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Fold-change of chromatin
condensation in yeast
Is a conserved property
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During mitosis, chromatin is condensed and organized into mitotic chromosomes. Condensation

is critical for genome stability and dynamics, yet the degree of condensation is significantly

different between multicellular and single-cell eukaryotes. What is less clear is whether there is a
minimum degree of chromosome condensation in unicellular eukaryotes. Here, we exploited two-
photon microscopy to analyze chromatin condensation in live and fixed cells, enabling studies of
some organisms that are not readily amenable to genetic modification. This includes the yeasts
Saccharomyces cerevisiae, Schizosaccharomyces pombe, Kluyveromyces lactis, and Candida albicans,
as well as a protist Trypanosoma brucei. We found that mitotic chromosomes in this range of species
are condensed about 1.5-fold relative to interphase chromatin. In addition, we used two-photon
microscopy to reveal that chromatin reorganization in interphase human hepatoma cells infected by
the hepatitis C virus is decondensed compared to uninfected cells, which correlates with the previously
reported viral-induced changes in chromatin dynamics. This work demonstrates the power of two-
photon microscopy to analyze chromatin in a broad range of cell types and conditions, including
non-model single-cell eukaryotes. We suggest that similar condensation levels are an evolutionarily
conserved property in unicellular eukaryotes and important for proper chromosome segregation.
Furthermore, this provides new insights into the process of chromatin condensation during mitosis in
unicellular organisms as well as the response of human cells to viral infection.

The fidelity of chromosome segregation depends on the reorganization of interphase chromatin into compact
mitotic chromosomes. This fundamental property of chromatin ensures the equal separation of the sister chro-
matids during anaphase. Chromosome condensation, an evolutionarily conserved property of cells, is mediated
by the condensin complex, which extrudes chromatin fibers into rosettes in a tidily regulated process'. In
higher eukaryotes, the morphological changes in chromatin structure between interphase and mitosis are visible
due to the significant changes in condensation levels. For example, in human cells, mitotic chromosomes are
about 2000-fold more compact than interphase chromatin®°. However, in microorganisms, small genome and
nuclear size, and low condensation levels make the direct visualization of chromosomes and the measurement
of chromatin compaction levels challenging.

Saccharomyces cerevisiae (budding yeast) has served as an important model organism for the study of chro-
mosome biology. Traditionally, yeast chromosome condensation is studied using mitotic chromosome spreads
of lysed mitotic nuclei. The chromosomes are adhered to a glass slide, stained, and visualized by microscopy’.
However, yeast nuclei and mitotic chromatin are difficult to study using light microscopy because their size is
close to the limit of resolution. A typical image of the 16 chromosomes of a haploid yeast cell appears as a single
mass with a distinctive emerging loop composed of the single rDNA locus (e.g., see®***), which is commonly
used as a biomarker for condensation. Light microscopy of the rDNA is labor-intensive and limited to analyz-
ing the condensation of a single locus. Alternative assays, based on measuring the distance between distinct
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loci on a single chromosome, are not being used extensively'#'*. Furthermore, all of these methods have been
developed for studies of S. cerevisiae, but not all microbial eukaryotes have a distinctive rDNA loop that can be
used as a biomarker for condensation. Thus, adapting current approaches to the study of chromosome biology
in distantly related species is arduous and depends on the availability of molecular tools for the detection of
specific chromosomal regions.

Recently, we developed two-photon microscopy to induce second harmonic generation (SHG) in chromatin to
measure condensation in live yeast'®. SHG is a physical phenomenon in which excitation of isotropic molecules,
such as chromatin with two consecutive photons, results in autofluorescence, with fluorescence emissions being
proportional to the microstructure of the molecule, such that differences in chromatin condensation levels are
detectable!”'8. Using this method, we characterized changes in S. cerevisiae chromatin condensation as a function
of the cell cycle phase or a response to genetic manipulations of cohesin or condensin. We found that mitotic
chromosomes in S. cerevisiae are ~ 1.5-fold more compact than interphase chromatin, which stands in agreement
with previous measurements®!+161,

A critical step for measuring chromatin width is the precise focusing of the excitation laser on the chroma-
tin; the emission signal must be collected quickly, as excitation rapidly heats the cells and damages them. To
overcome the challenge of achieving accurate focus on chromatin in live cells with unlabeled nuclei, we focused
on a fluorescently-tagged histone as a marker'é. This required the expression of foreign DNA constructs in cells
and thus the ability to perform DNA transformation. This process is complex, time-consuming, and not feasible
with many non-model organisms, which was a limitation of the method.

