples
with a greater thickness than that allowed by the 300 keV microscope. In the same way as for the ED
results, a chromosome extracted from a TEM grid using a dual beam instrument and placed onto a 360°
continuous rotation holder (Tanigaki et al., 2015; Tsuneta et al., 2014; Yaguchi et al., 2008) also had 100
to 200 nm periodic features perpendicular to a chromosome axis. The ED and ET ability to detect
periodicity of structure internal to an object, as opposed to on its surface, is an important advantage of ED
and ET over scanning electron microscopy (SEM) (Taniguchi & Takayama, 1986) and atomic force
microscopy (AFM) (Ushiki et al., 2002) of chromosomes.

2. Materials and Methods
2.1 Sample preparation

To prepare labelled chromosomes for ET, human chromosomes were isolated from HeLa cells and stored
in a polyamine buffer solution (PA chromosomes) as described in Hayashihara et al. (Hayashihara et al.,
2008). The buffer solution containing the chromosomes was then dropped onto Carbon/Fomvar support
film on a TEM grid on ice and fixed with 2.5% glutaraldehyde for 1 hour. Chromosomes were labelled
using ChromEM, a DNA-labeling method developed for electron microscope observation (Ou et al.,
2017). After the glutaraldehyde fixation, chromosomes on the TEM grid were labelled with DRAQS
(Abcam), a DNA-specific fluorescence dye. The grid was then transferred into a glass bottom dish
containing 2.5 mM diaminobenzidine (DAB, Sigma) in ice-cold 0.1 M sodium cacodylate buffer. The
dish was placed under a fluorescence microscope (BX60, Olympus) and chromosomes were fluorescence
illuminated continuously with a Cy5 filter set for 20-30 min using a 40x objective lens. Polymerized DAB
precipitated on chromosomes made the chromosomes appear brownish. After DAB polymerization, the
chromosomes were rinsed with a 0.1M sodium cacodylate buffer and labelled with 2% osmium tetraoxide
(OsQy, Electron Microscopy Sciences) in 0.15 M sodium cacodylate for 30 min. The chromosomes were
washed with milli-Q water before being treated with 0.5% BMI-BF, (ionic liquid, (Dwiranti et al., 2012;
Welton, 1999)) in milli-Q water for 1 min at room temperature. Excess ionic liquid solution was removed
from the Carbon/Fomvar support film by blotting with cut filter paper, followed by drying in a desiccator
equipped with a vacuum pump for 2 hours. For ET, a chromosome was transferred from the
Carbon/Fomvar support film and transferred to a 360° rotation holder in a focused ion beam instrument
using the method described in our previous paper (Phengchat et al., 2019). Nano dot markers (Hayashida
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et al., 2014) were fabricated on the carbon support film near the chromosome for the alignment of
tomography tilt series images.

For the preparation of unlabelled chromosomes for ED, human chromosomes were isolated from HeLa
cells and dropped onto Carbon/Fomvar support film on a TEM grid on ice. The samples were then fixed
with 2.5% glutaraldehyde for 1 hour on ice. After the washing of glutaraldehyde, the unlabeled
chromosomes were directly treated with 0.5% ionic liquid (BMI-BF,), followed by drying in a vacuum
desiccator for 2 hours. ED of the chromosomes was observed directly on the Carbon/Fomvar support film
without a transfer onto the 360° rotation tomography holder.

2.2 Electron diffraction

ED measurements were performed in a Hitachi HF-3300 TEM operated at 300 kV acceleration voltage.
The diffraction patterns were collected from unlabelled chromosomes using a Gatan Ultrascan 1000™
slow scan CCD camera binned by a factor of 2 to 1024 x 1024 pixels. The diffraction camera length of
L=23.4 m was obtained by adjusting the projector lens current in a free-lens control mode of the
microscope. The large camera length, together with the high brightness cold field emission source of the
Hitachi HF-3300, is needed to detect the presence of features with tens to hundreds of nanometers of
periodicity, i.e. to study spatial frequencies from ~0.1 to less than 0.01 nm-'. In a typical set-up for ED,
such large features are buried in the tails of the un-scattered electron beam because the diffraction camera
length L is normally less than 3 m. The electron beam was focused into a 750-nm diameter probe placed
within a chromosome to prevent diffraction features arising from the edge of a chromosome. The rotation
angle between features in a diffraction pattern and the corresponding image that arises due to the use of
magnetic lenses in the free lens mode of the TEM was calibrated using a multi-wall carbon nanotube
sample. All diffraction patterns reported in this paper were compensated for the rotation angle between
the image and the corresponding diffraction pattern.

