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Abstract:

DNA replication is a fundamental process necessary for the growth and
development of all living organisms. Genetic information is replicated during the S
phase of the cell cycle. The whole process is under strict control to ensure that
replication takes place only once per the cell cycle. DNA replication has been
intensively studied in yeast and animals. Unfortunately, information about the
replication process in plants is still limited.

The present thesis is focused on replication in seven economically important
crop species belong to the Poaceae family, which differ in many characteristics such
as genome size, repetitive DNA sequences content, and their genome organization,
number, and morphology of chromosomes, and chromosome orientation in
interphase nuclei. Previous studies were based on the use of 5-Bromo-2'-
deoxyuridine (BrdU) to visualize the genome region which undergoes DNA
replication. This thymidine analog incorporates into the newly synthesized DNA
strand during replication. Its visualization is time-consuming and requires DNA
denaturation and specific antibodies that bind to BrdU. In the framework of this
thesis, usage 5-Ethynyl-2'-deoxyuridine (EdU) was optimized. EdU is also
incorporated into the newly synthesized DNA strand and visualized using
fluorochrome(s) without the denaturation step. Fluorochrome labeling made it

possible to distinguished nuclei that pass the cell cycle. EAU labeling followed by
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flow cytometry analysis then enables to study course of the DNA replication process,
and in combination with flow sorting of nuclei representing different phases of the
cell cycle played this approach a key role in the present study. Cell nuclei
representing G1, G2, and early, middle, and late S phase were used for three-
dimensional fluorescent in situ hybridization (3D FISH), which allowed visualization
of telomeric replicating regions together with specific immunolabeling (3D) of
centromere regions with the aim to study their replication timing. At the same time,
3D analysis of the spatial arrangement of specific DNA regions (centromere,
telomere) at different stages of the plant cell cycle was analyzed.

Detailed analysis of chromatin structure is influenced by the denaturation step
during visualization of DNA sequences localized using a standard FISH approach,
which can alter the native structure of the chromatin. Within the framework of this
thesis, we focused on an alternative, recently described CRISPR-Cas9 method, which
enables fluorescent visualization of specific DNA sequences without denaturation.
The method, called RGEN-ISL (Ishi ef al., 2019), has been successfully optimized
for maize Knob repeat, and a new approach allowing the simultaneous and specific
visualization of proteins, DNA repeat, and sites of DNA replication in situ has been

developed.
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Abstrakt:

Replikace DNA je proces nezbytny pro rlst a vyvoj vSech zivych organismii.
Geneticka informace je replikovana v pribéhu S faze bunééného cyklu. Cely proces
probiha pod pfisnou kontrolou, aby k replikaci doSlo pouze jednou v prubéhu
bunécéného cyklu. Dosud byl proces replikace DNA intenzivné studovan u kvasinek a
zivocisnych bunék, u rostlin byl tento proces podrobné popsan teprve nedavno, a to u
dvou druht s velmi malym a stfedné velkym genomem — Arabidopsis thaliana a Zea
mays. Informace o prabé&hu replikace rostlin, pfedev§im téch s velkym genomem,
jsou tak stale pfedmétem studia.

Predkladana diserta¢ni prace je zaméfena na studium DNA replikace u sedmi
vybranych rostlin, které¢ se fadi do Celedi lipnicovité (Poaceae), a které se lisi v
mnoha vlastnostech, at’ uz se jedna o velikost genomu, mnoZzstvi repetitivnich
sekvenci DNA a jejich organizaci v genomu, pocet a morfologie chromozémi ¢i
replikace 5-Bromo-2'-deoxyuridine (BrdU). Tento analog tymidinu, inkorporujici se
v pribéhu replikace do nov€ vznikajiciho vlakna DNA, je mozné vizualizovat
pouzitim specifickych protilatek, které¢ se na BrdU navazuji. Vizualizace BrdU vSak
vyzaduje denaturacni krok, ktery negativné ovliviiuje strukturu chromatinu.
V pribéhu doktorské prace byl pro analyzu pribehu replikace vyuziti tymidinovy
analog 5-Ethynyl-2'-deoxyuridine (EdU), ktery se stejn¢ jako BrdU inkorporuje do

nové vznikajictho vldkna DNA, a je vizualizovan fluorochromy bez pouZiti
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denaturace. Naslednd analyza pomoci pritokové cytometrie umoznuje studovat
prubéh DNA replikace a identifikovat bunécnd jadra prochdzejici riznymi fazemi
bunécného cyklu. Moznost oddélit jednotlivé faze bunécného cyklu byla klicovou a
za pomoci prutokového cytometru byly ziskany jednotlivé frakce bunécného cyklu:
G1, G2, pocatecni, stiedni a konecnd faze S faze. Ziskana jadra byla pouzita pro
ttidimenziondlni fluorescenéni in situ hybridizaci (3D FISH), kterd umoznila
vizualizovat telomerické oblasti DNA podl€hajici replikaci, spolecné s
cetromerickymi oblastmi vizualizovanymi pomoci imunolokalizace v trojrozmérném
prostoru bunééného jadra. Pouziti konfokalni mikroskopie a umoznilo, na zéklad¢
prekryvl centromer a telomer s replikujicim se chromatinem (znaceny pomoci EdU),
vyhodnotit Casovy priibéh replikace. Vysledkem této komplexni studie je popis
casového pribehu replikace centromerickych a telomerickych oblasti. 3D analyza
zarovenn umoznila studovat prostorové uspotfadani chromozémovych oblasti
(centromera-telomera) v riiznych fazich buné¢ného cyklu rostlin.

Detailni analyza struktury chromatinu narazi na problém denaturace, kterd je
nezbytnym krokem v pribchu vizualizace specifickych oblasti pomoci standardni
FISH metody, ¢imz muze dojit ke zméné pfirozené struktury chromatinu. DalSim
dil¢im cilem dizertacni prace proto byla optimalizace alternativni, nedavno popsané
metody CRISPR-Cas9, kterd mimo jiné umoZziuje 1 fluorescencéni vizualizaci
specifickych sekvenci DNA a to bez pouziti denaturacniho kroku. Metoda, s ndzvem
RGEN_ISL (Ishi et al., 2019), byla s Gspéchem optimalizovana na kukufici se
sondami specifickymi pro Knob oblast a byl vypracovan novy pfistup nedenaturujici
kombinace barveni, ktery umoziuje studovat specifickou sekvenci DNA, pribéh jeji

replikace a také epigenetické modifikace in situ.
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1 INTRODUCTION

DNA replication is one of the fundamental processes of every living
organism. The nuclear genome replicates during the S phase of the cell cycle under
strict rules, which ensures that the replication occurs only once per cell cycle. DNA
replication must be coordinated with other processes in chromatin such as
transcription and remodeling to safeguard accurate duplication of both genetics and
epigenetics features.

The core machinery of DNA replication preserves within bacteria, archaea,
and eukaryotes (reviewed in O'Donnel et al., 2013). DNA replication process has
been explored extensively in bacteria circular chromosomes, which has one
replication origin (oriC). Bacterial replication protein DnaA binds to oriC, which is
unwound and serves for the assembly of the replisome (Gowrishankar 2015;
McHenry 2011). Two replication forks assemble and move in the opposite direction
around the chromosome from the replication origin. Replication terminates in the
terminus region surrounded by Ter sequences binding Tus protein, which mediates
direction-specific arrest of progression (Neylon et al., 2005; Kaplan et Bastia, 2009).

Most of the genomes of eukaryotes are larger than those of prokaryotes and
consists of multiple linear DNA molecules, called chromosomes. To assure
completion of DNA replication in the time, the process initiates from hundreds to
thousands of origins of replication (ORs). Compared to bacteria, eukaryotic ORs are
not specified by specific DNA sequences (except Saccharomyces cerevisiae) but
rather by specific chromatin organization (Bell ef al., 2010; Rhind et Gilbert 2013).
In mammals, the ORs very often correspond to transcriptionally active genome
regions or other features that allow access to the origin - binding proteins, such as
AT-rich sequences and dinucleotide repeats, asymmetrical purine-pyrimidine
sequences, or matrix attachment region (MAR) sequences (reviewed in Masai et al.,
2010).

In contrast to numerous studies on DNA replication in yeasts, Drosophila,
mouse, and human, little is known about DNA replication dynamics in plants,
especially at the molecular level. DNA replication at chromosome level was
analyzed in more detail only recently in a few plant species with small genomes,
such as Arabidopsis and rice, which contain a relatively small proportion of

repetitive DNA (Dresselhaus et al., 2006; Shultz et al. 2007; Lee et al., 2010;
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Concia et al., 2018). In addition to studies focusing on small genome species, the
spatial pattern of DNA replication in maize, a plant with the more complex genome
(1C ~ 2 655 Mb) containing highly fused heterochromatin blocks, including specific
satellite DNA that forms large clusters on chromosomes, was studied (Bass et al.,
2014; 2015; Wear et al., 2017).

Studies of replication dynamics are usually based on the use of thymidine
analogs that incorporate into the DNA during the synthesis of a new DNA strand.
These approaches have been used for decades with the aim of identification of
replication origins; analysis of DNA replication dynamics across different groups of
prokaryotic and eukaryotic organisms; study of regulating mechanisms and proteins;
and DNA modifications included in the replication process. To clarify these tasks,
cytogenetics analysis and the application of next generation sequencing (NGS)
followed by the bioinformatic analysis were used.

Replication processes analyzed at the microscopic level provided first
information on the disposition of DNA replication dynamics in interphase nuclei or
on condensed mitotic chromosomes in time and space (Basset al, 1997).
Cytogenetic analysis of DNA replication dynamics led to the creation of two (2D)
and three dimensional (3D) models of replication processing through the whole S
phase in human, mammals as well as different plant species including Arabidopsis,
barley, and maize (Jasencakova et al., 2001; Li et al., 2001; Gilbert et al., 2010a;
Brant et Aves 2011; Pope et Gilbert 2013; Bass et al., 2014; Bass et al., 2015;
Dvotackovaer al., 2018). In these cytogenetic studies, fluorescently labeled
thymidine analogs incorporate into nascent DNA and in combination with
fluorescent in situ hybridization (FISH) resulted in the identification of differences in
replication profile during the S phase in different organisms (Hayashi et al., 2013;
Bass et al., 2014; Bass et al., 2015; Dvotrackova et al., 2018).

Recently, the application of next generation sequencing technologies
followed by the bioinformatic analysis was applied to study replication dynamics and
provides a new and complex insight into this process (Hansen ef al. 2010; Wear et
al., 2017; Zynda et al., 2017; Concia et al., 2018). Thymidine analogs incorporated
into the newly synthesized DNA strand were used for immunoprecipitation followed
by ChiP-seq or Repli-seq studies. While ChiP-seq analyses create a specific map of
replication origins in the human genome (Dellino et al., 2013; Miotto et al., 2016;

Sugimoto et al., 2018), the Repli-seq approach enabled to analyze temporally order
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of replicating DNA at a genome-scale level using massively parallel sequencing

(Hansen et al. 2010; Wear et al., 2017; Zynda et al., 2017; Concia et al., 2018).
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2 LITERATURE OVERVIEW

2.1 CHROMATIN ORGANISATION IN THE CELL

Long, negatively charged DNA is wrapped around a protein complex known
as a histone octamer and consist of two copies of four histone proteins H2A, H2B,
H3, and H4 (Figure 1) (Kornberg ef Lorch 1999; Olins et Olins 2003). These
complexes form a small structural component of chromatin - nucleosomes (Olins et
Olins 2003; reviewed in Maeshima et al., 2014), which are linked to the next one by
10 - 60 bp DNA linker (Figure 1). DNA in the length of 147 base pairs is wrapped in
a left-handed super helicase and turned around the histone octamer (Figure 1).
Composite fiber is known as a 10 nm long nucleosome fiber (Olins et al.,1974;
Maeshima et al., 2014). By application of transmission electron microscopy,
Woodcock et al. (1984) described that isolated nucleosome fibers formed 30 nm
chromatin fibers. Further studies proposed different higher-order structures, which

included solenoid, a two-start helix (zig-zag) (van Holde et Zlatanova, 2007);

hierarchical helical folding model; and radial loop model (reviewed in Maeshima et

al., 2014).

Figure 1: Schematic structure of the nucleosome (Caputi ef al., 2017)

The proposed structure of the 30 nm chromatin fiber is controversial due to
the differences observed in vitro and in vivo conditions (reviewed in Maeshima et al.,
2019; Prieto et Maeshima, 2019). Studies based on cryo-electron microscopy showed

that 30 nm chromatin fibers are not present in vivo (pioneering work by McDowall et
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al., 1986). This approach used frozen-hydrated cells that were sectioned and
observed directly without fixation or chemical treatment. Later, high-resolution
information of the cell of yeast and mammalian organisms did not reveal the
presence of any higher structures or even 30 nm chromatin fibers (McDowall ef al.,
1986; Dubochet et al., 1988; Eltsov et al., 2008; Chen et al., 2016; Cai et al., 2018;
Maeshima et al., 2019).

Consequently, Dubochet et al. (1988) proposed that the basic structure of the
chromosome appears to be a liquid-like compact aggregation of 11 nm nucleosome
fibers, but not 30 nm chromatin fibers (Dubochet et al. 1988). The absence of 30-nm
chromatin fibers in mitotic chromosomes in situ was also confirmed later by electron
cryotomography (Chen et al., 2016; Cai et al., 2018,), by electron spectroscopic
imaging (ESI) in pluripotent mouse cells (Sanborn et al., 2015) and also by analysis
of X-ray scattering on human interfacial nuclei and mitotic chromosomes (Joti ef al.,
2012; Nishino et al., 2012; reviewed in Maeshima ef al., 2019).

Even more, high-resolution fluorescence-lifetime imaging microscopy
(FLIM-FRET) of mammalian HeLa cells and ESI tomography of mouse embryonic
fibroblast cells showed the occurrence of 10-nm fibers in condensed heterochromatin
domains which create chromocenters in interphase cells, but 30-nm fibers were not

detected (Fussner et al., 2012; Visvanathan et al., 2013).

2.1.1 Chromatin structure in the cell - in vivo observations

Chromatin is a negatively charged polymer consisting of DNA, and various
associated proteins. Observation focused on charged DNA showed that the
electrostatic state of the chromatin surrounding environment (cations like Mg?*, Na*)
can influence the organization of the chromatin (Figure 2) (reviewed in Maeshima et
al., 2019). Based on this knowledge, experiments simulated in vivo conditions were
provided to describe chromatin structure. The general view of chromatin structure
has shifted in the recent 40 years from a static structure to dynamic and highly
variable, locally similar to a fluid-like structure (reviewed in Maeshima et al., 2019;
Maeshima et al., 2020). The discrepancies in fiber structures revealed by in
vitro studies that assumed a 30 nm structure (Woodcock et al., 1984; Gilbert et al.,

2004; Schalch et al., 2005; Robinson et al., 2006; Song et al., 2014) were most likely
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caused by experimental low salt buffer conditions in which nucleosome fibers gently

repelled due to the insufficient negative charge (Figure 2).