Here, we expanded the repertoire of species and cell types for which two-photon microscopy can be used to
study chromosome organization, and we developed methods to measure chromatin condensation in fixed, as well
as live, cells. We modified the technique to accommodate fixed cells in which the chromosomes and chromatin
DNA can be stained rather than detected with recombinant fluorescent proteins. We compared measurements in
fixed S. cerevisiae cells relative to prior measurements in live cells and found that the fold change between mitosis
and interphase is similar. Furthermore, we extended the analysis to other species and found that the degree of
compaction is evolutionarily conserved between yeasts and trypanosomes. Finally, we demonstrated that the
infection of human hepatoma cells with the hepatitis C virus (HCV) induces interphase chromatin decondensa-
tion. Thus, the two-photon microscopy approach to measuring chromatin condensation in microbial eukaryotes
works across a broad swath of diverse organisms and reveals new information on chromatin dynamics.

Materials and methods

Yeast strains and growth. Yeast strains are listed in Supplementary Table S1. Cells (S. cerevisiae, S. pombe,
K. lactis, C. albicans) were grown in YPD supplemented with 2% glucose at 30 °C. For repression of pTETR-
SMC2 in C. albicans®, overnight cell culture was diluted to ODgq, 0.1 in YPD supplemented with 50 ug/ml doxy-
cycline (Sigma-Aldrich) and grown to mid-log phase. Although SMC2 is essential for cell viability, C. albicans
cells grown in the presence of tetracycline do not die because repression of the tet promoter is not complete or
takes a long time to be achieved.

Preparation of yeast cells for microscopy. Live-cell imaging is described in'®?'?? with the follow-
ing modifications for analyzing fixed cells. Cells were grown to midlog phase and fixed in 4% paraformalde-
hyde (Sigma-Aldrich) for 15 min at room temperature. Cells were washed once in 0.1 M KPO, 1.2 M sorbitol,
placed on a polylysine adhesion slide (Electron Microscopy Sciences), and allowed to adhere for 40 min. Slides
were rehydrated via three 5 min washes with 1xPBS (Biological Industries). Slides were stained with mounting
medium including DAPI (Sigma-Aldrich), covered with a coverslip (Kaltek), and sealed with clear nail pol-
ish. Live cell nuclei staining was done by adding 0.02 mM Hoechst33342 (Invitrogen) to mid-log cell culture
for 30 min. Cells were collected by centrifugation, washed three times with 1xPBS (Biological Industries), and
placed on a polylysine adhesion slide (Electron Microscopy Sciences) covered with a coverslip (Kaltek).

Trypanosome growth and fixation.  Trypanosoma brucei brucei Procyclic form (PF) strain 29-13 cells®®
were grown at 28 °C in BECK’s medium, supplemented with 10% fetal bovine serum, 15 pg/ml G418, and
50 pg/ml hygromycin. The 1x 107 cells were fixed with 6% paraformaldehyde, spread on a polylysine adhesion
microscope slide (Electron Microscopy Sciences), stained with DAPI (Thermo Fisher Scientific), covered with a
coverslip (Kaltek), and sealed with clear nail polish.

HCV infection of hepatoma cells. Growth and infection of Huh-7.5 cells with HCV were carried out
as described in?*. Briefly, cells were infected with the HJ3-5 chimeric virus at an MOI of 0.1-0.5 and passaged
for two weeks until approximately 100% of the cells were HCV positive, as previously described®*. High infec-
tion levels were maintained for two weeks by adding 2% human serum to the culture medium, as previously
described. HCV-infected and uninfected cells were washed twice with trypsin EDTA Solution B (Biological
Industries), spread onto a polylysine adhesion microscope slide (Electron Microscopy Sciences), and incubated
for two hours at 37 °C. The cells were fixed in methyl alcohol/acetone for 10 min at room temperature. The
slides were then stained with mounting medium, including DAPI (Sigma-Aldrich), and covered with a coverslip
(Kaltek).

Microscopy and image analysis. All types of cells were analyzed through a Zeiss LSM 780 Confocal
inverted modular microscope, using a multiphoton Chameleon Vision II laser (Chameleon laser:>3 W, pulse
width at peak: 140-fs duration, repetition rate: 80 MHz, tuning range: 690-1080 nm), with a lambda PMT being
used in 8.9 nm steps to simultaneously identify all of the wavelengths in the spectrum. The slides were covered
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with immersion oil and visualized with x 63 objective lenses, 1.4 n/a. Focus on the chromatin was accomplished
by excitation/emission at 405/498 nm and followed by image analysis. Nuclei were excited by a 140 fs pulse laser
at various excitation and power levels, as follows: S.cerevisiae, K. lactis, and C. albicans: 768 nm, 0.5%; S. pombe:
768 nm, 0.9%; T. brucei: 840 nm, 0.9%; Huh-7.5: 832 nm, 0.9%, where emissions were collected between 414 and
628 nm in 8.9 nm steps. Quantitation of the integrated density and the circumference of the nucleus was carried
out by using Image] software, as described in'®. At least 20 cells were sampled in each experiment. Statistical dif-
ference was tested using a Student’s two-tailed t-test.