2.3 Electron tomography

Electron tomography requires the acquisition of a tilt series of TEM images. Typically, low contrast
biological samples are stained by a heavy metal (e.g. OsO,4). The heavy metal staining can lead to a
sample mass thickness that is too large for a medium (e.g. 300 keV) incident electron energy. To ensure
that the features we observed were not artifacts of multiple scattering in a sample with large mass
thickness, we observed the samples in microscopes operating at 300 keV and 1 MeV. At 1 MeV, the
observable sample thickness increased as compared to that at 300 keV because of the increase in the
elastic and inelastic mean free path. We also kept the OsO, concentration low to keep the sample mass
thickness acceptable for imaging at 300 kV.

A Hitachi HF-3300 TEM was operated at 300 kV acceleration voltage. A continuous 360° rotation holder
(Yaguchi et al., 2008) was used to collect a tomographic tilt series of the chromosome images stained
with OsO,. Sufficient contrast was obtained in TEM images to observe 100-200 nm periodic structure
although the chromosome was rather thick for a 300 keV TEM. The presence of the features was
confirmed in a Hitachi 1 MeV TEM (Kawasaki et al., 2000a; Kawasaki et al., 2000b), also equipped with
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a continuous 360° rotation TEM tomography holder (Tanigaki et al., 2015; Tsuneta et al., 2014). A
tomography series consisting of 61 images was collected with a 3° tilt step (Hayashida & Malac, 2016;
Hayashida et al., 2018) over the entire 0° to 180° tilt range at both microscopes. The pixel number for
HF-3300 and 1MeV FE-TEM were 1024 x 1024 pixels with 4.366 nm/pixel in a Gatan Ultrascan 1000™
slow scan CCD camera and 37103838 pixels with a 1.77 nm pixel size in a Gatan direct exposure K2
camera, respectively. The Simultaneous Iterative Reconstruction Technique (SIRT), as implemented in
Composer and Visualizer by TEMography.com, was used for reconstruction of all the tilt series and
visualization of the tomograms.

3. Results
3.1 Human chromosomes observed by electron diffraction (ED)

Isolated human chromosomes were first examined with ED. In order to optimize the interpretable signal,
unlabelled chromosomes were used. Mass thickness of a labelled chromosome is large, leading to large
fraction of electrons suffering multiple scattering in the sample and difficult interpretation. Images of the
unlabelled chromosomes and the corresponding diffraction pattern are shown in Figs. 1a and 1b,
respectively. A circle in Fig. 1a represents an area irradiated by an electron beam probe while collecting
the ED pattern, and the dotted line was drawn manually along a chromosome axis which is approximately
parallel to the long arm of the chromosome. The pixel with the maximum intensity was selected as a
center of the diffraction pattern in Fig. 1b. To detect the presence of features with 100 to 300 nm
periodicity within a chromosome (Taniguchi & Takayama, 1986; Ushiki et al., 2002), the measured
diffraction intensity was integrated over a scattering angle range from 0.0033 to 0.1 nm-! at each
azimuthal angle a as shown in Fig. 1c. The maximum peak in such spatial frequency-integrated
diffraction was detected using an in-house developed Matlab™ code. In this case, the strongest peak
appeared at 144°, as shown in Fig lc. A line profile along the dashed lines a=144" in Fig. 1b is shown in
Fig. 1d. A broad peak shown in Fig. 1d indicates that there are features with an approximately 125 nm
period at a=144", i.e. in a direction nearly parallel to the chromosome axis (=152 °). The dashed line in
the diagram on the right top corner in Fig. 1d represents the direction at a=144 °, and the solid lines show
the 125 nm periodic features which are perpendicular to the dashed line. The circle is the same size as the
beam area in Fig. la. It means that in the beam area in Fig. 1a, there would be fewer than 6 periods of the
125 nm features within the electron beam probe. Similar periodic features, with 150 and 133 nm
periodicity, were also observed in other chromosomes as shown in Figs. S1 and S2.