Large globular
structure

Figure 2: Chromatin structure based on buffer conditions (Prieto and Maeshima

2019)

And accordingly, each nucleosome tended to bind selectively to the close
neighbor on the DNA strand, and this binding led to the formation of stable 30 nm
fiber (reviewed in Maeshima et al., 2019). Recently, small-angle X-ray scattering
(SAXS) found no evidence of 30 nm fibers of chromatin in interphase nuclei and
human mitotic chromosomes (Nishino ef al., 2012). Studies focused on nucleosome-
nucleosome interactions observed using SAXS reflected bulk packaging of 10 nm
fibers in a highly disordered state. This structure called ‘polymer melt’ structure
means that nucleosome fibers may move continuously and rearrange at the local
level (Maeshima et al., 2014; Hansen et al., 2018).

In vivo studies showed, that 30 nm structure is quite common absent, and the
chromatin i1s composed of irregular 10 nm-fibers (Prieto e Maeshima 2019).
However, 30 nm fibers also exist in vivo in particularly rare cases, e.g. in regions of
interchromatin space (Cremer et Cremer, 2019) or uncertain terminally differentiated
cells which are transcriptionally silent, such as chicken erythrocytes (Langmore et
Schutt, 1980; Scheffer et al., 2011), starfish sperm (Scheffer et al., 2011), and mouse
photoreceptor cells (Kizilyaprak et al., 2010). The shift from a static solid-like
regular substance to a structure with dynamic behavior including fluid 10-nm fibers
similar to a polymer melt allowed to explain a biological process such as

transcription, replication, and DNA repair (reviewed in Prieto e Maeshima, 2019).
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2.1.2 Large scale chromatin organization: chromatin domains

Chromatin 10-nm fiber structure is not randomly packed within the nucleus
and adopts various higher-order structures (Sexton et Cavalli, 2015). Hi-C analysis of
budding yeasts revealed that chromatin is essentially open and forms clusters of only
a few nucleosomes (Hsieh et al., 2015). Similarly, the budding yeast chromatin
analyzed in vivo in three-dimensional space (using electron cryotomography)
revealed open configuration instead of compact structures with an absence of
chromatin domains in interphase and mitosis (Chen et al., 2016; Caiet al.,
2018). The large-scale chromatin higher organization included chromonema, a fiber
with a diameter of 100-200 nm, which was observed by electron microscopy during
the process of chromosome decondensation during the G1 phase of the cell cycle in
synchronized ovary cells of Chinese hamster (Belmont and Bruce, 1994).

Another stable unit of chromosome structure made up of replicon clusters
with an average diameter of about 110-150 nm and was observed in human HeLa
cells and rat kidney cells by pulls labeling of replication domains analyzed by high-
resolution microscopy (Jackson et Pombo, 1998; Xiang et al., 2018). The same
structures were previously revealed using three-dimensional structured illumination
microscopy (3D-SIM) (Markaki et al., 2010). Mammalian live-cell imaging by
super-resolution photoactivated localization microscopy (PALM) observation and
single-molecule tracking revealed nucleosome clusters/domains with a diameter of
about 200 nm (Nozaki et al., 2017).

Higher chromatin organization in mammalian and insect cells inspected using
genomic approaches such as chromosome conformation capture (3C) and Hi-C
methods (Dekker and Heard 2015), revealed numerous chromatin domains known as
topologically associating domains (TADs) (Dixon ef al., 2012; Sexton et al., 2012;
Dixon et al., 2016) and additional loop domains formed by cohesins (Rao et al.,
2014; Raoet al., 2017). The TAD-like domains were revealed also by high-
resolution Stochastic optical reconstruction microscopy (STORM) based on
chromatin tracking in combination with chromatin painting (Bintu et al., 2018).

In plants, using the Hi-C analysis, TADs were founded in rice, foxtail millet,
sorghum, tomato, cotton, and maize. Surprisingly, in Arabidopsis thaliana and A.

lyrata TADs can be hardly found in chromosome arm, despite appearing to be a
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prevalent structural feature of genome packing in many other species (reviewed in
Dogan et Liu, 2018).

Recently, super-resolution live-cell imaging (Nozaki et al., 2017), similar to
chromosome conformation capture studies, revealed how large-scales substructures
of chromatin are created (Ghirlando et Felsenfeld 2016). Local nucleosome-
nucleosome interactions by histone tails were reported as a crucial mechanism for
substructures compaction. Long disordered tails were suggested as multivalent
liquid-like glues for chromatin (reviewed in Maeshima et al., 2019). Other
suggestions were proposed based on transcriptional repressor CTCF (known as 3D
structure regulation factor) (Ghirlando et Felsenfeld 2016) or based on super-
resolution chromatin tracking in mammalian single cells (Bintu et al., 2018) when
cohesin complexes played a role as a holder of nucleosome fibers which generated
loops during chromatin domain formation (reviewed in Maeshima et al., 2019).

Two major factors contribute to TADs formation in animals. The formation
is caused by the action of loop extrusion by cohesion and action by CTCF proteins.
The second-factor which plays a role in formation is the spatial chromatin
compartmentalization in accordance with the epigenomic landscape and
transcriptional activity (reviewed in Dogan et Liu, 2018). In the case of plants, the
presence of TADs seems to be related to its genome size (reviewed in Dogan et Liu,
2018). The absence of TADs in the small genome of Arabidopsis (more than three
times smaller than rice) is explained due to the absence of CTCF proteins (reviewed
in Dogan et Liu, 2018). But it should be pointed out, that the chromatin region of
Arabidopsis was referred to as a TAD if it has a comparable size such as in animal

cases (reviewed in Dogan ef Liu, 2018).

2.1.3 Chromosome organization

The most compact structure of chromatin is necessary for effective cell
division and subsequent transmission of genetic information to daughter cells. In this
stage, chromatin is highly condensed and forms a unique chromosome structure.
Different models were proposed to describe a process of this higher chromatin
structure condensation (reviewed in Beseda ef al., 2020): a model of hierarchical
helical folding (Figure 3A) (Finch et Klug, 1976; Woodcock et al., 1984), radial loop
model (Figure 3B) (Paulson et Laemmli, 1977), dynamic matrix model (Figure 3C)
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(Wanner et Formanek 2000), chromatin network model (Figure 3D) (Poirier et
Marko 2002), constitutive/nested loop model (Figure 3E) (Gibcus et al., 2018), and
stacked layer loop model (Figure 3F) (Daban 2015).

30 nm Loop stabilizing Chromomere
protein (200-300 nm) N :

Solenoid

wAB

100 nm
200 - 250 nm

Matrix fiber bi'nding protein

E
c one turmn of DNA helix
chromatin loops
——condensin |
~——condensin Il
chromatin loops
fibrilar protein axis
4 »
D F
one layer
7.5nm
two stacked
layers =
13 nm
linker protein
A

Figure 3: Models of chromosome organization. A: Hierarchical helical folding, B:
Dynamic matrix model, C: Radial loop model, D: Chromatin network model, E:

constitutive/nested loop model, F: Stacked layer loop model (Beseda et al., 2020)

Pioneering works focused on chromosome folding (reviewed in Beseda et al.,
2020) begun with the use of electron and light microscopy of human and Drosophila
chromosomes. The studies assumed classical hierarchical helical folding of
chromatin, in which 10 nm fiber coiling in 30 nm fiber and then 100-nm and 200-250
nm fiber form (Figure 3A) (Finch ef Klug, 1976; Woodcock ef al., 1984). This model
was proposed based on in vitro conditions of vertebrate and plant chromosomes
(Manton 1950; Ohnuki 1968; Rattner er Lin, 1985). The idea about the classical
hierarchical folding model of mitotic chromosomes was disturbed using modern 3C,
5C, and Hi-C methods, which principle is the fixation of chromatin by the
formaldehyde and it's cross-linking (Dekker et al., 2002; Lieberman-Aiden et al.,

19



2009). Formaldehyde fixation preserves the protein-mediated contacts of adjacent
chromatin regions. Following the sequencing of contact regions and subsequent
polymer simulations disrupted the classical hierarchical model of chromosomes. This
approach used in human study revealed much lower interaction distance than in a
hierarchical model and described the linearly-organized longitudinally compressed
array of constitutive chromatin loops (Figure 3E) (Naumova ef al., 2013).

The dynamic matrix model (Figure 3B) was proposed for barley mitotic
chromosomes analyzed by electron microscopy (Wanner et Formanek, 2000).
According to this model, solenoid chromatin structures associate with proteinaceous
parallel matrix fibers, which formed loops. Solenoid subsequently condensed into
200-300 nm knobby fiber (Hozier et al., 1977) celled chromosomes and suggestively
stabilized by cross-linker protein (reviewed in Beseda ef al., 2020).

The radial loop model (Figure 3C) in which chromosomes consisted of
scaffolds or cores, which were surrounded by a loop of DNA (10-30 nm long, 30-90
kb), was proposed in the study of HeLa cells, where histone-depleted chromosomes
were observed by electron microscopy (Paulson er Laemmli, 1977). This radial
model was more consistent with Hi-C data than the hierarchical model (Naumova et
al., 2013). Recently, fluorescent labeling and subsequent tree dimensional-structured
illumination microscopy (3D-SIM) of human chromosomes revealed that
chromosome scaffolds were made by discontinuously arranged protein complexes,
which formed double helix instead of continuous fiber (Paulson et Laemmli 1977;
Poonperm et al., 2015).

The chromatin network model (Figure 3D) presented in the study of
amphibian mitotic chromosomes (using microchemical force measurement during
nuclease digestion) suggested chromatin as an only component of the chromosome,
and any “scaffolds” were not observed (Poirier et Marko, 2002). Later studies
suggested linker proteins as a component which were involved in chromosome
condensation (Ono et al., 2003; Maeshima 2003; Sun et al., 2018; Hirano 2016;
Piskadlo 2017).

The stacked-layer loop model consisting of stacked layers of planar
chromatin perpendicular to the chromosome axis are corresponding with classical
cytogenetic banding approaches (Daban 2015), and can also explain long-distance
interaction frequencies obtained from Hi-C data (reviewed in Beseda et al., 2020).

Experiments based on micrococcal nuclease digestion of nuclei showed that
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chromatin fragments self-assembled into plate-like structures. The proximity of
multi-layered structures differed in metaphase chromosomes, where stacked and
more compact structures appeared. In comparison, in the interphase nuclei, more
open chromatin structures were observed (Chicano et Daban, 2019).

The nested loop model (Figure 3E) was described after Hi-C data analyses of
chicken DT40 cells after depletion of condensin I, condensin II, or both (Gibcus et
al., 2018). This model supported the role of the complex of condensin I and

condensin II in a mitotic chromosome condensation process (Gibcus et al., 2018).

2.2 Chromosome organization (arrangement) in interphase nuclei

As mentioned above, chromatin was found very dynamic and appeared in
different levels of compaction, which were essential for the DNA-dependent process
that occurred during the cell cycle. The eukaryotic genome consists of chromosomes
that occupy specific regions, so-called chromosome territories (CTs) in interphase
nuclei (Figure 4) (Cremer et Cremer, 2001). CTs can be visualized using
chromosome painting in which a fluorescent probe covered whole chromosomes
(Lysak ef al., 2001; Mandakova et Lysak 2008; Han ef al., 2015; Simonikova et al.,
2019; Jiang 2019). CTs were found in animal nuclei and plants as well, but specific
differences were discovered (Fransz et al., 2002; Cremer et Cremer, 2010). The
evolutionary conversed radial arrangement is known in mammals, where gene-rich
chromosome regions preferentially located in the nuclear interior (Tanabe et al.,
2002; Cremer et Cremer 2010). On the contrary, the radial arrangement was not
revealed in insect nuclei (McKee 2004). In the plants with large metacentric
chromosomes, clusters of centromeres and telomeres were arranged on the opposite
poles in the interphase nuclei (Schubert e Show 2011).

Beside chromosome territories, interphase chromatin can be distinguished
based on its condensation into heterochromatin or euchromatin compartments. In the
last decades, chromosome organization in interphase nuclei was revealed by Hi-C
methods (Dekker et al., 2002; Lieberman-Aiden et al., 2009), which allowed to
investigate chromosome contact and revealed general rules for chromosome folding.
Based on chromatin interactions, different compartments such as “A” and “B”
compartments (Figure 4) (Lieberman-Aiden ef al., 2009; Rao et al., 2014), functional

units of chromosome ‘loops’ known as topologically associated domains (TADs)
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(Figure 4) (Dixon et al., 2012) and lamina-associated domains (LADs) were defined
(Figure 4) (Cremer et Cremer 2010; Szabo et al., 2019).

TAD

Chromosome
territories

TAD
A compartments

B compartments

TADs ~
LADs —

. Nuclear lamina —-——"

Figure 4: Chromatin organization in interphase nuclei (Spielmann et al., 2018).

2.2.1 Chromosome arrangement

Chromosome arrangement in interphase nuclei was firstly observed in
salamander nuclei and published by Carl Rabl in 1885. In this study, a model where
centromeres and telomeres were localized on opposite nuclear poles was proposed.
This arrangement was later assigned to the organization of chromosomes in mitotic
anaphase as a remnant of relic cell poles, and further observed by fluorescent in
situ hybridization in human, animal, and plant cells (for example, Heslop-Harrison
1991; Rawlins ef al., 1991; Werner et al., 1992). The above mentioned centromere -
telomere orientation was later named after its discoverer (who also proposed the
existence of chromosome territories), as Rabl orientation (Figure 5A). The interphase
arrangement of chromosomes was initially studied on human fibroblast metaphase
spreads. Human larger chromosomes were located near the periphery compared to
smaller ones (Ockey 1969; Hoo et Cramer, 1971). Later studies on different human
cell types showed the radial position of chromosome territories with the association
to the nuclear lamina, associated with gene density. Radial arrangement correlated
with gene density, where gene-rich chromosome arms were located preferentially in
the nuclear interior (Bolzer et al., 2005; Grasser et al., 2008; Jowhar et al., 2018;
reviewed in Crosetto et Bienco, 2020). Similar observations were confirmed in
primates, mouse, chicken, turkey, and duck cells (Mayer et al., 2005; Mora et al.,
2006; Skinner et al., 2009).