Results

Measuring mitotic chromosome condensation in live S. pombe cells. To extend the utility of
two-photon microscopy beyond the analysis of chromosome condensation in live S. cerevisiae cells'®, we first
investigated the chromatin organization of live S. pombe cells. We grew yI0984, a strain expressing two fluores-
cently labeled proteins. Cdcl1 encoded the septation initiation network scaffold protein, which localized to the
spindle pole body and fused to GFP. The histone H3 gene, Hhtl, which localized to nuclear chromatin, fused to
mCherry. Strain yI0984 was grown to mid-log phase, and cell cycle staging of individual cells was determined
based on the nuclear localization of Cdcl1 (Supplementary Fig. S1).

Chromatin compaction of cells in G1/S, metaphase, and anaphase B was analyzed by dividing the integrated
density of the chromatin signal by the nucleus circumference (Fig. 1A)'. Importantly, the condensation level,
measured by two-photon microscopy, is independent of nuclear size. This allows comparison between cells
regardless of their nuclear dimensions, which can vary between cell cycle stages and species. Chromosomes in
metaphase and anaphase B were 1.435- and 1.369-fold more condensed, respectively, than chromatin at G1/S
(Fig. 1A). Of note, the condensation level of S. pombe is similar to the condensation level previously reported in
S. pombe (1.53- to 1.84-fold)" and S. cerevisiae (1.5- to 2-fold)*'*'°. These results demonstrate that determining
chromatin compaction by two-photon microscopy can be applied to yeasts other than S. cerevisiae.

Analyzing chromatin condensation in fixed cells.  One of the limitations of the technique we describe
is the need to achieve a precise focus on chromatin. Using live cells, this requirement is achieved using fluores-
cently-tagged histone proteins. However, fluorescent tagging is time-consuming, at best, and not possible at all
in many non-model organisms. To overcome this limitation, we tested a different approach. S. cerevisiae cells,
strain yIO-001, were grown to mid-log phase and stained with Hoechst33342. Condensation was then analyzed
in G1- and G2/M-phase cells, which were selected based on their morphology. The fold-condensation between
G1 and G2/M cells was1.617 (Fig. 1B), which was similar to the 1.393-fold change we detected in live cell analysis
of cells expressing GFP-tagged histone H2B'®.

We modified the two-photon microscopy method so we could study fixed cells by focusing on nuclear chro-
matin stained with DAPI. To explore the feasibility of this technique, we grew S. cerevisiae cells to mid-log phase
and then fixed and stained them with DAPI (see “Materials and methods” section). We focused on the DAPI-
stained nuclei and analyzed chromatin condensation by two-photon microscopy. To avoid collecting DAPI
emission background, we performed the analysis with laser excitation at 768 nm, and emission was collected
at 512 nm. Under these conditions, the change in chromatin condensation in S. cerevisiae fixed cells was 1.374-
fold (Fig. 1C) between G1 and G2/M cells, which is similar to the 1.393-fold difference in live cells'®. Next, we
used the same conditions to analyze fixed S. pombe. In this experiment, we used cell morphology to differentiate
between G1 and metaphase cells, which resulted in a 1.317-fold change, similar to the observed G1 to metaphase
change in live cells (Fig. 1D). Thus, two-photon microscopy provides evidence of similar mitotic chromosome
compaction in fixed as well as in live cells.

The chromatin condensation level in yeast is a conserved property. Omitting the need to geneti-
cally manipulate strains for our study enabled our ability to analyze cell cycle-dependent chromatin condensa-
tion in a broader range of yeast species. Hence, we grew the industrial yeast K. lactis and the pathogenic yeast C.
albicans to mid-log phase, fixed and stained the cells with DAP]I, identified G1- or G2/M-phase cells based on
their morphology and DAPI localization, and analyzed chromatin condensation with SGH microscopy (Sup-
plementary Fig. S2). The chromatin compaction in the G2/M phase relative to the G1 phase was 1.526-fold
in K. lactis and 1.469-fold in C. albicans (Fig. 2A, B). Since the condensation level measured by two-photon
microscopy is independent of nuclear size, similar degrees of condensation in these yeast species suggest that the
condensation level is an evolutionarily conserved property (Fig. 2C).

Decondensation induced by depletion of the condensin subunit Smc2 in C. albicans. In eukar-
yotic cells, the condensin complex is crucial for mitotic chromosome condensation®*!!. Accordingly, depletion
of condensin in S. cerevisiae results in decondensation that can be detected by two-photon microscopy'®. To ask
if condensin defects affect chromatin condensation in another yeast, we used C. albicans strain Y30, in which
expression of the condensin SMC2 subunit is expressed at levels higher than the native protein and is repressed
if tetracycline or doxycycline is added.