The diffraction data indicates that the 125 nm periodic features are directionally oriented because they
appear only at a particular direction. If the 125 nm periodic features were perfectly oriented against the
Carbon/Formvar film, we could see peaks at both 144° and 324° (=144° +180°). However, since the
sample is somewhat tilted relative to the incident electron beam, there may be considerable excitation
error (Reimer & Kohl, 2008), and therefore we cannot detect the diffraction peak at 324°. Unlike in
material science crystalline samples such as silicon and gold thin films, it is difficult to compensate for
the excitation error in an experiment on chromosomes due to the poor visibility caused of the weak
diffraction pattern features. As a result, only one of the two (complex conjugate) features was observed in
our current results (Reimer & Kohl, 2008).
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198
199 3.2 Human chromosomes observed by electron tomography (ET)

200  Isolated human chromosomes whose DNA molecules were labelled with OsO, were observed with ET
201 using 300keV TEM. Figs. 2a and 2b show a TEM image and the contrast adjusted image of the

202  chromosome. Periodic features with 100 to 200 nm were observed in the long arm. Fig. 2¢ and 2d- are Z
203  slice images from the reconstructed tomogram. The slices are closer to both the top and bottom surfaces
204  (Carbon/Formvar film). While the periodic features are visible in Fig 2c, there are no clearly observable
205 features in Fig 2d. When isolated chromosomes are placed on the film, their bottom sides become

206  flattened to maximize their contact with the support film to reduce surface energy (Hayashida et al.,

207  2015). As a result, the bottom side of each chromosome was flatter than their top surface that was not in a
208  contact with a film. As a result, the periodic features were not visible at the bottom side of chromosomes
209  that is in contact with the support film. Presumably, the features would be observable on both the top and
210  the bottom for a chromosome in liquid vitrified by High pressure freezing (McDonald & Auer, 2006)
211 although we have to be careful if the procedure changes chromosome structures.

212 Fig. 3a shows a tomogram of another isolated human chromosome observed with ET using 1 MeV TEM.
213 The chromosome was transferred from the same TEM grid as the chromosome shown in Fig. 2a. Both the
214 upper and lower images in Fig. 3b were extracted from Fig. 3a, and their contrast was enhanced. Periodic
215  features with 100 to 200 nm were also observed as marked by red lines in the lower image in Fig. 3b.

216
217 4. Discussion

218  In this study, we utilized the advantages of electron diffraction (ED) and electron tomography (ET) to
219  examine how nucleosome fibers are organized inside a single chromosome. In unlabeled chromosomes,
220 the diffraction intensity peaks corresponding to more than 125 nm periodic feature (e.g. 133 nm and 150
221  nm) were detected from several isolated chromosomes. Similar periodic features were also observable in
222 0s0O4-DNA labelled chromosomes in TEMs with 300 kV and 1 MV acceleration voltages. We refer to the
223 more than 100 nm and less than 200 nm periodic features as “Structure A”.

224 Although we did not detect a visible contrast of Structure A in TEM images of unlabelled chromosomes
225 in Fig. 1a, Sla and S2a, all ED patterns show a peak between 100-200 nm. It suggests that the peaks of
226  ED patterns were generated by the density change due to presence of Structure A within the

227  chromosomes. Moreover, the results show that presence of Structure A is not an artifact due to staining as
228  the samples were unstained.

229  Structure A could possibly correspond to the gyres (a repeating structure on DT40 chromosomes-DAPI
230  stained) as reported (Gibcus et al., 2018), and the gyres of coils in spiralized chromosomes reported

231  (Ohnuki, 1968). The gyres visualized in chromosome arms corresponded to the helical arrangement of
232 chromatin loop arrays emanating from a central spiral-staircase (condensin) scaffold (Gibcus et al., 2018).
233 The polymer simulation model predicted that the pitch of the (condensin) scaffold helix could be