In contrast, knowledge about the interphase chromatin organization of plants

is still limited. A focus on plant interphase arrangement revealed two chromosomes
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arrangement types: 1) Rabl orientation was described for the plant with the large
genomes; and 2) Rosette-like organization which remained a pattern of centromere -
telomere orientation in mammalian cells (Weierich et al., 2003). The Rosette-like
structure (Figure 5B) was described in Arabidopsis cells, where the tendency of
positioning centromeres closer to the nuclear lamina and telomeres closer to the
nucleus center was proposed by Fransz et al. (2002). Centromeres consisted of
heterochromatic regions, chromocenters, were located in the nuclear periphery,
whereas telomeres were congregated around nucleolus (Figure 5B) (Fransz et al.,

2002; Pecinka et al., 2004; Tiang et al., 2012; Schubert et al., 2014).

(A) Rabl configuration (B) Rosette configuration

. telomere centromere ’) nucleolus o= Chromosome arm

Figure 5: Chromosome arrangement interphase nuclei (according to Grob and

Grossniklaus, 2017)

Plants with large genomes such as barley, rye, and oat displayed different
centromere - telomere orientation. Centromeres and telomeres are positioned on the
opposite poles in interphase nuclei. However, many exceptions can be found in the
plant kingdom. Most somatic cells of plants with smaller and moderate genomes like
rice, maize, and sorghum lack of Rabl configuration (Dong efJiang, 1998;
Armstrong et al., 2001; Fransz et al., 2002; Schubert et Shaw 2011; Tiang et al.,
2012; Idziak et al., 2015). On the other hand, premeiotic anther cells or xylem-
vessel precursor cells of rice seem to be organized in Rabl (Prieto ef al., 2004; Santos
et Show, 2004). Furthermore, plants with larger genomes such as onion, garden pea,
potato, and filed bean did not show Rabl configuration (Rawlins ef al., 1991; Fussell
1992; Harrison et Heslop-Harrison 1995; Kamm et al., 1995). Some cytogenetic

studies also suggested differences of inner nuclei organization, with larger
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chromosomes located on the nuclear periphery and smaller chromosomes near to the
center (Sun et al. 2000; Kolackova et al., 2019; Pernickova et al., 2019), similar to
mammalian nuclei. Another hypothetical factor that could play a role in the
interphase arrangement in eukaryotic cells could be connected with nuclear shape,
surrounding cell types and the geometry of tissues (reviewed in Crosetto et Bienko,
2020). It was shown, that the shape and size of each nucleus were determined by the
cytoskeleton. Despite chromosome repositioning after experimental perturbations on
human cultured fibroblasts were observed, the connection between nuclear shape and
chromatin arrangement remains to be investigated (reviewed in Crosetto et Bienko,

2020).

2.2.2 Heterochromatin and euchromatin compartments

Interphase chromatin is historically classified based on the level of
condensation as heterochromatin and euchromatin. This classification was described
based on cytogenetic methods and microscopic observation (Heitz 1928).
Euchromatin regions are less compact, and correspond to actively transcribed genes
or potentially active genes. Heterochromatin domains are more compact, composed
of nucleosomes condensed in 30 nm fiber, and consisted of transcriptionally inactive
and highly conserved regions (reviewed in Janssen et al., 2018). Heterochromatin
regions are traditionally divided into constitutive and facultative heterochromatin
(Kosak et Groudine, 2004). Constitutive heterochromatin is usually gene-poor and
mainly formed by repetitive sequences like centromeric or pericentromeric repeats
(Kosak et Groudine, 2004). Facultative heterochromatin is more dynamic than
constitutive, and can change in response to cellular signals and contains genetic

information that is transcribed (reviewed in Grewal et Jia, 2007).
2.2.3 Topologically associated domain (TADs)

As mentioned before, a detailed focus on chromosome organization in
interphase provided by Hi-C analysis in mammals revealed topologically associating
domains (TADs) (Figure 4) (reviewed in Pombo et Dillon, 2015). The structural
organization of TADs in the genome is maintained across different cell types and it
was shown that is partially conserved. Mammalian TADs were found to be highly

conserved between different cell types and tissues, and even between different
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species (Dixon et al., 2012). In D. melanogaster, smaller TAD domains were
proposed and their size perhaps reflected a smaller genome of the fruit fly compared
to mammals, and closer packaging of the genes (Szabo ef al., 2019)

To this date, TADs have not been identified in S. cerevisiae (reviewed in
Pombo et Dillon, 2015). In plants, TADs genome distribution was described in rice
where their formation seemed to be linked to gene densities. It was shown that
protein-coding gene density was much lower inside TADs borders than in regions
outside of TADs (Liu et al., 2017). This may be connected with chromatin
properties, that histone modifications and gene expression might correlate with
TADs formation (Dong et al., 2017). No synteny between plant species (sorghum,
maize) was observed, and any conserved features, such as in mammalian cells, were

not supposed (Dong et al., 2017).

2.2.4 Lamina Associated Domains (LADs)

Chromatin regions that are preferentially in contact with nuclear lamina at the
inner membrane of the nucleus are so-called lamina associated domains (LADs), or
B compartments (Meuleman et al., 2013) (Figure 4). LADs interaction was identified
in metazoans by Guelen et al. (2008) and Pickersgill ez al. (2006). LADs were
visualized by microscopy or chromatin immunoprecipitation (ChIP) (Handoko et al.,
2011). LADs were revealed in D. melanogaster, Caenorhabditis elegans, and
mammalian cells (reviewed in Van Steensel er Belmont, 2017) as well as in
Arabidopsis (Pontvianne et al., 2016; Hu et al., 2019;).

These domains are mostly constituted of transcriptionally silent genes or
genes characterized by a low level of expression (reviewed in Van Steensel et
Belmont, 2017) and corresponded to late replicating regions of the genome (Pope et
al., 2014; Peric-Hupkes et al., 2010). LADs preferentially represented gene-poor
regions less than 1 Mb large, and rich for chromatin modification such as H3K9me?2
and H3K27me3, which are typical for heterochromatin (Guelen et al., 2008; Wen et
al., 2009, Harret al., 2015). Based on the traditional classification of
heterochromatin, LADs consisted of constitutive and facultative chromatin regions.
In mouse and human studies, constitutive LADs were found to be rich in the A/T

base pairs. Changes in the interactions with lamina during the cell differentiation
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were found typical for facultative LADs, which were also found to be cell-specific
(Peric-Hupkes et al., 2010; Meuleman et al., 2013; Dobrzynska et al., 2016).

Similar to LADs, nucleolus associated domains (NADs) were described
(Németh et al. 2010; van Koningsbruggen et al., 2010). The NADs represented
genome regions associated with the nuclear lamina at the nucleus periphery
(Pontvianne et al., 2016). These domains were first described in HeLa carcinoma
cells (Németh et al., 2010; van Koningsbruggen et al., 2010). Recent studies showed
that NADs represented mainly, but not exclusively, specific heterochromatin regions
associated with the nucleolus. Similarly, to LADs, histone constitutive
heterochromatin modifications were described also in NADs (Matheson et Kaufman
2016; Van Steensel et Belmond 2017). NADs were identified in human and mouse
cells, and also in A. thaliana (Németh et al., 2010, van Koningsbruggen et al., 2010;
Pontvianne et al., 2016; Dillinger et al., 2017; Vertii et al., 2019)

2.3 Cell cycle in eukaryotes

The cell cycle is a series of processes leading to cell reproduction. This
process is evolutionarily conserved from unicellular microorganisms to highly
organized eukaryotes. The cell cycle process ensures growth, differentiation, and
transmission of genetic information to the next generation. The cell cycle is generally
divided into two main stages: interphase and mitotic phase (M). M phase includes
mitosis and subsequent cytokinesis. During interphase, cells grow and accumulate
nutrients, and DNA replication occurs in the synthetic (S) phase. The mentioned S

and M phases are separated by two gap phases - G1 and G2 (Figure 6).
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Figure 6: Scheme of the cell cycle
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During interphase in the postmitotic G1 phase, the cells are prepared for
replication by the intensive synthesis of the necessary component such as proteins,
RNA, and nucleotides (Houtgraaf et al., 2006). At the end of the G1 phase, the cell is
about double its original size, more organelles are produced, and the volume of
cytoplasm increased. Subsequent replication of the nuclear genome is a fundamental
process of the life that occurs in the synthetic phase (S phase). During the DNA
replication, double-strand DNA separates, and individual strands are served as a
template for the replication (firstly described by Watson et Crick, 1953). As a result,
new DNA is composed of the original DNA strand as well as a newly synthesized
strand (Burgers et Kunkel, 2017). After the replication phase, the cell prepares for
division in the post-synthetic G2 phase, continues with growing, production of extra
proteins, and preparation for mitosis occurs. After the mitotic phase, when
chromosomes are organized into the genetically identical daughter cells, the cell
cycle starts again (Houtgraaf et al., 2006). After the M phase, cells can stop in the GO
phase knows as the resting phase. These phases can occur for multiple reasons.

Primarily, cells enter the GO phase due to environmental factors like nutrient
deprivation. But for example, neuron cells are fully differentiated and reside in the
terminal GO phase not because of nutrient deficiency but because of genetic
programming (Bernstein ef al., 2008). Same as neuron cells, differentiated muscle,
bone, and same renewable tissue cells can stay in the GO phase. In the plant, no
cycling cell was observed in maize roots (Clowes 1971; reviewed in Velappan ef al.,
2017).

The passage of the cell cycle is regulated by the checkpoints. Eukaryotes have
two main points located on the interface G1/S and G2/M phases and inter-S phase

checkpoint which prevents un-replicated DNA (Houtgraaf et al., 2006).

2.3.1 Alterations of the cell cycle

In many plant and animal cells, alterations of the cell cycle can occur. In
addition to the mitotic cycle mentioned above, two main alternations are described:
1) endocycle (also known as endoreduplication) and 2) endomitosis (Figure 7).

During endocycle, cells undergo successive DNA replication, but the cell
avoids mitosis entirely (Joubes et Chevalier, 2000). Endocycle usually occurs in

specialized cells and contributes to the synthesis of a higher amount of proteins, or is
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essential for reproduction like in mouse trophoblast (Gandarillas et al., 2018). In
plants, for example, endoreduplication cells are present in seed endosperm, fruits,
cotton fibers, or nitrogen-fixing roots (Sabelli et Larkins, 2009; Chevalier et al. 2011;
Wilkins et al., 2000; Kondorosief Kondorosi 2004). During tomato fruit
development, nine rounds of endoreduplication can occur, which results in cells of
the fruit’s pericarp representing 512 C (Quinet et al., 2019). Compared to plants,

endoreduplication in animal cells is not very common.
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Figure 7: Cell cycle and its variants (Breuer ef al., 2014).

During endomitosis (Figure 7), the cell division process is skipped, and the
chromosome number is doubled in each cycle (Figure 7) (Joubes et Chevalier, 2000).
This phenomenon was described in insect salivary gland cells and resulted in the
formation of polytene chromosomes (Edgar ef al., 2014).

A unique phenomenon, partial endoreplication was discovered in eukaryotes
(Rosenbusch ef al., 1998). This phenomenon was discovered based on DNA content
measurement by flow cytometry in animals (Wang et Davis, 2014; Del Priore and
Pigozzi, 2014) and in plants as well (Suda 2004; Suda et al., 2007). In animals, these
processes are caused by DNA programmed elimination between germline and
somatic cells (Wang et Davis, 2014). Whole chromosome elimination was described
in Bengalese finch (Del Priore et Pigozzi, 2014). Another way of programmed

elimination, chromatin diminution, which is connected with chromosome breaks and
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following extrusion of chromatin proportions in the cytoplasm was described by
Smith et al. (2009) and Bracht et al. (2013).

In the plants, progressively partial endoreduplication was described. During
this process, the DNA content and the number of endoreplication cycles are in linear
correlation. Endoreplicated cycles are then resulted based on DNA amount as 2C+P,
2C + 3P, 2C + 7 P, etc., where 2C is the DNA content of nuclear DNA, and P is the
content of DNA which is partly replicated (Figure 7) (Suda 2004; Suda et al., 2007;
Bory et al., 2008; Travnicek et al., 2011; Travnicek et al., 2015; Hiibova et al., 2016,
Brown et al., 2017). This unique phenomenon was revealed in orchid species and
was found to be useful for their identification (Travnicek et al., 2011; Travnicek et

al., 2015).

2.4 DNA replication

Replication of the nuclear genome is a fundamental process of the life that
occurs in the synthetic phase (S phase) (Figure 6) of the cell cycle. This process is
strictly controlled during the cell cycle to ensure complete DNA replication that is
essential for growth and development. Errors that accompanied the replication
process and consequent repair mechanisms result in a mutation at the DNA level can
lead to genome instability (Gambus 2017). DNA replication process is highly
conserved in all living organisms (reviewed in Oakley, 2019). Whole processes of
replication started by initiation proteins, which binds to DNA and disrupts DNA
helix structure in the region called replication origins (reviewed in Burgers et
Kunkel, 2017). In bacteria and archaea, replication origins are defined by specific
nucleotide sequences (reviewed in Costa et al., 2013). Higher eukaryotes consist of
multiple origins of replication, which are not conserved at the nucleotide sequence
level. In the beginning, DNA is unwinding into two parental strands, and new DNA
strands are synthesized accordingly. During the elongation process, the DNA strand
knows as the leading strand, is synthesized in 3' to 5' end direction according to the
parental one by adding nucleotides by DNA polymerase. The second unwinds DNA
strand, known as the lagging strand, is synthesized discontinuously from 5' to 3'
direction by Okazaki fragments, which are synthesized and subsequently joined
(reviewed in Burgers et Kunkel, 2017). DNA replication terminates when the

replication fork meets each other (reviewed in Burgers et Kunkel, 2017).
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2.4.1 DNA replication in bacteria and Archaea

Bacterial genome, which is usually one circle molecule (Casjens 1998) with a
length of about several million base pairs, has only one replication origin (oriC)
(Marczynski et Shapiro, 1993). Due to the one origin of replication, E. coli was used
as a model organism for analysis of the initiation process of DNA replication
(reviewed in Oakley 2019). In contrast to much larger eukaryotic genomes, which
consisted of about 10 000 origins of replication, bacterial replication occurs in a
relatively short time. Bacterial replication is initiated bidirectionally from OriC (Galli
et al., 2019). The origin of replication is recognized by DnaA origin-binding protein,
which binds ATP and A/T-rich regions (Figure 8). The protein complex responsible
for dsDNA unwinding and RNA primers synthesizing is known as primosome
(Figure 8). Primosome consists of helicase (DnaB) that unwinds the dsDNA, helicase
loader (DnaC), and DnaG which synthesizes RNA primers (Figure 8). After DNA
unwinding, a single strand “bubble” appears and replicative helicase can bind and a
new DNA strand is synthesized (reviewed in O’Donnell et al., 2013). DNA
replication terminates when replication forks reach the Ter region (region

diametrically opposite to OriC) (reviewed in Oakley, 2019).
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Figure 8: Replication process in bacteria (Song et al., 2015)

Archeae, similarly to eukaryotes, have more than one origin of replication
(Figure 9) (reviewed in Costa et al., 2013). On the other hand, the same as bacteria,
archaea have conserved sequence-specific sites for binding the initiator of replication
(Robinson et al., 2004; Robinson et Bell, 2007). Archaea DNA replication starts with
a clearly defined AT-DNA rich structure. After DNA unwinding origin recognition

proteins binds (reviewed in Ausiannikava er Allers, 2017). In Archaea,
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controversially to bacteria, origins of replication are recognized by Orcl/Cdc6

proteins (Figure 9) (homologous to eukaryotic).
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Figure 9: Replication process in Archaea (Song et al., 2015).