SMC2 is a gene essential for cell viability. UMN7150 (wild-type) and Y30 (homozygous PTET-SMC2) cells
were grown to saturation, and their growth was assessed. Stains grow equally well on YPD plates on which SMC2
expression is induced in Y30 cells. On YPD plates containing 50 ug/ml doxycycline, cell growth was 100-1000-
fold slower than wild-type cells (Supplementary Fig. S4). This result suggests that SMC2 is not fully repressed
in these cells.

Strain Y30 cells were grown to mid-log phase in the presence or absence of doxycycline and fixed. G2/M
phase cells were selected based on their morphology and analyzed via two-photon microscopy. The degree of
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Figure 1. Measurement of chromosome compaction in live and fixed yeast. (A) Cells were grown to mid-log
phase and analyzed via two-photon microscopy. Cells in G1/S, metaphase, and anaphase B were selected for
live-cell analysis based on morphology and localization of the Cdc11-GFP (as shown in Supplementary Figure
S1). 20 nuclei from each cell cycle phase were analyzed. *** p <0.0001. n.s.—not significant. (B) S. cerevisiae
cells were grown to mid-log phase and stained with Hoechst33342. The cell cycle phase was determined by cell
morphology. Chromatin was analyzed via two-photon microscopy. 28 nuclei were analyzed from each cell cycle
phase. ** p<0.001. (C) S. cerevisiae cells were grown to mid-log phase, fixed, and stained with DAPI. The cell
cycle phase was determined by cell morphology. Chromatin was analyzed via two-photon microscopy. 25 nuclei
were analyzed from each cell cycle phase. **** p <0.0001. (D) S. pombe cells were grown to mid-log phase, fixed,
and stained with DAPI. The cell cycle phase was determined by cell morphology. Chromatin was analyzed via
two-photon microscopy. 27 nuclei were analyzed from each cell cycle phase. **** p <0.0001.

chromatin condensation in tetracycline-treated, Smc2-depleted, G2/M cells was ~ 1.22-fold less relative to that
for untreated cells. Thus, as expected, based on the inferred function of condensin, reduced expression of SMC2
results in chromatin decondensation (Fig. 2D).

Analysis of mitotic condensation in trypanosomes. The ability to analyze chromatin condensation
in fixed cells inspired us to conduct SHG analyses on other microorganisms, including protists. In particular, we
studied T. brucei brucei, which is the unicellular eukaryotic non-human parasite, primarily of cattle and occa-
sionally other animals. T. brucei cells contain a nucleus and a single mitochondrion (kinetoplast) and the cell-
cycle state can be determined by kinetoplast duplication, which is synchronized with nuclear DNA replication
and can be inferred by kinetoplast localization relative to the nucleus (** and Supplementary Fig. S3). Through
two-photon microscopy analysis of fixed T. brucei cells in both the G1 and G2/M phases of the cell cycle, we
found that the integrated density/circumference of G2/M-phase cells was ~ 1.2-fold greater than G1-phase cells
(Fig. 3). The difference in condensation levels between yeast and trypanosome may indicate a lower condensa-
tion in trypanosome. However, it may also not reflect the full compaction of the chromatin in mitosis, as dis-
cussed below.
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Figure 2. Analysis of chromosome compaction in different yeast cells. (A) K. lactis cells were grown, fixed,
and stained with DAPI. 25 nuclei were analyzed from each cell cycle phase. **** p <0.0001. (B) C. albicans
cells were fixed and stained with DAPI. 30 nuclei were analyzed from each cell cycle phase. **** p<0.0001.
(C) Fold-compaction of chromatin in G2/M phase relative to G1 phase for yeast species is indicated. 25 nuclei
were analyzed from each cell cycle phase. (D) C. albicans cells of strain Y30 (Ptet-SMC2) were grown to mid-
log phase without and with doxycycline, fixed, and stained with DAPI. G2/M phase cells were selected based
on morphology and analyzed via two-photon microscopy. 30 nuclei were analyzed from each condition. ****
p<0.0001.

HCV induces decondensation in hepatoma cells. As larger chromosomes can be visualized directly,
indirect fluorescence measurement is less critical for analyzing chromatin condensation in higher eukaryotic
cells. Nonetheless, spectroscopic analysis of interphase chromatin in higher eukaryotes can offer a new approach
to measuring subtle changes in chromatin organization induced by cellular factors or environmental conditions.
We previously found that hepatitis C viral infection of human hepatoma cells is associated with the misregula-
tion of cohesin in interphase®’. As in yeasts, in mammalian cells, cohesin is a key factor in interphase chromatin
organization®?. Thus, we hypothesized that HCV-dependent misregulation of cohesin might lead to changes
in chromatin organization in infected cells.