234  increased from 100 nm to 200 nm upon prolonged colcemid treatment. We observed Structure A in ED
235  and ET and it oriented nearly perpendicular to the chromosome axis. Therefore, we consider that these
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features could correspond to the chromatin loop arrays. However, we hypothesized that the condensation
status of observed chromosomes (our isolated chromosomes were in a hypercondensed state of 16 h
colcemid treatment compared to 1-2.5 h colcemid treatment in previous studies) together with the fixation
method between glutaraldehyde and the acid-based fixative could be a reason for the visualization of
obvious ~200 nm periodic features. Chromatin loop arrays in each turn of the scaffold helix in our
chromosome samples could be tightly packed so that we were unable to observe discrete gyres or
spiralized chromosomes. Structure A that we found in this study coincides with the presence of a helical
scaffold with ~200 nm pitch in our previous report (Phengchat et al., 2019). By considering the scaffold
structure (Phengchat et al., 2019) and the results reported here, both structures of the scaffold and
chromatin fibers appear to present the same ~200 nm periodic structure. This suggests that Structure A is
a stack of chromatin loop arrays in each turn of the helical chromosome scaffold. It would be worth
continuing to develop techniques to simultaneously visualize how nucleosome fibers interact with the
chromosome scaffold inside the chromosome.

Previous study had observed a fairly homogenous distribution of chromatin fibers inside a human
metaphase chromosome using an electron micrograph (Harauz et al., 1987). The chromosomes were
prepared from spreads of metaphase lymphocytes on a water surface and absorbed onto TEM grids. The
unfixed chromosomes proceeded to ethanol dehydration and critical point drying and were directly
observed in TEM without metal staining. The electron micrograph of chromatids clearly showed tangled
chromatin fibers that were 30-35 nm in size (Harauz et al., 1987). On the other hand, our ET result
showed chromosomes with 100-200 nm of repeated features along the chromatid length. These features
were arranged almost perpendicular to the chromosome axis. The slice image (Fig. 2d) appears uniform
with no obvious internal structure, At this point, we hypothesize that the fiber-like features are tightly
packed, resulting in extremely low variation in sample mass thickness that in turn makes it impossible for
the interface between the fiber-like features to be detected. Compared with fibrous chromosome structure
as reported in Harauz et al. (Harauz et al., 1987), a factor contributing to the different results would be the
sample preparation, including fixation, dehydration and staining. Aldehyde-based fixatives performed
significantly better in preserving the cellular structure than did organic solvents (Hobro & Smith, 2017).
As the chromosome is mainly composed of proteins, glutaraldehyde fixation cross-linking between amino
acid groups should be able to keep it intact. Dehydration and critical point drying in the previous study
might introduce cavities into the chromosome, allowing individual ca. 30-35 nm chromatin fibers to be
visible. Chen et al. (Chen et al., 2017) provided the information of human prophase chromosome structure
through the observation of resin-embedded B lymphocytes with serial block-face scanning electron
microscopy (SBF-SEM). Despite the presence cavities found inside the chromosomes, chromosomes
were densely packed with more than 90% of chromosome volume was occupied by chromosomal protein-
DNA complex (Chen et al., 2017). In addition, when applied to the unfixed chromosome sample, the
dehydration and drying could possibly caused the chromosome structure to shrink and collapse, so that
the chromosome could be observed even in 100 kV TEM. Besides the difference in fixative and
dehydration, the DAB polymer specifically deposited on DNA in the chromosome was bound by heavy
metal OsOy,, through OsOy, intensification. This procedure specifically enhances the contrast of chromatin
fibers to be observed in TEM. On the other hand, the contrast from the unstained chromosomes in the
previous report (Borland et al., 1988) was due to the structure of both nucleosome fibers and other
chromosomal proteins. The contrast in the entire chromosomes was obvious increased in ChromEM-
stained chromosomes, compared to chromosomes with only OsO, staining (Fig. S3).
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Small-angle X-ray scattering (SAXS) and ultra-SAXS (USAXS) analysis were employed to determine the
existence of periodic structures inside the chromosome (Chicano et al., 2019; Nishino et al., 2012). Data
obtained from both techniques, supporting cryo-EM observations, suggests that human mitotic
chromosomes are composed of irregularly folded nucleosome fibers, rather than 30-nm chromatin fibers
or regular structures in the range of 50-1000 nm (Chicano et al., 2019; Nishino et al., 2012). In this study,
ED was used to detect any periodic structures inside a single chromosome which the orientation of the
chromosome toward the incident electron beam could be managed. Thus, we ensured the presence of
Structure A being 150-200 nm in size in each chromosome. The peaks from Structure A were not as sharp
as those from metal crystal samples because there are only 5-6 periods in the beam irradiated areas and
each piece is not the exact same size. However, the peaks were observed only from the specific direction
which is nearly parallel to the chromosome axis — that is, the structures are nearly perpendicular to the
chromosome axis.