Replication of circular chromosome terminates when replication terminus
binding protein (Tus) reaches the termination zone contains TER sites (reviewed in

Dewar et Walter 2017).

2.4.2 DNA replication process in eukaryotes

Except for Saccharomyces cerevisiae, eukaryotic organisms containing
multiple origins of replication which are not defined by specific DNA sequence were
found. Multiple origins of replication are organized in clusters and activated at a
specific time in the S phase (reviewed in O’Donnell ef al., 2013). Origin recognition
complex (ORC) in eukaryotes composed of six subunits (Orcl-6). The position of
DNA replication initiation is genetically determined by elements to know as cis-
acting sequences or replicator (Jacob et al., 1963). These cis-acting sequences act
with trans active sequences knows as initiators. It was shown, that eukaryotes cis-
acting sequences and DNA binding protein complex which is necessary for the
proper formation of the pre-replication complex (pre-RC), are highly conserved
(reviewed in Fragkos et al., 2015). Pre-RC is formed during the G1 phase, in the so-
called origin licensing process (Masai et al., 2010; reviewed in Fragkos et al., 2015).
During origin licensing, ORC binds to all replication origins, and the
minichromosome maintenance protein complex (MCM) (Mcm2-7 proteins) is placed
around dsDNA. With the help of Cdcl and Cdc6 subunits, pre-RC is formed
(Oehlmann et al., 2004). As a consequence of Mcm2-7 ring loading, the dsDNA is
opened. Subsequently, cells enter the S phase, and Cdc45 and GINS factors bind to
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the Mcm complex. As follows, CMG helicase which consists of Cdc45, Mcm2-7,
and GINS is activated (Aparicio et al., 2006). After origins firing, initiator proteins
must be degraded to ensure, that DNA synthesis occurs only once per cell cycle and
re-replication is prevented. The complex, that carries out the replication of DNA is
the so-called replisome (see Figure 10) consisting of already mentioned CMG
helicase, DNA polymerase Pol o (primase), DNA polymerase € and 6, PCNA
clamps, replisome progression complex (RFC), and RPA (single-strand binding

protein).

Eukaryotic replisome

MCM Mcm10

RPA
Pol «- ¥

primase

Leading
strand
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strand

Figure 10: Organization of eukaryotic replisome mechanisms (O’Donnell et al.,

2013)

After initiation and DNA unwinding, single-strand DNA is stabilized by RPA
protein (functional analog of bacterial SSB protein). Replication protein A (RPA)
with polymerase o banded on single-strand DNA and make short RNA primers
(Stillman 2008). At that moment, a unique DNA-RNA structure is established. DNA-
RNA structure is served for the RFC complex. RFC is an ATP-dependent complex
that binds on the ring-shaped DNA polymerase PCNA clamp. DNA polymerase
clamp loads onto the double-strand DNA near the primer (Figure 11). After RFC-
PCNA is established, polymerase € and 6 with higher processivity is bound to the
DNA. At the replication fork, polymerase € and d are evolved in leading and also
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lagging strand synteny (Choe and Moldovan, 2017). Both polymerases have
exonuclease proofreading activity from 3' to 5' ends that allow removing incorrectly

incorporated bases (Stillman 2008).
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Figure 11: Replicative enzymes involved in eukaryotes replication process

(McCulloch and Kunkel, 2008)

While the leading strand is continuously extended from 3' to 5' end from the
primer by a Polymerase €, the synthesis of the leading strand is complicated. In the
lagging strand, Primase is displaced by Polymerase 6, PCNA/RFC dependent
mechanisms, that initiates DNA synthesis discontinuously from 5' to 3' direction by
Okazaki fragments. This process of synthesis of Okazaki fragments is completed in
the maturation process, where polymerase removes 2-3 nucleotides of the RNA
primer. This generated a short flap on the 5' end which is recognized by the FEN1
endonuclease. Displaced flap creates a substrate for subsequent ligation by DNA
ligase 1 (Balakrishnan ef Bambara, 2011).

The eukaryotic replication termination process is more complex than in
prokaryotes. Based on high-resolution replication profiling and deep sequencing of
Okazaki fragments on budding yeast (Hawkins et al., 2013; McGuffee et al., 2013)
and also based on mapping of Okazaki fragment on human HeLa cells (Petryk et al.,
2016), it was shown that termination of replication forks occurred midway between

two adjacent replication origins (Gambus 2017). Although the majority of
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termination events seems to be sequence non-specific, two groups of specific
termination region were identified (Dalgaard et al., 2009; Bastia et Zaman 2014).
The first group is known as replication fork barriers (RFBs). These sequence-specific
barriers, which contain termination element were described in ribosomal DNA.
Subsequently, these termination elements are bound by termination protein (Dewar et
Walter, 2017). The second specific replication termination group was identified at

telomeres (Martinez and Blasco, 2015)

2.4.3 Replication of the end of chromosomes

At the end of chromosomes, short DNA repeats usually rich for guanosines
(e.g. TTAGG in vertebrates, TTGGGG in ciliates) are present to protect chromosome
ends from fusion and degradation (reviewed by Gilson et Géli, 2007). Chromatin at
the end of chromosomes is known for a various structure such as heterochromatin
structure, T-loops, and G quadruplex and more hypothetical triple helicase, four-way
junction, and D-loops which can be a source of difficulties for replication in
replication fork (reviewed in Bryan, 2020).

Replication elongation takes place until the previous synthesized section of
DNA is detected. At the end of the lagging strand, the attaching of RNA primer is
impossible and without specific telomere replication mechanisms, linear
chromosomes will be shortened by ~20 nt per each replication round (Chai et al.,
2006). Meanwhile, short RNA sequences are removing, which is caused by the
absence of a 3' end for initiating synthesis and can lead to cellular senescence or
apoptosis (Gilson et Géli, 2007; Armanios ef Blackburn, 2012).

In fission yeast, telomere binding proteins were proved to have an essential
role in coordinating replication forks. Telomeres length can be restored by
telomerase enzyme activity, which was discovered in 1989 by Greider et Blackburn.
Telomerase binds to the 3' end of the telomere sequence, along with an RNA
template. Telomerase catalyzes the addition of bases and restores the telomere

length. Finally, DNA polymerase extends and seals the DNA strands.

2.44 DNA replication errors

During the DNA replication, various events can contribute to replication
stress, such as an impact of endogenous or exogenous factors which can result in

slowing or stalling of the replication fork or fork asymmetry (Magdalou et al., 2014;
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Zeman et Cimprich, 2014). In mammalian cells, replication stress is also connected
with genetic disorders linked with the mutation of helicase (for example Werner and
Bloom syndrome) (Brosh et al., 2001). Replication errors in plants can be also
connected with helicase (MCM2-7) and strong regulation of licensing and initiating
of replication (reviewed in Dorn ef Puchta, 2019).

Generally, replication errors are caused by barriers that prevent the procedure
of replisomes like a DNA-protein complex, unusual DNA structures, or
transcription-replication collision (Mirkin e Mirkin, 2007). Two groups of genomic
sequences are preferentially more sensitive to replication stress and are known as
fragile sites (reviewed in Sinai et Kerem, 2018). Common fragile sites (CFSs) appear
as breaks or constrictions on chromosomes and the second group of fragile sites
appear rarely, only in small fractions, and can potentially form secondary structures
(for example fragile site associated with human fragile X syndrome) (Sutherland
2003; Schwartz et al., 2006; reviewed in Sinai et Kerem 2018).

To avoid collisions between replication forks and transcription, organisms
have evolved several mechanisms (reviewed in Achar ef Foiani, 2017). In general,
replication and transcription are two independent processes in which new DNA

strand or RNA molecules are synthesized (reviewed in Sinai ef Kerem, 2018).

2.4.5 Connection between replication and histone modification

The replication process 1is connected with some post-translational
modifications. Specific modifications are necessary at replication origins, then during
the synthesis new histones are incorporated into the nascent DNA and subsequently,
post-replication modification is done (reviewed in Bar-Ziv et al., 2016; Li et al.,
2008). Eukaryotic replication in the early S phase is connected with mono-, di- and
tri-methylation of histone H3 lysine 4 — H3K4mel, H3K4me2, H3K4me3, and
monomethylation H3K20mel, H3K36me3 and acetylation of H3K9, H3K27
(reviewed in Bar-Ziv et al., 2016). On the other hand, dimethylation of histone H3K9
is strongly connected with the eukaryotic late replication process. For a proper
replication of some replication domain, another methylation — H4K20 is necessary,
disruption of this modification may lead to further delays in late replicating regions

(Brustel et al., 2017).
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In plants, chromatin remodeling complex, histone chaperones, and histone
modification enzymes were shown to be crucial for proper DNA replication
(reviewed in de la Paz Sanchez et al., 2012) The analysis of Arabidopsis revealed
that most of the epigenetic modifications occur on 5 ends of the gene bodies, and are
associated with highly expressed genes (reviewed in de la Paz Sanchez et al., 2012).

Histone analysis of A. thaliana showed that replication origins are associated
with H3K4me2, H3K4me3, and H3KS5ac (Figure 12) and depleted of typical
heterochromatin marks of plant H3K4mel and H3K9me2. Depletion in CG
methylation in early and mid-S phase was also indicated alongside with low CG
methylation, a mark of more open chromatin connected with pre-RC complex
assembly and origin activation. The same observations were done in Drosophila and

mammalian cells (Costas et al., 2011; reviewed in de la Paz Sanchez et al., 2012;).

H3K4me2

% H3K4me3
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H2A.Z b el

Replication origin

Figure 12: Epigenetic marks in the origin of replication (de la Paz Sanchez

etal., 2012)

Except for H4K5ac, other histone acetylations are suggested for the activation
of replication origins. In barley, it was found out, that histones H3K18ac, H4K16ac,
and H3K56ac were connected with early replicons (Jasencakova et al., 2003).
Similarly, in maize, a strong association with earlier replication region of H3K56ac
in combination with H3K4me3 was described, using chromatin immunoprecipitation

sequencing (ChiP-seq) (Wear et al., 2018).

2.4.6 Replication of mitochondrial and chloroplast DNA

Mitochondria and chloroplast are semi-autonomous organelles that are
essential for plant respiration, ATP production, and photosynthesis. Both organelles

contained their DNA that has to be replicated. Replication mechanisms of
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mitochondrial DNA (mtDNA) are quite different from that of bacterial chromosomal
replication as well as replication of the nucleolar DNA (Holt 2009; Holt et Reyes,
2012). Human mitochondrial DNA is very similar to vertebrates, where variability in
non-coding DNA concentrated on the about kilobase region was found (Holt et
Reyes, 2012). Replication of animal mitochondrial DNA initiates from one or two
sites, and the leading strand is synthesized with concurrent incorporation of the RNA
on the lagging strand. In parallel, the synthesis of the lagging strand initiates, and
RNA from the lagging strand is replaced or converted to the DNA (Holt et Reyes,
2012). Unlike animals, plant mitochondrial DNA may dramatically vary in size, and
its structure and replication process are much more complexed than those of animals.
Apart from animals, plant mtDNA contains more genes and non-coding DNA
(reviewed in Morley et al., 2019). The exact principle of plant mtDNA replication is
still unclear. Regulation of plant mtDNA replication is similar to bacterial or
eukaryotic nuclear genome regulations, including recombination-dependent
replication, rolling circle similar to bacteriophage replication, and also classical bi-
directional replication from origins of replication (reviewed in Morley et Nielsen,
2016). Rolling circle replication is suggested as a common replication model (Figure
13) (reviewed in Morley ef al., 2019). Replication starts at the Og initiation point and
proceeds unidirectionally to produce the nascent H strand. After that mtSSb protein
binds as protection of strand. When the replisome passes the Or region, a loop is
created and block the mtSSb binding (reviewed in Falkenberg 2018). In this place,
the single-strand loop-region is ready for synthesis, and the POLRMT unit can
initiate primer synthesis. The shift to L-strand DNA synthesis takes place after about
25 nt. At that time, Polymerase y replaces the POLRMT unit at the 3'-end of the
primer (reviewed in Falkenberg 2018). The synthesis of two strands proceeds

continuously until double-strand DNA is formed (reviewed in Falkenberg 2018).
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Figure 13: Replication of mitochondrial genome (Falkenberg 2018)

Chloroplast genomes (cpDNA) are primarily closed circles of DNA
molecules (Palmer ef Stein 1986; Sugiura 1995) with small variations, as a circular
dimer. Genes are generally conserved in most protoplasts consist of rRNA, tRNA,
and photosynthesis genes (Palmer 1985; Daniell ez al., 2016). Chloroplasts
replication is better known than mtDNA replication. Chloroplasts are replicated by a
double displacement loop strategy. Replication begins on opposite strands of DNA
by displacement loops. The process begins unidirectional toward loops until they
join, loops fuse and creates a bidirectional replication bubble forming a theta
structure. Replication continues bidirectional until daughter molecules are

synthesized (reviewed in Morley et al., 2019).