By using two-photon microscopy to analyze hepatoma Huh-7.5 cells that were, or were not, infected with
HCYV, we found that nearly 100% of the infected cells were HCV-positive at fourteen days post-infection. These
cells were resuspended by trypsinization, fixed, and stained with DAPI. The integrated density/circumference
of the HCV-infected cells was ~ 1.3-fold less than uninfected cells (Fig. 4). Thus, interphase chromatin in HCV-
infected cells is ~ 30% less condensed than in uninfected cells. These results are consistent with the massive
upregulation of gene expression following infection, resulting in chromatin reorganization in interphase**°.
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Figure 3. Analysis of chromosome compaction in T. brucei. 1x 107 cells were fixed, stained with DAPI,
and analyzed via two-photon microscopy. The cell cycle stage of the cells was determined by the number of
kinetoplasts and their localization with respect to the nucleus. 25 nuclei were analyzed from each cell cycle
phase. *** p<0.0003.
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Figure 4. HCV decondense interphase chromatin in infected cells. Huh-7.5 cells were grown untreated or
infected with HCV. Cells were processed for two-photon microscopy and analyzed. 30 nuclei were analyzed
from each cell cycle phase. *** p<0.0001.

Discussion

Here, we analyzed the degree of chromatin condensation in mitosis relative to interphase using two-photon
microscopy applied to a broad range of live and fixed eukaryotic cells, including other types of yeast, protozoa,
and uninfected as well as virus-infected mammalian cells. This illustrates the utility of two-photon microscopy as
a general technique for analyzing chromatin organization in cell types ranging from simple unicellular eukaryotes
to mammalian cells. The method is sensitive enough to detect changes of 1.2-fold in condensing mutants and can
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be applied to non-model organisms for a better understanding of mitotic chromosome dynamics. Importantly,
in the unicellular eukaryotes tested, the level of mitotic condensation relative to interphase chromatin is similar,
ranging in this study from 1.2- to 1.6-fold in comparison with interphase chromatin.

The four types of yeast analyzed here (S. cerevisiae, S. pombe, K. lactis, and C. albicans) belong to different
phylogenetic branches of the ascomycete phylum of fungi and have diverse genome sizes (12-18 Mb) and num-
bers of chromosomes (3 haploid chromosomes in S. pombe to 6, 8, and 16 chromosomes in K. lactis, C. albicans,
and S. cerevisiae, respectively) (Supplementary Table 2). However, relative to interphase chromatin, the mitotic
condensation level in all of the yeast cells was similar, ranging from 1.393- to 1.526-fold (S. cerevisiae and K.
lactis, respectively). These findings suggest that the degree of chromosome condensation in yeast is a conserved
property.

When we depleted condensin in mitotic C. albicans, chromatin decondensed by ~ 1.3-fold in comparison with
interphase chromatin'®. This was similar to the fold-change decondensation seen when condensin was depleted
in S. cerevisiae. The differences between these measurements are likely due to the experimental approaches that
resulted in different levels of residual condensin in cells. Depletion of the S. cerevisiae BRN1 condensin subunit
was accomplished using an auxin-induced degron that leads to undetectable levels of the protein in Western blot
analysis. By contrast, repression of the PTET promoter that was used to suppress C. albicans SMC2 proved to be
leaky, with cells containing residual levels of condensin that support partial organization of mitotic chromosomes.

We also analyzed chromatin condensation in a protozoan, T. brucei and found the G2/M phase to be~1.2-
fold more condensed than the G1 phase. While the degree of condensation appeared to be somewhat lower for
T. brucei than for yeast, we suspect that measurements of 1.2-fold in T. brucei were biased by two explanations
that are not mutually exclusive. First, it is more difficult to determine the cell cycle phase in trypanosomes than
in yeast because early and late G2 cells cannot be differentiated based on kinetoplast localization. As a conse-
quence, we believe that the sample of G2/M cells may have been biased toward early G2 and, thus, preceded
significant mitotic condensation, which begins primarily in late G2 and during the entry into mitosis. Second,
the T. brucei genome is highly complex compared to yeast genomes, being composed of 120 mitotically stable
chromosomes, which are divided into three size classes: 11 pairs of megabase chromosomes (0.9-5.7 Mb), 2-4
pairs of intermediate chromosomes (300-900 kb), and ~ 100 minichromosomes (50-100 kb)*!. We cannot exclude
the possibility that different chromosomal size classes may differ in their condensation levels and interfere with
the homogeneity of the measurement. One or both of these possibilities could have increased the heterogeneity
of the analysis, which was reflected in a reduced fold-change in the mitotic condensation level relative to inter-
phase. This similar degree of mitotic condensation in unicellular eukaryotes suggests that low-fold condensation
is sufficient for the proper segregation of these relatively small chromosomes.