Combining results obtained from ED and ET, it appears that chromatin loop arrays emanating from the
central chromosome scaffold are gathered into stacks with the height comparable to the pitch of the
helical scaffold (100-200 nm).

5. Conclusion

We found that there are 100 to 200 nm periodic features, “Structure A” perpendicular to a chromosome
axis of OsO, labelled samples by ET. Structures with 125 to 150 nm periodic features perpendicular to the
chromosome axis were also observed in an unlabelled isolated chromosome observed by ED. The
structure of the scaffold with similar periodicity was also observed in our previous paper (Phengchat et
al., 2019). It therefore emphasizes the essential role of chromosome scaffold in the mitotic chromosome
formation. This result might be related to other results (Chicano et al., 2019; Daban, 2015; Gibcus et al.,
2018) which showed the fibers or plains along a chromosome axis. We will continue to study both
structures of DNA fibers and scaffold to solve the enduring enigma of the chromosome structure.
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Figure 1 (a) A TEM image of the unlabelled chromosome. The circle represents an area irradiated by an
electron beam for ED. (b) An ED pattern from (a). (¢) Sum of intensity between 0.0033 and 0.1 and nm!
at each angle:a. (d) Line profile along the line at a=144" in (a).

Figure 2 (a) A TEM image of a chromosome labelled with OsO,. (b) Contrast enhanced image of (a). (c)
and (d) Z slice images from the tomogram of the chromosome. (c) is closer to the top surface of the
chromosome and (d) is closer to the bottom surface (Formvar/Carbon film).

Figure 3 (a) A tomogram of a chromosome labelled with OsO,. (b) Contrast enhanced images extracted
from (a). Both images are the same. Lines were drawn in the lower image.

Figure S1

(a) A TEM image of the unlabelled chromosome. The circle represents an area irradiated by an electron
beam for ED. (b) Line profile along the line at a=262° from the diffraction pattern from the circle area in

(a).

Figure S2

(a) A TEM image of the unlabelled chromosome. The circle represents an area irradiated by an electron
beam for ED. (b) Line profile along the line at a=336° from the diffraction pattern from the circle area in

(a).

Fig. S3 ChromEM staining in isolated chromosomes (a) Isolated chromosomes either with or without
DRAQS staining were visualized under optical microscope (40X objective lens) before and after photo-
oxidation. Scale bar =5 um (b) Isolate chromosomes visualized with transmitted light under optical
microscope (100X objective lens) after OsO, intensification. Scale bar =2 pm
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Figure 1 (a) A TEM image of the unlabelled chromosome. The circle represents an area irradiated by an
electron beam for ED. (b) An ED pattern from (a). (c) Sum of intensity between 0.0033 and 0.1 and nm-1 at
each angle:a. (d) Line profile along the line at a=144° in (a).
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Figure 2 (a) A TEM image of a chromosome labelled with 0OsO4. (b) Contrast enhanced image of (a). (c)
and (d) Z slice images from the tomogram of the chromosome. (c) is closer to the top surface of the
chromosome and (d) is closer to the bottom surface (Formvar/Carbon film).
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Figure 3 (@) A tomogram of a chromosome labelled with OsO4. (b) Contrast enhanced images extracted
from (a). Both images are the same. Lines were drawn in the lower image.
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Figure S1 (a) A TEM image of the unlabelled chromosome. The circle represents an area irradiated by an
electron beam for ED. (b) Line profile along the line at a=262° from the diffraction pattern from the circle
area in (a).
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Figure S2 (a) A TEM image of the unlabelled chromosome. The circle represents an area irradiated by an
electron beam for ED. (b) Line profile along the line at a=336° from the diffraction pattern from the circle
area in (a).
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Fig. S3 ChromEM staining in isolated chromosomes (a) Isolated chromosomes either with or without DRAQ5
staining were visualized under optical microscope (40X objective lens) before and after photo-oxidation.
Scale bar = 5 pm (b) Isolate chromosomes visualized with transmitted light under optical microscope (100X
objective lens) after OsO4 intensification. Scale bar = 2 pm
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