2.4.7 Spatial and temporal organization of DNA replication

The timing of replication and its spatial organization has an important
biological function. Replication of different segments of the genome in the different
time ensures, that the number of replication forks does not exceed the ability of
important factors for replication such as nucleotides and proteins necessary for the
replication process (Mantiero ef al., 2011). In eukaryotes such as human, mouse, and
Drosophila, DNA replication is regulated by multi-megabase segments of
chromosomes, referred to a constant timing region (CTR), that replicate by the
coordinate activation of adjacent replicons at the characteristic time during the S
phase (reviewed in Marchal et al., 2019). CTRs are delimited by large timing
transition regions (TTRs) along which DNA synthesis progressively advances
(reviewed in Marchal et al., 2019).
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Spatial organization of chromatin influences replication timing which is
established at the molecular level of domains independent of replication origins.
Yeast studies demonstrated that late replication and positioning at the nuclear
periphery in telomere locus is established at some point during the G1 phase
(Raghuraman et al 1997; Heun et al., 2001). Factors regulating replication timing
may disperse during mitosis and the anchorage of chromosome domains after mitosis
could have an impact of the self-assembly of spatially separated compartments of
specific protein composition replication (Gilbert et al., 2010b). Probably, these
compartments would then set the threshold for initiation of replication, perhaps by
regulating the accessibility of initiation of replication (Gilbert ef al., 2010b).

Studies on mice showed different replication timing observed for example
between two alleles, rRNA genes, or active and inactive chromosome X (Diaz-Perez
et al., 2006). In animals, regulation of DNA replication of ribosomal genes, which
are present in many copies, is controlled by chromatin remodeler complex NoRC
(Strohner et al., 2001; Santoro et al., 2002). Each of the ribosomal genes can occur in
two states. Whereas the first state is not associated with NORC and the level of
methylation is low, early replication of active genes then occurs. The second stage is
associated with NoRC and high methylation levels of silenced genes, which are
replicated in the late S phase (Li et al., 2005).

In the terms of the cell cycle, replication forks from the early S phase are not
necessarily terminated at the end of the S phase but in the early S phase (reviewed in
Gambus 2017). As it was shown in human cells, forks with replicon size 31 kb were
fired in the early S phase with an average speed of 1,5 kb per minute can reach the
neighboring fork in 10 min and terminate also in the early S phase (Picard et al.,
2014; Moreno et al., 2016; reviewed in Gambus et al., 2017). In the late S phase,
termination occurred only within regions that were difficult to replicate, and usually,
the replication process of these region started in the late S phase as well (Gilbert et

al., 2010b; reviewed in Gambus 2017).

2.4.7.1 Plant replication timing

Pioneering work describing replication timing in plants was done on
ribosomal repeats 5,8S; 18S and 28S (Rivin et al., 1986), heterochromatin associated

repeats like KNOB and TR1 in maize or centromere associated repeats (Peacock et
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al., 1981; Ananiev et al., 1998) In maize, knob 180 and TR1 repeats, which consisted
of heterochromatin block, were replicated almost entirely in the late S phase.
Similarly, 45S rDNA in maize were found to be mostly replicated in the late S phase,
with a smaller fraction of the transcriptionally active 45S rRNA genes replicated in
the early and middle S phase, which corresponded with previously mentioned study
on animals, that this is transcriptionally active copies (Wear et al., 2017). Similar
progress of replication was also described in Arabidopsis, observed by Repli-seq
analysis (Concia et al., 2018). A detailed study of 45S rDNA showed that inactive
rDNA genes were replicated from the middle to the late S phase. In the very early S
phase, a very low level of rDNA replication occurred. During the early to the middle
S phase, rDNA units organized inside the nucleolus were replicated. During the
middle S phase, replication of rDNA genes culminated, and replication of condensed
inactive rDNA genes launched. In the final late S phase, replication of condensed
rDNA loci terminated (as was shown in Arabidopsis by Dvotackova et al., 2018). On
the other hand, maize 5S rDNA replicated dominantly in the early S phase, and only
a small fraction is replicated during the middle and late S phase. Surprisingly, the
replication time of 5S rDNA in Arabidopsis was observed to replicate in the opposite
order (Concia et al., 2018).

Centromeres contain a lot of repetitive sequences, including retrotransposons
and tandem repeats (for example Zhang et al., 2005; Plohl et al., 2008; Wolfgruber et
al., 2009). Their function is defined by the presence of centromere histone H3
(CENH3) (Gent et al., 2012). It was found that the centromere core of maize is
replicated predominantly during the middle and middle-late S phase. Interestingly, a
low amount of centromere replication activity was observed also during the early S
phase (Wear et al., 2017). The same replication timing of centromeres was also
discovered in Arabidopsis thaliana (Concia et al., 2018), although the arrangement
in the interphase nuclei is different compared to maize. Replication of Arabidopsis
centromere repeat Cent-C pass through the whole S phase, but most of the sequences
are replicated in the late S phase (Concia et al., 2018).

Generally, it was shown that distal parts of plant chromosome arms were
replicated earlier then proximal regions, and pericentromeric and centromeric regions
were replicated in the late S phase (Wear et al., 2017; Concia et al., 2018). The
analysis suggested that early and middle replicated segments were predominantly

euchromatic, and late replicated regions were primarily heterochromatic.
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2.5 Methods used for the analysis of DNA replication machinery

Methods for DNA replication analysis associated all procedures and
approaches leading to a deeper knowledge about DNA replication machinery and
spatiotemporal organization in the nucleus. Based on available approaches, mysteries

about the DNA replication process are uncovering.

2.5.1 ChiP-seq approaches

Chromatin immunoprecipitation (ChiP) is a valuable method for the analysis
of proteins or modified proteins and their interactions with genomic DNA (Carey et
al., 2009). The first in vivo study based on immunoprecipitation was provided with
RNA polymerase II and its association with genes in E. coli and Drosophila
(Gilmour et Lis 1984; Gilmour ef Lis 1985; Gilmour et Lis 1986). In a further study
of Solomon et al. (1988), the fixation of chromatin structure by formaldehyde was
used and allowed to extract DNA or RNA fragments cross-linked with proteins.
Subsequent immunoprecipitation using specific antibodies, purification of DNA
fragments associated with proteins was feasible (reviewed in Schepers et Papior,
2010). Purified DNA fragments were then analyzed by PCR and Southern blotting or
using microarrays (ChIP-chip), and recently by next generation sequencing (ChiP-
seq) (Johnson et al., 2007). Chromatin immunoprecipitation was used for the first
time in connection with replication to analyze associations between the pre-
replication complex (pre-RC) and chromatin in yeasts (Aparicio et al., 1997).
Recently, ChiP-seq analyses were used in maize to explore the potential association

of chromatin structure with replication time (Wear et al., 2017).
2.5.2 Isotype labeled nucleotides

In the first studies, radioactive modifications of thymidine were used to study
the biosynthesis of DNA using in vitro as well as in vivo experiments. Modified
thymidine - thymidine-C14 was wused to analyze DNA replication
in Lactobacillus (Downing et Schweigert, 1956), embryonic tissues of chicken
(Friedkin et al., 1956) and rabbit bone marrow cells and isolated thymus nuclei
(Friedkin et Wood, 1956). Semiconservative replication of eukaryotic chromosomes
was demonstrated for the first time in the root meristem of faba bean using the

incorporation of radioactive thymidine-H3 and subsequent autoradiography detection
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(Taylor et al., 1957). Radioactive labeling was widely used during the following
years and led to replication fork discovery in bacteria (Cairns 1962), human HeLa
cells (Cairns 1966), and in Chinese hamster cells (Huberman and Riggs, 1966). Even
more, different replication pattern in human leukocytes (Ribas-Mundo, 1966,
reviewed in Ligasova et Koberna, 2018), and replication of lagging strand by
Okazaki fragments in T4 phages and E. coli (Okazaki et al., 1968; Sugimoto et al.,
1968; Okazaki et Okazaki 1969; Sugimoto et al., 1969) were also first shown using
labeling by radioactive isotopes of nucleosides (reviewed in Ligasova et Koberna,
2018). Due to the lower resolution and time-consuming nature of this approach, an

alternative system based on halogenated analogs of nucleotides was developed.
2.5.3 Halogenated analogs

Halogenated thymidine (bromine, fluorine, chlorine, iodine) replaced
isotopically labeled nucleotides (reviewed in Ligasova et Koberna, 2018). First
halogenated analogs 5-bromodeoxyuridine (BrdU) and 5-hydroxydeoxyuridin were
synthesized before the development of isotopic detection (Beltz er Visser, 1955),
unfortunately, the detection of non-isotopically labeled cell was a big challenge
(Beltz et Visser, 1955). Progress in the use of non-isotopically labeled nucleosides
was allowed by the discovery of specific antibodies in 1971 (Sawicki et al., 1971).
Due to the effective incorporation of halogenated analogs into DNA and its potential
toxicity, tests of lethal dosage were performed to find the optimal dose (Beltz et
Visser 1955). Antibody specific to BrdU was first applied to analyze single-cell
replication and sister strand chromatid exchange in hamster ovary cells culture using
immunofluorescence (Gratzner et al., 1975). Immunofluorescence staining of BrdU
(by Hoechst fluorophore) was later used also in cell cycle studies employed flow
cytometry (Bohmer ef Ellwart, 1981) to study replication dynamics. 5-chloro-2-
deoxyuridine (CldU) and 5-i0odo-2-deoxyuridine (IUdR) were used to analyze DNA
fibers, and replication dynamics (replication fork speed, fork asymmetry) in
mammalian cells (Techer et al., 2013). Even more, BrdU was used to describe
mitochondrial DNA synthesis, as it was shown in intact mammalian cells (Davis et
Clayton, 1996), and later in mouse and human neuroblastoma cells (Magnusson et al.
2003; Lentz et al. 2010). For antibody detection of BrdU, double-strand DNA had to
be treated (denatured) by acid, heat, or hydroxide to make the DNA strand accessible
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for antibodies. As a consequence of the denaturation, DNA lost its natural structure
and cellular components (like antigens) were destructed, and depurination and
deproteination occurred as well (reviewed in Ligasova et Koberna, 2018). Problems
of disrupted DNA structure were overcome in 2008 when Salic and Mitchison used
5-ethynyl-2-deoxyuridine (EdU) and subsequent visualization by azide stain in

cooper ions conditions in mammalian cells (Figure 14) (Salic et Mitchison, 2008).

EdU BrdU
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Figure 14: Principle of incorporation and visualization of halogenated analogs EdU

and BrdU

The key feature of EAU success was caused by the terminal alkyne group and
subsequent detection by cycloaddition. The terminal alkyne group of thymidine
analog replaced the methyl group in thymidine. Thymidine analog is readily
incorporated into cellular DNA during DNA replication. The terminal alkyne group
is detected with fluorescent azides in Cu(I) catalyzed cycloaddition by forming a
strong covalent bond (Salic et Mitchison, 2008). Due to the simplicity and fast
visualization, EdU is nowadays used for a wide range of studies connected with
DNA synthesis. On the other hand, high concentration and long-time incubation with
EdU analog may cause toxicity and slowdown cell cycle, as it was shown in human
and mouse cells (Kohlmeier et al., 2013). Another disadvantage of EdU use can
reside in visualization by copper ions, which is not compatible with live-cell imaging
(Baskin et al., 2007). Using EdU incorporation, new approaches to the analysis of
DNA replication machinery became available. Such as protein (which are
crosslinked by formaldehyde) analyses of replication forks (Sirbu et al., 2011), or

genome-wide analysis of DNA replication using isolation of newly synthesized DNA
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by antibody precipitation followed by NGS and in silico study - a method known as
Repli-seq (Hansen et al., 2010; Wear et al.,2017; Concia et al., 2018).

2.5.4 Use of flow cytometry for analyses of DNA replication

Flow cytometry (FCM) is a technique allowing detection and measurements
of the physical and chemical characteristics of a population of cells or other sub-
cellular particles (Picot et al., 2012). This technique was initially developed in
human research and further modified for use in plant science (Carrano et al. 1979;
Dolezel et al., 1991). Flow cytometers can analyze thousands of particles per second.
FCM allows the rapid determination of nuclear DNA content (ploidy analysis) and
analysis of the cell cycle progression by use of specific conditions. In plants, FCM is
widely used to analyze the suspension of protoplasts, chromosomes, and nuclei.

Fluorescent-activated cell sorting (FASC) instruments are able to analyze
particles (protoplasts, chromosomes, or intact nuclei) in liquid suspension (Figure
15) (Dolezel et al., 2014). Based on differences of fluorescence intensity, particles
are identified and sorted into tubes or on microscopic slides (Dolezel et al., 2014).
The ability of specific particle sorting is also useful for the analysis of DNA

replication.
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Figure 15: The mechanismus of flow sorting (Dolezel et al., 2014)
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While nonparametric flow sorting strategy is based on DNA content, two
parameters resolution could be achieved by bivariate analysis of particles that contain
two different fluorophores. In replication studies, fluorescently labeled halogenated
analogs incorporated into newly synthesized DNA fiber are used (Bohmer et Ellwart,
1981). Bivariate flow sorting allows us to distinguish cells going through the cell
cycle based on direct measurement of the DNA content increase and the cohort
labeling of replicated cells. Halogenated DNA analogs (BrdU, EdU) has been
successfully used in animal (Bohmer et Ellwart, 1981) as well as in plant research
(Lucretti et al., 1999), and proved to be a powerful tool to study DNA replication
program (Hayashi ef al., 2013). In plants, the combination of EdU labeling of root
meristematic cells followed by flow cytometry analysis was used to analyze the
duration of cell cycle and S-phase, and further sorting of nuclei representing different
stages of S phase was used for studies of DNA replication in time and space by
application of microscopic techniques and Repli-seq as well (for example Mickelson-

Young et al., 2016).