HCV, an RNA virus that infects hepatoma cells, is associated with hepatic fibrosis and the development of
hepatocellular carcinoma. While the HCV life cycle ensues in the host cell’s cytoplasm, HCV affects host nuclear
gene expression. Here, we found that HCV induces decompaction of interphase chromatin by ~0.78-fold, a
degree of change that is consistent with virally-induced transcriptional changes. Furthermore, HCV infection
affects cohesin localization at gene promoters***?, leading to the hypothesis that altered cohesin localization may
be associated with the reorganization of the host genome. Cohesin, together with CTCF plays a major role in the
formation of topologically associated domains (TADs), as well as in intra-TAD interactions. In addition, recent
studies have found that condensin regulates gene expression®>*. The chromatin decondensation that accompa-
nies HCV infection, as seen here, is consistent with the idea that HCV-induced changes in cohesin localization
are due to major changes in TAD formation and inter-TAD interaction in the host cell genome which would
most likely alter chromatin structure.

In conclusion, two-photon microscopy is an excellent approach for studying chromatin organization in a
broad range of cell types and biological conditions. In this work, we utilized it to examine the relation between
chromatin condensation levels and genome stability and dynamics. It is likely to be useful for the study of chro-
matin changes in non-model microorganisms to explore their response to different environmental conditions
such as temperature, salt, or heavy metals.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author upon
reasonable request.

Received: 4 May 2022; Accepted: 13 October 2022
Published online: 17 October 2022

References
1. Ganji, M. et al. Real-time imaging of DNA loop extrusion by condensin. Science 360, 102-105. https://doi.org/10.1126/science.
aar7831 (2018).
2. Goloborodko, A., Imakaev, M. V., Marko, J. E & Mirny, L. Compaction and segregation of sister chromatids via active loop extru-
sion. Elife 5, €14864. https://doi.org/10.7554/eLife.14864 (2016).
3. Hirano, T., Kobayashi, R. & Hirano, M. Condensins, chromosome condensation protein complexes containing XCAP-C, XCAP-E
and a xenopus homolog of the drosophila barren protein. Cell 89, 511-521 (1997).
4. Onn, I, Aono, N., Hirano, M. & Hirano, T. Reconstitution and subunit geometry of human condensin complexes. EMBO J. 26,
1024-1034. https://doi.org/10.1038/sj.embo;j.7601562 (2007).
5. Antonin, W. & Neumann, H. Chromosome condensation and decondensation during mitosis. Curr. Opin. Cell Biol. 40, 15-22.
https://doi.org/10.1016/j.ceb.2016.01.013 (2016).
. LW, S. Introduction to Cytology. McGraw-Hill Book Company, Inc. (1934).
7. Barnicot, N. A. A study of newt mitotic chromosomes by negative staining. J. Cell Biol. 32, 585-603. https://doi.org/10.1083/jcb.
32.3.585 (1967).

(=2}

Scientific Reports |

(2022) 12:17393 | https://doi.org/10.1038/s41598-022-22340-8 nature portfolio


https://doi.org/10.1126/science.aar7831
https://doi.org/10.1126/science.aar7831
https://doi.org/10.7554/eLife.14864
https://doi.org/10.1038/sj.emboj.7601562
https://doi.org/10.1016/j.ceb.2016.01.013
https://doi.org/10.1083/jcb.32.3.585
https://doi.org/10.1083/jcb.32.3.585

www.nature.com/scientificreports/

8. Boginya, A., Detroja, R., Matityahu, A., Frenkel-Morgenstern, M. & Onn, I. The chromatin remodeler Chd1 regulates cohesin in
budding yeast and humans. Sci. Rep. 9, 8929. https://doi.org/10.1038/s41598-019-45263-3 (2019).
9. Guacci, V., Hogan, E. & Koshland, D. Chromosome condensation and sister chromatid pairing in budding yeast. J. Cell Biol. 125,

517-530. https://doi.org/10.1083/jcb.125.3.517 (1994).

10. Lavoie, B. D., Hogan, E. & Koshland, D. In vivo dissection of the chromosome condensation machinery: Reversibility of condensa-
tion distinguishes contributions of condensin and cohesin. J. Cell Biol. 156, 805-815. https://doi.org/10.1083/jcb.200109056 (2002).

11. Lavoie, B. D, Tuffo, K. M., Oh, S., Koshland, D. & Holm, C. Mitotic chromosome condensation requires Brn1p, the yeast homologue
of Barren. Mol. Biol. Cell 11, 1293-1304. https://doi.org/10.1091/mbc.11.4.1293 (2000).

12. Orgil, O. et al. A conserved domain in the scc3 subunit of cohesin mediates the interaction with both mcd1 and the cohesin loader
complex. PLoS Genet 11, e1005036. https://doi.org/10.1371/journal.pgen.1005036 (2015).