2.5.5 Cytogenetic and microscopic approaches used in DNA replication

studies

Fluorescence in situ hybridization (FISH) is the most popular method for in
situ localization of different types of DNA or RNA sequences. In combination with
immunostaining, in situ hybridization can be used to study interactions of proteins
with specific DNA sequences and their organization on chromosomes or in
interphase nuclei. Although ‘classical’ FISH represents an extremely versatile
method with a wide spectrum of applications, including analysis of chromatin
organization in three-dimensional space, which is enabled by use of confocal

microscopy and/or by super resolution microscopy.
2.5.5.1 RGEN-ISL

The discovery of type II clustered regularly interspaced short palindromic
repeats (CRISPR)- associated caspase 9 (Cas9) system opened a new field for the
fluorescence detection of genomic loci in living (Dreissig ef al., 2017) and fixed non-
denatured plant cells (Ishii et al., 2019). CRISPR/Cas9 system and its fluorescent
labeling are based on the property of designed CRISPR RNA (crRNA). This RNA

contains 20 nucleotides long spacer that is complementary to a DNA sequence and
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provides the target specificity of the Cas9 system. To find the specific DNA the Cas9
nuclease requires a guide RNA (gRNA) that is composed of crRNA, fluorescently
labeled trans-activating crRNA (tracrRNA), and protospacer adjacent motif (PAM)
(Ishii et al., 2019). This specific complex is formed by the hybridization of the
designed crRNA in combination with the fluorescently labeled tracrRNA (Ishii ef al.,
2019). The crRNA contains a 20-nucleotide guide sequence called spacer and the
PAM, a short G-rich motif that is positioned next to the gRNA-specific part of the

target sequence (Figure 16).

arRNA

NE

Cas9

sy PPN

Target DNA

PAM

Figure 16: The principle of fluorescent labeling using the CRISPR-Cas9 method so-
called RGEN-ISL (Némeckova et al., 2019)

In contrast to classical fluorescence in situ hybridization (FISH), RGEN-ISL
does not require DNA denaturation for hybridization. Therefore, observation of non-
denatured chromatin structure is possible. Due to non-denaturing conditions, RGEN-
ISL has a broad range of adaptability and has been used for immunofluorescence
detection (Ishii et al., 2019). In the present thesis, the protocol for RGEN-ISL was
optimized. Non-denaturing labeling was used for the detection of maize Knob
repeats together with immunolabeling and EdU labeling to detect specific repeats,
histone marks, and DNA replication sites. Even more, differences between chromatin
ultrastructure after RGEN-ISL and subsequent FISH on fixed chromosomes were

compared applying high-resolution microscopy (SIM) (Némeckova et al., 2019).
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2.5.5.2 Three-dimensional FISH (3D FISH)

Based on well-optimized FISH approaches and due to the question about
higher chromatin organization and its behaving during the cell cycle, three-
dimensional FISH (3D-FISH) was used for the first time in 1977 (Bass et al., 1997).
3D-FISH discovery is based on a previous experiment, which revealed the possibility
of specific staining of Drosophila polytene chromosomes mounted in a stable
environment of polyacrylamide gel (Urata et al., 1995). Individual particles such as
chromosomes or nuclei are fixed using formaldehyde and embedded in
polyacrylamide gel, which allows further immunostaining or fluorescence in situ
hybridization with specific probes (Howe et al., 2013). Polyacrylamide properties
provide optically clear sectioning with confocal microscopy and were used in the
plant kingdom for the first time to analyze telomeres positioning during the meiotic
prophase I in maize (Bass ef al., 1997). 3D pictures are created based on acquiring of
the objects by confocal, or super-resolution microscopy, when individual layers are
captured and subsequently composed in the 3D model using mathematic software
like for example, Imaris (Bitplane), LAS X (Leica), or Image] (Bass et al. 1997,
Howe et al., 2013; 2014; Perni¢kova et al. 2019; Kolackova et al. 2019).

As was mention before, the flow cytometry is widely used for sorting of
specific particles, such as nuclei in different stages of the cell cycle or mitotic
chromosomes. This approach was also used in DNA replication studies to analyze
the spatiotemporal pattern of DNA replication (Bass et al., 2015). With this aim,
nuclei of different stages of the cell cycle were sorted, embedded in the gel, and
specific pattern for early, middle and late S phase was observed in maize applying
confocal and high-resolution microscopy (SIM) (Bass et al., 2015).

In the present thesis, the replication profile of seven selected plant species
with contrasting genome sizes was analyzed. Replication timing for telomeres and
centromeres togethere with the spatial organization was revealed by applying

confocal microscopy.

2.5.5.3 Combination of immunolocalization and FISH in 3D

The stability of polyacrylamide gel is one of the undisputed advantages that

also allow protein detection in three space of interphase nuclei or on chromosomes.
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A combination of immunolocalization and polyacrylamide gel was successfully used
by studies of Phillips et al. (2010, 2013), where proteins of synaptonemal complex
(ZYP1, Asyl) were mapped in 3D space of barley nuclei.

Additionally, three-dimensional visualization of protein-DNA interactions can
be achieved using a combination of immunolabeling and FISH (Figure 17). This
protocol combines already mentioned 3D FISH with specific labeling of the target
proteins (Murphy et al., 2014).

DNA (DAPI) TELO(FITC) SUN (RHOD) MERGE ROTATE
Cc D

Figure 17: Protein immunolocalization (SUN) (C) followed by 3D telomere FISH
(TELO) (B) location of meiotic anthers from maize (A) (Murphy et al., 2014).

In the present thesis, the combination of fluorescent immunolocalisation and
FISH labeling was used to analyze 3D organisation of centromeric and telomeric
region in 3D space of nuclei of seven selected plant species. Even more, with the use
of EAU incubation, conserved dynamic of DNA replication in selected species was

reveald (Némeckova at el., 2020).

2.5.5.4 Confocal microscopy and high-resolution microscopy

Confocal microscopy is an optical imaging technique, in which a spatial
pinhole is used to block out-of-focus light during image capturing (Pawley, 2006).
Confocal scanning microscopy allows capturing multiple two-dimensional pictures
in different depths of the sample that enabled tree dimension structure reconstruction
at the end. This technique is used in different scientific fields including plant
cytogenetics studies. For instance, in plants, confocal sectioning was used by Bass et
al. (2014) to study the replication pattern and replication timing of selected repetitive
DNA sequences in 3D space of the nucleus of maize.

In general, microscopy deals with resolution problems caused by the

diffraction limit defined by Ernst Abbe (1873), which allows obtaining resolution
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~200 nm laterally and ~600 nm in the axial dimension in biological specimens
(Pawley, 1995). Analysis of protein and DNA interactions, detailed chromatin
structure was until recently limited due to limitations caused by the refraction limit of
the light. This limitation in fluorescence microscopy was overcome in 2014 by
Betzich, Moerner, and Hell, and awarded by the Nobel Prize (Mdckl, 2014). They
bring a new “nano dimension” in optical fluorescence microscopy.

Nowadays, several high-resolution (super-resolution) microscopy techniques
exist and can be divided based on main two principles: 1) localization microscopy
and, 2) based on structuring the illumination light (reviewed in Schubert et al., 2017).
Localization microscopy is based on the principle of photoactivation, when a
photoactivable molecule switches to the bright stage, are imaged and bleached
(Komis et al., 2015). The resolution of photoactivated localization microscopy
(PALM) can reach 20 nm in the lateral speciemen in biological samples (Komis et
al., 2015). Stochastic optical reconstruction microscopy (STORM) is based on the
localization of individual fluorophores in the specimen with subdiffraction precision.

The second set of nanoscopy techniques is based on structuring the
illumination light done by confocal microscopy like stimulated-emission depletion
(STED) or in the widefield configuration as structured-illumination microscopy
(SIM) (Rego et al., 2012; Dodgson et al., 2015). Structured illumination microscopy
based on the wide-field microscopy principle acquires a set of raw images that are
finally proceeded by a computer algorithm to generate the resulted image. Raw
images are generated by illuminating the sample with interference-generated light,
and a stripe pattern is created (so-called Moir¢ effect). This Moiré pattern contains
downshifted high-frequency information (Dodgson et al., 2015). The final
reconstructed picture can reach about 110-130 nm in lateral and about 250 nm in
axial specimens (2-fold improvement than confocal microscope). Sample preparation
for fixed material is not limited, compatible with commercially available
fluorophores, standard fixative, and labeling method used in conventional
microscopy preparation (reviewed in Schubert 2017).

Stimulated emission depletion microscopy (STED) acquires data using the
confocal system, and the final picture is based on the optical property of the
microscope. The Princip of STED is based on acquiring a sample with spatially
arranged light comprising two different laser beams (Miiller et al., 2012). The laser

beam of the excitation line corresponds to the excitation maximum of the

49



fluorophore, and the second beam, the depletion line, in engineered into the doughnut
shape through a phase mask to surround the excitation beam (Komis et al., 2015).
Based on it, a very small spot of emission can be confirmed (Komis et al., 2015).
Final resolution about 50 nm in lateral and about 130 nm is an axial plan that can be
reached, which corresponds to almost 3-fold improvement than a confocal
microscope. Sample preparation is more limited, due to phototoxicity. Depletion
laser works with high intensity that requires stable fluorescent days resistant to
bleaching. The multicolor resolution could be achieved with two days depleted by
the same laser (Miiller et al., 2012; Dodgson et al., 2015).

Using STORM microscopy, histone variants H3.1 and H3.3 in Hella cells
outside the S phase and in early, middle, and late S phase were analyzed with a
resolution about 40 nm (Clément et al., 2018). The first application of Higher-
resolution SIM microscopy in plants was used in the replication study of maize by
Bass et al. (2015); and more recently, Dvorackova et al. (2018) used SIM
microscopy to study the localization of replicated 45S DNA loci in intra- and

extranucleolar regions in Arabidopsis nuclei (Dvotackova et al., 2018).

2.5.6 Analysis of DNA replication using next generation sequencing

The whole-genome profiling of replication activity through individual stages
of S phase can be analyzed using the Repli-seq method based on EdU labeling, flow
sorting, immunoprecipitation, library construction followed next generation
sequencing (see Figure 18 A). The Illumina sequencing of replicated DNA sequences
was developed of human cells of cell suspension by Hansen et al. (2010) and later
modified for plant cells (Wear ef al. 2017).

The Repli-seq procedure is based on newly synthesized DNA labeling (e.g.
by EdU) and further analysis of the cell cycle using flow cytometry. The FACS
analysis is used to sort individual stages of interphase with the aim to isolate genome
regions that are replicated during the individual stages of the S phase (Figure 18 B).
After DNA isolation from flow sorted nuclei, DNA is fragmented and sequences
labeled by EdU are separated from a non-replicated (un-labeled) DNA fragments
using immunoprecipitation. Selected DNA fragments corresponding to DNA
sequences that are replicated during the individual phases of phase as well as DNA

fragments corresponding to Gl nuclei are then used for illumining libraries
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preparation and sequencing. Further bioinformatic processing is based on aligning
the Illumina reads to reference genome sequence and identification of replication
timing of regions of interest (Figure 18 C). Recently, Repli-seq analysis was used in
3 studies focused on Arabidopsis, maize, and endoreduplication in maize (Wear et

al., 2017; Concia et al. 2018).
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Figure 18: The experimental pipeline of Arabidopsis Repli-seq experiment (Concia

etal., 2018)
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II

AIMS OF THE THESIS

Specific visualization of proteins, DNA repeats, and sites of DNA replication

in maize using non-denaturing conditions

The first aim of the thesis was to establish a combination of labeling techniques
allowing in situ studies in non-denaturing conditions with the use of the RGEN-

ISL approach.

Comparison of DNA replication time in seven phylogenetically related

species with differeces in genome sizes

The second aim of the work was to analyze replication timing of DNA
sequences specific for centromeric and telomeric regions and to examine if
differences in the genome size, chromosome number, and repetitive DNA
organization in their nuclear genomes influence the replication timing, and have

an effect on the 3D organization of chromatin in the interphase nucleus.
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4 RESULTS

4.1 Summary

In this thesis, I focused on the comparison of DNA replication in space and
time in seven related plant species differing in their genome size. The first goal of the
current work was to established a combination of non-denaturing labeling techniques
to visualize the spatiotemporal organization of the genome. This aim runs in parallel
with the study focused on the dynamic of DNA replication in the 3D space of cell
nuclei during different stages of the S phase.

To establish a new labeling protocol, discover of CRISPR-Cas9-based RNA
guided endonuclease-in situ labeling (RGEN-ISL) was utilized. We used repeat
specific gRNA for maize 180-bp knob repeat. The combination of RGEN-ISL and 5-
ethynyl-2-deoxyuridine (EdU) was used for the detection of replication in maize.
Even more, a triple combination of RGEN-ISL, EdU, and immunostaining was
established. The replication of heterochromatin Knob repeats was combined with
chromatin histone marks effect. A possible contribution of H3K9me2 in the early
replication of heterochromatin in maize was found and simultaneously, the opposite
function of H3K4me?2 was found in the late replicating euchromatin in maize.

Moreover, the influence of denaturation on the morphology of chromatin was
examined using super-resolution microscopy (SIM) with a resolution of about ~ 120
— 140 nm. In the case of non-denaturing conditions, chromatin maintained more
compact, whereas in the classical denaturing condition of standard FISH procedure
chromatin was flattened and impaired (Némeckova et al., 2019).

A comparison study of seven selected species revealed surprisingly conserved
dynamics of DNA replication in all species, although they differ in interphase
chromatin arrangement and genome size as well. Telomere replication timing was
established for the first part of the S phase, mostly for the early and middle phases.
The only exception was found in rye, where the telomeric regions contained large
heterochromatin blocks. As we showed, those telomeric regions that were closely
connected to the heterochromatin blocks were replicated preferentially during the
late S phase. The largest proportion of centromeric region, labeled by

immunostaining with CENH3, was found in the middle and late S phase, although
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the replication starts already in the early S phase. Moreover, a stable orientation of

centromeric and telomeric regions was observed through all stages of the interphase.
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4.2 Original papers

4.2.1

422

CRISPR/Cas9-Based RGEN-ISL Allows the Simultaneous and Specific
Visualization of Proteins, DNA Repeats, and Sites of DNA Replication
(Appendix I)

DNA replication and chromosome positioning throughout the interphase in
three-dimensional space of plant nuclei

(Appendix II)
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3.2.1. CRISPR/Cas9-Based RGEN-ISL Allows the Simultaneous and Specific
Visualization of Proteins, DNA Repeats, and Sites of DNA Replication

Némeckova A, Wisch Ch, Schubert V, Ishii T, Hfibova E, Houben, A

Cytogenetic and Genome Research, 159: 48-53, 2019
doi: 10.1159/000502600

IF: 1.114

Abstract:

Visualizing the spatiotemporal organization of the genome will improve our
understanding of how chromatin structure and function are intertwined. Here, we
describe a further development of the CRISPR/Cas9-based RNA-guided
endonuclease-in situ labeling (RGEN-ISL) method. RGEN-ISL allowed the
differentiation between vertebrate-type (TTAGGG)n and Arabidopsis-type
(TTTAGGG)n telomere repeats. Using maize as an example, we established a
combination of RGEN-ISL, immunostaining, and EdU labeling to visualize in situ
specific repeats, histone marks, and DNA replication sites, respectively. The effects
of the non-denaturing RGEN-ISL and standard denaturing FISH on the chromatin
structure were compared using super-resolution microscopy. 3D structured
illumination microscopy revealed that denaturation and acetic acid fixation impaired
and flattened the chromatin. The broad range of adaptability of RGEN-ISL to
different combinations of methods has the potential to advance the field of

chromosome biology.
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3.2.2 DNA replication and chromosome positioning throughout the interphase
in three-dimensional space of plant nuclei

Némeckova A, Kolackova V, Vrana J, Dolezel J, Hiibova E

Journal of Experimental Botany, 2020
doi: doi:10.1093/jxb/eraa370

IF: 5.908

Abstract:

Despite much recent progress, our understanding of the principles of plant
genome organization and its dynamics in three-dimensional space of interphase
nuclei remains surprisingly limited. Notably, it is not clear how these processes could
be affected by the size of a plant’s nuclear genome. In this study, DNA replication
timing and interphase chromosome positioning were analyzed in seven Poaceae
species that differ in their genome size. To provide a comprehensive picture, a suite
of advanced, complementary methods was used: labeling of newly replicated DNA
by ethynyl-2'-deoxyuridine, isolation of nuclei at particular cell cycle phases by flow
cytometric sorting, three-dimensional immunofluorescence in situ hybridization, and
confocal microscopy. Our results revealed conserved dynamics of DNA replication
in all species, and a similar replication timing order for telomeres and centromeres,
as well as for euchromatin and heterochromatin regions, irrespective of genome size.
Moreover, stable chromosome positioning was observed while transitioning through
different stages of interphase. These findings expand upon earlier studies in
suggesting that a more complex interplay exists between genome size, organization
of repetitive DNA sequences along chromosomes, and higher order chromatin
structure and its maintenance in interphase, albeit controlled by currently unknown

factors.
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4.3 Conference presentations

4.3.1

4.3.2

4.3.3

4.3.4

4.3.5

Replication of DNA repeats in time and space

(poster presentation; Appendix III)

DNA replication timing program in barley (Hordeum vulgare).

(poster presentation: Appendix IV)

Chromatin arrangement across the whole cell cycle in the Poaceae family

(poster presentation: Appendix V)

Replication of DNA repeats in time and space

(oral presentation)

3D organizace chromozémii v bunééném jadre obilovin.

(oral presentation)
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3.3.1 Replication of DNA repeats in time and space

Némeckova A, Vrana J, Dolezel J, Hiibova E

In: Abstract of the: ,,Plant Genome Stability and Change*.
IPK Gatersleben, Germenay, 2018

Abstract:

Genetic information is replicated during S phase of cell cycle and the process
is under strict control. In plants, the time course of DNA replication has been studied
in detail only in maize. To provide more insights, we set up to study the replication
of a set of DNA repeats, including those playing a role in telomere and centromere
organization, tandem organized units of rTDNA sequences and other tandem repeats
in two closely related plant species differing in genome size. Brachypodium
distachyon has a small genome and low proportion of DNA repeats (1C ~355 Mb,
~30% repeats) while Hordeum vulgare has a large genome (1C ~5100 Mb) with a
high proportion of DNA repeats (more than 80%). In order to study DNA replication
of the selected DNA repeats in time and space we combined flow cytometry and 3D
acrylamide FISH. Cell cycle transition was followed by incorporation of 5-ethynyl-
2'-deoxyuridine (EdU) into newly synthesized DNA, and the nuclei at different
stages of cell cycle (G1, G2, very early, early, middle, late and very late S-phase).
The sorted nuclei were used for 3D FISH with probes for the DNA repeats and rRNA
genes. Our work revealed complex patterns of DNA replication in different stages of
S phase. During the early S phase, the signals of EdU labeled replicating chromatin
were localized to particular foci and separated from non-replicating chromatin
labeled by DAPI. This contrasted with the late S phase, when the signals of EAU
labeled replicating chromatin overlapped with DAPI-stained heterochromatin. In
middle S phase, the most of the chromatin is replicated, no specific pattern of EdU
labeled versus DAPI stained chromatin was observed. These results indicated that
highly heterochromatic regions were replicated in late S phase. 3D acrylamide FISH
with the probes specific to different DNA repeats and rDNA sequences revealed a
more complex mode of their replication during the S phase. While 5S rRNA genes

were replicated during early S phase, 45S rRNA genes were replicated during all

84



stages of S phase. Nevertheless, a majority of them were replicated in very late S
phase, probably reflecting the presence of large amounts of pseudogenic 45S rDNA
units. The LTR retrotransposon Cereba, which localizes preferentially to centromeric
regions of H. vulgare replicated during all stages of S phase and sub-telomeric
satellite repeats pscl19 is replicated during the early and middle S phase. These
results provide the first picture of the complexity of DNA replication in time and
nuclear space, which reflects different types of DNA sequences and their role in

genome organization and function.
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3.3.2 DNA replication timing program in barley (Hordeum vulgare)

Cizkova J, Némeckova A, Vrana J, Dolezel J, Hfibova E

In: International Conference on Polyploidy

Ghent, Belgium, 2019

Abstract:

Nuclear genome is replicated during the S phase of cell cycle under strict
rules, which ensure accuracy and completeness of this important process. Replication
timing programs have been described in prokaryotes, yeasts and many animal
species. In plants, DNA replication was analysed in detail only in species with
relatively small genomes, such as maize and Arabidopsis. To provide more insights,
we studied the replication machinery in barley, a representative of plants with large
genome (1C ~ 5100 Mb) and high proportion of DNA repeats (~ 84%). In order to
study DNA replication in time and space we combined flow sorting of EdU-labeled
nuclei, 3D acrylamide FISH and Repli-seq. Nuclei at different stages of the cell cycle
(G1, G2, early, middle and late S-phase) were isolated and used for 3D FISH with
probes specific to different DNA repeats and rRNA genes. We observed that
replication process of different DNA repeats varied in time, e.g., centromeric
retrotransposon Cereba was replicated during all stages of S phase, while sub-
telomeric satellite repeat pscl119 was replicated during the early and middle S phase.
Difference in replication timing was observed also for rRNA genes, while 5S rRNA
genes were replicated during early S phase, majority of 45S rRNA genes were
replicated in late S phase, probably reflecting the presence of large amounts of
pseudogenic 45S rDNA units. Genome-wide replication timing program in barley
was described based on Repli-seq, which identified genomic regions that replicate
predominantly during early, middle and late S-phase. Our results provide the first
picture of the complexity of DNA replication in barley, reflecting different types of

DNA sequences and their role in genome organization.
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3.3.3 Chromatin arrangement across the whole cell cycle in the Poaceae family

Némeckova A, Vrana J, Dolezel J, Hiibova E

In: Abstract of the ,, MEETING OF THE GPZ GROUP, CYTOGENETICS 2019*.

Dresden, Germany, 2019

Abstract:

In 1885, Carl Rabl observed a particular arrangement of chromosomes in
interphase nuclei, later named after him. Almost one and half century later, our
understanding of the spatial organization of interphase chromosomes remains
sketchy. Among other, it is believed that the Rabl configuration is typical for plants
with genomes larger than 4000 Mb, and absent in species with genomes smaller than
1000 Mb, and that the Rabl configuration is not preserved in all tissues and organs of
an organism. In order to provide more insights, we studied nuclear chromatin
organization in root tip meristem cells at different stages of cell cycle in seven
species from the Poaceae family. Following labeling by EdU, cell nuclei were sorted
using flow cytometry and microscopically analyzed after 3D FISH with probes for
telomeres, centromeres and 45S rDNA. While in species with relatively small
genomes (Brachypodium, rice and maize), replicating chromatin concentrated to
small regions resembling islands, the replicating chromatin was more dispersed and
localized to many small loci in species with large genomes (barley, wheat, rye and
oat). A combination of EdU labeling and 3D FISH on sorted nuclei revealed Rabl
configuration during the whole S phase in all species except rice. Apart from the
analysis of chromosome spatial organization, we analyzed the replication of 45S
rRNA genes which are localized in nucleoli. 45S rDNA was replicated during late S
phase with the exception of Brachypodium, in which the replication of 45S rDNA
started already in the middle S phase.
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3.3.4 Replication of DNA repeats in time and space

Némeckova A, Vrana J, Dolezel J, Hiibova Eva

In: Praha, Czech Republic, 2018
Abstract:

Genetic information is replicated during S phase of cell cycle and the process
is under strict control. Most of our knowledge about genome replication comes from
animals studies but in plants, the time course of DNA replication has been studied in
detail only in maize and Arabidopsis. To provide more insights, we set up to study
the replication machinery in Hordeum vulgare, a plant representative with large
genome (1C ~5100 Mb) and high proportion of DNA repeats (more than 80 %). In
order to study DNA replication in time and space we combined flow cytometry, 3D
acrylamide FISH and Repli-seq. Cell cycle transition was followed by incorporation
of 5-ethynyl-2'-deoxyuridine (EdU) into newly synthesized DNA, and the nuclei at
different stages of cell cycle (G1, G2, very early, early, middle, late and very late S-
phase). In order to study replication of DNA repeats, we sorted nuclei from all 9
phases of the cell cycle and used them for 3D FISH with probes for the DNA repeats
and rRNA genes. 3D acrylamide FISH with the probes specific to different DNA
repeats and rDNA sequences revealed a more complex mode of their replication
during the S phase. While 5S rRNA genes were replicated during early S phase,
majority of 45S rRNA genes were replicated in very late S phase, probably reflecting
the presence of large amounts of pseudogenic 45S rDNA units. The LTR
retrotransposon Cereba, which localizes preferentially to centromeric regions of H.
vulgare replicated during all stages of S phase and sub-telomeric satellite repeats
psc119 is replicated during the early and middle S phase. The work on replication of
specific DNA repeats by 3D FISH was completed by the analysis of genome-wide
replication timing in barley by Repli-seq procedure. Our results provide the first
picture of the complexity of DNA replication in time and nuclear space, which
reflects different types of DNA sequences and their role in genome organization and

function in barley.
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3.3.5 3D organizace chromozomii v bunééném jadre obilovin

Némeckova A, Hiibova E

In: 53. vyro¢ni cytogenetickd conference

Olomouc, Czech Republic, 2020

[In Czech]
Abstrakt:

Prvni hypotézu usporadani chromozému v interfdznim jadie ptinesl jiz v roce
1885 Carl Rabl, ktery pomoci optického mikroskopu pozoroval dé€lici se buiky
mloka. Jeho hypotézy byly potvrzeny az aplikaci cytogenetickych studii na ¢lovéku,
zivoCiSich a nekterych rostlinnych druzich, kterd obsahovaly velké chromozémy.
Tyto studie ukézaly, ze chromozomy jsou v interfaznim jadie organizovany tak, ze
centromerické a telomerické oblasti leZi na opac¢nych poélech interfaznich jader — tzv.
Rabl konfigurace. Pozd&jsi studie odhalily Ze rostlinné druhy s malym genomem,
jako napt. Arabidopsis thaliana, maji chromozomy v interfaznim jadfe organizovany
do tzv. Ruzicové struktury (Rosette-like structure), kdy jsou centromerické oblasti
lokalizovéany na periferii jadra a telomerické oblasti se nachazi v blizkosti jadérka.

Cilem nasi studie byla analyza uspofadani interfaznich chromozémi u sedmi
zastupctt lipnicovitych, vcetn¢ hospodaisky vyznamnych obilovin, které se lisi
velikosti jadernych genomtl, mnozstvi repetitivnich sekvenci DNA, poctem a
morfologii chromozému. Za timto ucelem bylo vyuZito znaceni nové se replikujicich
oblasti DNA pomoci 5-ethynyl-2'-deoxyuridinu (EdU), analyzy bunétného cyklu a
tiidéni jader specifickych pro rizné faze bunééného cyklu pomoci pratokoveé
cytometrie, trojdimenzionalni fluorescencni in situ hybridizace (3D FISH) a
konfokalni mikroskopie.

Nase vysledky odhalili konzervovanou dynamiku DNA replikace u vSech
analyzovanych rostlinnych druhti a velmi podobnou dobu replikace centromerickych
a telomerickych oblasti chromozéml. Navic tfidéni jader a naslednd 3D
cytogenetickd analyza odhalila stabilni pozici chromozéml v prib¢hu rozdilnych
fazi (G1, S, G2) interfazniho jadra.

VA4

chromozéml rostlin, a ukazuji, Ze na wuspofaddni rostlinnych interfaznich
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chromozéml ma vliv nejen velikost genomu, ¢i velikost chromozomt, ale také
pfitomnost a organizace repetitivnich sekvenci DNA a organizace samotného

chromatinu v prib¢hu interfaze bunécného cyklu.
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S CONCLUSIONS

5.1 Specific visualization of proteins, DNA repeats, and sites of DNA
replication in maize using non-denaturing conditions

A combination of three methods was established under non-denaturing
conditions that became a valuable tool for the simultaneous detection of specific

DNA repeats, proteins, and DNA replication sites.

5.2.Comparison of DNA replication time in seven phylogenetically
related species with differences in genome sizes.

Replication timing of centromeric and telomeric regions in seven selected
plant species using a combination of EdU labeling, flow sorting, and 3D-immuno-
FISH localization was established. Simultaneous detection in 3D space of nuclei,
where the chromatin structure is preserved, was proved as a powerful tool for
analysis of the spatiotemporal pattern of DNA replication, and chromatin

organization during interphase.
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6 LIST OF ABBREVIATIONS

A

3C

3D
3D-SIM

BAC

BrdU

C

Cas9
CENH3
CRISPR
crRNA
ChIP
ChIP-chip
ChiP-seq
CT
CTRs
cpDNA
ddNTP
DNA
dsDNA
EdU

ESI

adenine

chromosome confirmation capture

tree dimensional

tree dimensional structured illumination microscopy
bacterial artificial chromosome

base pairs

5-bromodeoxyuridine

cytosine

CRISPR associated protein 9

centromere-specific variant of histone H3

clustered regularly interspersed palindromic repeats
CRISPR ribonucleic acid

chromatin immunoprecipitation
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Abstract

Visualizing the spatiotemporal organization of the genome
will improve our understanding of how chromatin structure
and function are intertwined. Here, we describe a further de-
velopment of the CRISPR/Cas9-based RNA-guided endonu-
clease-in situ labeling (RGEN-ISL) method. RGEN-ISL allowed
the differentiation between vertebrate-type (TTAGGG), and
Arabidopsis-type (TTTAGGG), telomere repeats. Using maize
as an example, we established a combination of RGEN-ISL,
immunostaining, and EdU labeling to visualize in situ spe-
cific repeats, histone marks, and DNA replication sites, re-
spectively. The effects of the non-denaturing RGEN-ISL and
standard denaturing FISH on the chromatin structure were
compared using super-resolution microscopy. 3D structured
illumination microscopy revealed that denaturation and
acetic acid fixation impaired and flattened the chromatin.
The broad range of adaptability of RGEN-ISL to different
combinations of methods has the potential to advance the
field of chromosome biology. ©2019'S. Karger AG, Basel

Since the 1990s, fluorescence in situ hybridization
(FISH) has been widely used for the visualization of spe-
cific DNA sequences in fixed nuclei and chromosomes.
In that process, a DNA denaturation step using heat, for-
mamide, or sodium hydroxide is necessary to allow probe
hybridization. However, these treatments may affect the
native structure of chromatin. Nowadays, with the im-
proved ultrastructural investigation possibilities via su-
per-resolution microscopy and a high interest in analyz-
ing the real native chromatin structure, its arrangement,
and modifications during the cell cycle, more sensitive
techniques for chromatin labeling are required.