13. Paul, M. R, Hochwagen, A. & Ercan, S. Condensin action and compaction. Curr. Genet. 65, 407-415. https://doi.org/10.1007/
500294-018-0899-4 (2019).

14. Vas, A. C., Andrews, C. A., Kirkland Matesky, K. & Clarke, D. J. In vivo analysis of chromosome condensation in Saccharomyces
cerevisiae. Mol. Biol. Cell 18, 557-568. https://doi.org/10.1091/mbc.e06-05-0454 (2007).

15. Petrova, B. et al. Quantitative analysis of chromosome condensation in fission yeast. Mol. Cell Biol. 33, 984-998. https://doi.org/
10.1128/MCB.01400-12 (2013).

16. Yamin, K., Assa, M., Matityahu, A. & Onn, I. Analyzing chromosome condensation in yeast by second-harmonic generation
microscopy. Curr. Genet. 66, 437-443. https://doi.org/10.1007/500294-019-01034-1 (2020).

17. Fine, S. & Hansen, W. P. Optical second harmonic generation in biological systems. Appl. Opt. 10, 2350-2353. https://doi.org/10.
1364/A0.10.002350 (1971).

18. Rehberg, M., Krombach, E, Pohl, U. & Dietzel, S. Label-free 3D visualization of cellular and tissue structures in intact muscle with
second and third harmonic generation microscopy. PLoS ONE 6, €28237. https://doi.org/10.1371/journal.pone.0028237 (2011).

19. Kruitwagen, T., Denoth-Lippuner, A., Wilkins, B. J., Neumann, H. & Barral, Y. Axial contraction and short-range compaction of
chromatin synergistically promote mitotic chromosome condensation. Elife 4, 1039. https://doi.org/10.7554/eLife.10396 (2015).

20. Bijlani, S., Nahar, A. S. & Ganesan, K. Improved Tet-On and Tet-Off systems for tetracycline-regulated expression of genes in
Candida. Curr. Genet. 64, 303-316. https://doi.org/10.1007/s00294-017-0720-9 (2018).

21. Liu, W. et al. Monomeric cohesin state revealed by live-cell single-molecule spectroscopy. EMBO Rep. 21, e48211. https://doi.org/
10.15252/embr.201948211 (2020).

22. Pathania, A., Liu, W,, Matityahu, A., Irudayaraj, J. & Onn, I. Chromosome loading of cohesin depends on conserved residues in
Scc3. Curr. Genet. 67, 447-459. https://doi.org/10.1007/500294-020-01150-3 (2021).

23. Wirtz, E.,, Hoek, M. & Cross, G. A. M. Regulated processive transcription of chromatin by T7 RNA polymerase in trypanosoma
brucei. Nucleic Acids Res. 26, 4626-4634. https://doi.org/10.1093/nar/26.20.4626 (1998).

24. Perez, S. et al. Dysregulation of the cohesin subunit RAD21 by hepatitis C virus mediates host-virus interactions. Nucleic Acids
Res. 47, 2455-2471. https://doi.org/10.1093/nar/gkz052 (2019).

25. Gluenz, E., Povelones, M. L., Englund, P. T. & Gull, K. The kinetoplast duplication cycle in trypanosoma brucei is orchestrated by
cytoskeleton-mediated cell morphogenesis. Mol. Cell Biol. 31, 1012-1021. https://doi.org/10.1128/MCB.01176-10 (2011).

26. Michaelis, C., Ciosk, R. & Nasmyth, K. Cohesins: Chromosomal proteins that prevent premature separation of sister chromatids.
Cell 91, 35-45. https://doi.org/10.1016/50092-8674(01)80007-6 (1997).

27. Losada, A., Hirano, M. & Hirano, T. Identification of xenopus SMC protein complexes required for sister chromatid cohesion.
Genes. Dev. 12, 1986-1997. https://doi.org/10.1101/gad.12.13.1986 (1998).

28. Matityahu, A. & Onn, I. Hit the brakes—a new perspective on the loop extrusion mechanism of cohesin and other SMC complexes.
J. Cell Sci. 134, jcs247577. https://doi.org/10.1242/jcs.247577 (2021).

29. Onn, I, Heidinger-Pauli, J. M., Guacci, V., Unal, E. & Koshland, D. E. Sister chromatid cohesion: A simple concept with a complex
reality. Annu. Rev. Cell Dev. Bio. 24, 105-129. https://doi.org/10.1146/annurev.cellbio.24.110707.175350 (2008).

30. Perez, S. et al. Hepatitis C virus leaves an epigenetic signature post cure of infection by direct-acting antivirals. PLoS Genet. 15,
€1008181. https://doi.org/10.1371/journal.pgen.1008181 (2019).

31. Jackson, A. P. et al. The genome sequence of trypanosoma brucei gambiense, causative agent of chronic human African trypano-
somiasis. PLoS Negl. Trop. Dis. 4, €658. https://doi.org/10.1371/journal.pntd.0000658 (2010).

32. Lancaster, L., Patel, H., Kelly, G. & Uhlmann, E. A role for condensin in mediating transcriptional adaptation to environmental
stimuli. Life Sci. Alliance 4, €202000961. https://doi.org/10.26508/1sa.202000961 (2021).

33. Rivosecchi, J. et al. RNA polymerase backtracking results in the accumulation of fission yeast condensin at active genes. Life Sci
Alliance 4, €202101046. https://doi.org/10.26508/1sa.202101046 (2021).

Acknowledgements

Katreena Yamin performed this study as partial fulfillment of the requirements for a Ph.D. degree in the Azrieli
Faculty of Medicine, Bar-Ilan University. We would like to thank Pascal Bernard for sharing S. pombe strains and
productive discussions, Yehuda Tzfati for sharing K. lactis, Michael Assa for his technical support with micros-
copy, Basem Hijazi for his help with statistics, and K. Ganesan for providing the cassette to create pTETR-SMC2
strain. Thanks, too, to our editor, Steve Spencer. This work was supported by grants from the Israel Science Foun-
dation, No. 987/19 (I0) and No. 1880/19 (JS), and a by a grant from the Israel Cancer Association, 20221266 (1O).

Author contributions

K.Y. did the experiments and analyzed the data. S.B., constructed and tested Ca strains. A.S. constructed Tbb
strains and grow the cells. B.M.B,, did yeast-related control experiments. M.W. infected cells with HCV. A.M. con-
structed Sc strains and assisted in all experiments and data analysis. | experiments J.B., ].S., MGT supervised Ca,
Tbb and HCV experiments, relatively. I.O. conceived the study, designed and supervised all the experiments and
data analysis. K.Y. and I.O. prepared the figures J.B. and I.O. wrote the text. All authors reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/s41598-022-22340-8.

Correspondence and requests for materials should be addressed to I.O.

Scientific Reports |

(2022) 12:17393 | https://doi.org/10.1038/s41598-022-22340-8 nature portfolio


https://doi.org/10.1038/s41598-019-45263-3
https://doi.org/10.1083/jcb.125.3.517
https://doi.org/10.1083/jcb.200109056
https://doi.org/10.1091/mbc.11.4.1293
https://doi.org/10.1371/journal.pgen.1005036
https://doi.org/10.1007/s00294-018-0899-4
https://doi.org/10.1007/s00294-018-0899-4
https://doi.org/10.1091/mbc.e06-05-0454
https://doi.org/10.1128/MCB.01400-12
https://doi.org/10.1128/MCB.01400-12
https://doi.org/10.1007/s00294-019-01034-1
https://doi.org/10.1364/AO.10.002350
https://doi.org/10.1364/AO.10.002350
https://doi.org/10.1371/journal.pone.0028237
https://doi.org/10.7554/eLife.10396
https://doi.org/10.1007/s00294-017-0720-9
https://doi.org/10.15252/embr.201948211
https://doi.org/10.15252/embr.201948211
https://doi.org/10.1007/s00294-020-01150-3
https://doi.org/10.1093/nar/26.20.4626
https://doi.org/10.1093/nar/gkz052
https://doi.org/10.1128/MCB.01176-10
https://doi.org/10.1016/s0092-8674(01)80007-6
https://doi.org/10.1101/gad.12.13.1986
https://doi.org/10.1242/jcs.247577
https://doi.org/10.1146/annurev.cellbio.24.110707.175350
https://doi.org/10.1371/journal.pgen.1008181
https://doi.org/10.1371/journal.pntd.0000658
https://doi.org/10.26508/lsa.202000961
https://doi.org/10.26508/lsa.202101046
https://doi.org/10.1038/s41598-022-22340-8
https://doi.org/10.1038/s41598-022-22340-8

www.nature.com/scientificreports/

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |  (2022)12:17393 | https://doi.org/10.1038/s41598-022-22340-8 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Fold-change of chromatin condensation in yeast is a conserved property
	Materials and methods
	Yeast strains and growth. 
	Preparation of yeast cells for microscopy. 
	Trypanosome growth and fixation. 
	HCV infection of hepatoma cells. 
	Microscopy and image analysis. 

	Results
	Measuring mitotic chromosome condensation in live S. pombe cells. 
	Analyzing chromatin condensation in fixed cells. 
	The chromatin condensation level in yeast is a conserved property. 
	Decondensation induced by depletion of the condensin subunit Smc2 in C. albicans. 
	Analysis of mitotic condensation in trypanosomes. 
	HCV induces decondensation in hepatoma cells. 

	Discussion
	References
	Acknowledgements