The discovery and application of the type II clustered
regulatory interspaced short palindromic repeat
(CRISPR)-associated caspase 9 (Cas9) system for genome
editing was the starting point to employ this system also
for the fluorescence detection of genomic loci in living
[Chen etal., 2013; Anton et al., 2014; Dreissig et al., 2017]
and fixed non-denatured animal and plant cells [Deng et
al., 2015; Ishii et al., 2019].

The principle of fluorescence labeling using the CRIS-
PR/Cas9 system is based on the property of designed
CRISPRRNA (crRNA), which contains a spacer comple-
mentary to a DNA sequence and provides the target
specificity of the Cas9 system (Fig. 1). To find the target

© 2019 S. Karger AG, Basel
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i’ «—tracrRNA

target DNA

PAM

Fig. 1. The principle of fluorescence labeling of genomic DNA us-
ing the CRISPR-Cas9-based RGEN-ISL method. The crRNA:
tracrRNA complex uses optimized Alt-R crRNA and ATTO
550-labeled tracrRNA sequences that hybridize and then form a
complex with Cas9 endonuclease to guide targeted binding to ge-
nomic DNA. The binding site is specified by the protospacer ele-
ment of the crRNA (green bar). This element recognizes 19 or 20
nt on the opposite strand of the NGG PAM site. The PAM site
must be present immediately downstream of the protospacer ele-
ment that binding can occur.

DNA, the Cas9 nuclease requires a guide RNA (gRNA)
which is composed of crRNA, fluorescently labeled
trans-activating crRNA (tracrRNA), and a protospacer
adjacent motif (PAM). This specific complex is formed
by hybridization of the designed crRNA in combination
with the fluorescently labeled tracrRNA [Ishii et al.,
2019]. The crRNA contains a 20-nucleotide guide se-
quence called spacer and the PAM, a short G-rich motif
which is positioned next to the gRNA-specific part of the
target sequence.

To further develop the CRISPR/Cas9-based RNA-
guided endonuclease-in situ labeling (RGEN-ISL) meth-
od for the detection of high-copy DNA, we employed
telomere and maize 180-bp knob [Peacock et al., 1981;
Ananiev et al., 1998] repeat-specific gRNAs. We estab-
lished a combination of RGEN-ISL, immunostaining,
and 5-ethynyl-deoxyuridine (EdU) labeling to detect spe-
cific repeats, histone marks, and DNA replication sites,
respectively. We compared the effect of non-denaturing
RGEN-ISL and standard denaturing FISH on the struc-
ture of chromatin using super-resolution microscopy.

Materials and Methods

Material

Nuclei and chromosomes of Zea mays L. (genotype B73) and
Scadoxus multiflorus (Martyn) Raf. (also known as Haemanthus
multiflorus) were used.

CRISPR/Cas9-Based RGEN-ISL

Sample Preparation

Maize nuclei and chromosomes were isolated from root meri-
stems and leaves of young seedlings. S. multiflorus nuclei were iso-
lated from roots of mature plants. Leaves were fixed for 30 min in
Tris buffer with 2% formaldehyde (10 mM Tris, 10 mM Na,EDTA,
100 mM NaCl, 0.1% Triton X-100, 2% formaldehyde, pH 7.5 [pre-
pared from formaldehyde solution 37%, Carl Roth GmbH, cat. No.
7398.1]) at 4°C. The first 5 min of fixation were done under vacu-
um condition using a Vacufuge concentrator (Eppendorf, model
5301) according to Dolezel et al. [1992]. After fixation, leaves were
washed 3 times in Tris buffer, using a rotating shaker (100 rpm)
on ice. For the preparation of chromosomes and nuclei from the
root meristems, Tris buffer with 3% formaldehyde was used for 35
min (5 min under vacuum and 30 min on ice only) for fixation.
The meristems of four 1-cm-long root tips were chopped into thin
slices with a razor blade in 500 pL LBO1 buffer (15 mM Tris, 2 mM
Na,EDTA, 0.5 mM spermine tetrahydrochloride, 80 mm KCl, 20
mM NaCl, 15 mM B-mercaptoethanol, 0.1% Triton X-100, pH 7.5)
[Dolezel et al., 1989]. The suspension was passed through a 35-um
nylon mesh, and nuclei and chromosomes were spun onto stan-
dard microscopic slides using a Thermo Shandon Cytospin 3 (700
rpm for 5 min for leaf- and 400 rpm for 5 min for root-derived
material). The slides were checked by phase contrast microscopy
and kept in ice-cold 1x PBS. Before use, slides were washed in 1x
PBS for 5 min on ice while shaking (100 rpm).

RNA-Guided Endonuclease-in situ Labeling

Target-specific crRNAs for the 180-bp maize knob repeat [Pea-
cock etal., 1981] and the vertebrate telomere repeat were designed
using the software crCRISPRdirect (https://crispr.dbcls.jp/) (on-
line suppl. Table 1; for all online suppl. material, see www.
karger.com/doi/10.1159/000502600). We employed the 2-part
gRNA (crRNA and tracrRNA) system (Alt-R® CRISPR-Cas9, In-
tegrated DNA Technologies, https://eu.idtdna.com) for RGEN-
ISL according to Ishii et al. [2019]. For the assembly of 10 pum
gRNA, 1 uL 100 pM crRNA, 1 pL 100 pM ATTOS550-labeled
tracrRNA, and 8 uL duplex buffer were used. Afterwards, the
gRNA was denatured for 5 min at 95°C to hybridize. In the next
step, the ribonucleoprotein (RNP) complex was prepared: 1 uL 10
uM gRNA, 1 uL 6.25 uM dCas9 proteins (D10A and H840A; Nova-
teinbio, PR-137213), 10 puL 10x Cas9 buffer (200 mMm Hepes pH
7.5, 1 M KCI, 50 mM MgCl,, 50% (v/v) glycerol, 10% BSA, and 1%
Tween 20), 10 uL 10 mM DTT, and 80 pL double distilled water
were mixed, incubated at 26°C for 10 min, and stored at 4°C. Per
slide, 100 pL of 1x Cas9 buffer/1 mM DTT was applied for 2 min
at room temperature. The slides were tilted to remove the buffer,
and 25 pL RNP complex per slide was applied. Slides were covered
with parafilm and kept in a humid chamber at 26°C for 2-4 h, or
at 4°C overnight. After incubation, the slides were washed in ice-
cold 1x PBS for 5 min. To prevent the dissociation of the RNP
complex, post-fixation was performed with 4% formaldehyde in
1x PBS for 5 min on ice. Then, the slides were washed with 1x PBS
for 5 min on ice and dehydrated in ethanol (70, 90, and 96%; 2 min
each) at room temperature. Slides were embedded and counter-
stained with DAPI in Vectashield mounting medium (Vector Lab-
oratories, Burlingame, CA, USA).

Combination of RGEN-ISL and FISH
After RGEN-ISL, the slides were fixed in 4% formaldehyde in
1x PBS for 5 min and treated with freshly prepared ethanol:glacial
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acetic acid (3:1) at room temperature for 7 h in the dark. Then, the
slides were dehydrated in an ethanol series (70, 90, and 96%; 2 min
each) at room temperature. After brief drying, 15 pL of a prehy-
bridization solution of DS20 (20% dextran sulfate [Sigma-Aldrich,
cat. No. D8906], 50% deionized formamide [Sigma-Aldrich, cat.
No. 4767], 300 mM NaCl, 30 mM tri-sodium citrate dehydrate, 50
mM phosphate buffer, pH 7.0) was applied per slide and covered
with a 22 x 22 mm cover slip for overnight incubation at 37°C. The
next day, coverslips were removed, and the slides were washed in
2x SSC with 0.1% Triton and 2x SSC at room temperature for 5
min each, and dehydrated in an ethanol series (70, 90, and 96%; 2
min each) at room temperature. After short drying, DNA was de-
natured in 0.2 N NaOH/70% ethanol at room temperature for 3
min and then dehydrated sequentially in an ethanol series. The
hybridization solution consisting of 15 L. DS20 and 1 pL of probe
specific for the 180-bp Knob 2 (oligo probe FAM-GAAGGCTAA-
CACCTACGGATTTTTGACCAAGAAATGGTCTCCAC-
CAGAAATCCAAAAAT [Zhu et al, 2017]) was denatured at
95°C for 5 min, immediately transferred on ice, and kept for 5 min.
The hybridization mix was applied to the slide, covered with a cov-
erslip, and hybridized overnight in a humid chamber at 37°C. The
next day, slides were washed in 2x SSC with 0.1% Triton X-100 and
2x SSC at room temperature for 5 min each. Slides were dehydrat-
ed using the ethanol series and finally embedded and counter-
stained with DAPI in Vectashield mounting medium.

Combination of DNA Replication Analysis and RGEN-ISL

Roots of 3-day-old maize seedlings were incubated with 20 um
EdU solution (baseclick GmbH, cat. No. BCK-EdU647) in ddH,O
(stock solution contains 10 mM EdU in DMSQO) for 30 min at 28°C.
Then, the roots were washed thoroughly in H,0, and the nuclei
were prepared as described for RGEN-ISL.

Combination of DNA Replication Analysis, Immunostaining,

and RGEN-ISL

Slides carrying nuclei isolated from EdU-treated roots were
washed for 5 min in ice-cold 1x PBS and incubated with 70 uL of
primary antibodies per slide (1:100 dilution, anti-methylation
H3K9me2 and H3K4me2 [Abcam, cat. No. Ab1220 and Ab7766])
at4°Covernightin a humid chamber. The next day, the slides were
washed twice for 5 min in 1x PBS, and then 100 uL of 1x Cas9 buf-
fer per slide was used for equilibration for 2 min. After that, 25 uL
of the RNP complex together with the secondary antibody anti-
rabbit Alexa 488 (1:200 dilution; Jackson ImmunoResearch Labo-
ratories, cat. No. 711-545-152) was applied per slide. First the RNP
complex was prepared, afterwards the secondary antibodies were
diluted in the RNP mix. Slides were covered with parafilm and in-
cubated overnight at 4°C in a humid chamber. For the visualiza-
tion of the EdU-incorporated DNA, the slides were washed in 1x
PBS on a shaker (5 min; 100 rpm), and the freshly prepared EdU
reaction cocktail (250 uL per slide) for detection was applied, cov-
ered with parafilm, and incubated for 30 min at 28°C in a humid
chamber protected from light. After incubation, the reaction cock-
tail was removed, and the slides were washed for 5 min in 1x PBS
on a shaker (100 rpm). Post-fixation was performed with 4% form-
aldehyde in 1x PBS for 5 min on ice. Then, the slides were washed
in 1x PBS for 5 min on ice and dehydrated in ethanol (70, 90, 96%;
2 min each) at room temperature. The slides were embedded and
counterstained with DAPI in Vectashield.
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Fig. 2. Workflow of RGEN-ISL and its combination with FISH
(RGEN-ISL + FISH) and with EdU-based DNA replication analy-
sis and immunolabeling (EdU + RGEN-ISL + IM). FA, formalde-
hyde; IM, immunolabeling.

All protocols for RGEN-ISL and its combination with FISH
(RGEN-ISL + FISH) and with EdU-based DNA replication analy-
sis and immunolabeling (EdU + RGEN-ISL + IM) are summarized
in Figure 2.

Microscopy

Widefield fluorescence imaging was performed using an Olym-
pus BX61 microscope equipped with an ORCA-ER CCD camera
(Hamamatsu). All images were acquired in grayscale and pseudo-
colored with Adobe Photoshop 6 (Adobe Systems). To analyze the
ultrastructure and spatial arrangement of signals and chromatin at
a lateral resolution of ~120 nm (super-resolution, achieved with a
488-nm laser), spatial structured illumination microscopy (3D-
SIM) was applied using a Plan-Apochromat 63x/1.4 oil objective
of an Elyra PS.1 microscope system and the software ZENblack
(Carl Zeiss GmbH). Image stacks were captured separately for each
fluorochrome using 561-, 488-, and 405-nm laser lines for excita-
tion and appropriate emission filters. Maximum intensity projec-
tions were calculated based on 3D-SIM image stacks employing
the ZENblack software [Weisshart et al., 2016].

Results and Discussion

RGEN-ISL and FISH Signals Differ at the

Subchromosomal Level

The 180-bp knob repeat of maize [Peacock et al., 1981;
Ananiev et al., 1998] was used to compare the structure
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Fig. 3. Application of RGEN-ISL for the de-
tection of high copy repeats. A, B Compar-
ison of the chromatin ultrastructure after
Knob 2-specific labeling by RGEN-ISL
(red) and subsequent FISH (green) of fixed
chromosomes (A) and interphase nuclei of
maize (B). C Nucleus of S. multiflorus ex-
hibiting vertebrate-specific telomere sig-
nals. To analyze the ultrastructure and spa-
tial arrangement of signals and chromatin
at a lateral resolution of ~140 nm, 3D
structured illumination microscopy was
applied. A higher resolution is achieved by
FAM labeling (~120 nm).

Scadoxus multiflorus

05 um

of chromatin and fluorescence signals after applying the
newly developed RGEN-ISL method and standard FISH.
Specific gRNAs (Knob 1, Knob 2, Knob 3) which differ in
GC content, PAM, melting temperature, and target copy
number were designed (online suppl. Table 1). A positive
correlation between signal intensity and reliability of de-
signed probes and their copy number of target repeats
was observed as the Knob 2-specific gRNA with the high-
est copy number resulted in the strongest signals (online
suppl. Fig. 1). A negative correlation between RGEN-ISL
signal intensity and the degree of chromatin structure
preservation was found as previously noted by Ishii et al.
[2019]. Fixation of leaf tissue in 2% formaldehyde result-
ed in the strongest RGEN-ISL signals, but the chromatin
structure was of low quality. The opposite was observed
using 4% formaldehyde-fixed nuclei. Application of 3%
formaldehyde fixation in combination with a Knob 2-spe-
cific gRNA provided the most reliable result in all exper-
iments (online suppl. Fig. 2).

To evaluate the influence of denaturation on the mor-
phology of chromatin, non-denaturing RGEN-ISL was
performed first and super-resolution microscopy (3D-

CRISPR/Cas9-Based RGEN-ISL

SIM) images were acquired. Afterwards, the same speci-
men was used for standard FISH, recorded again, and the
images were compared. The depicted overall morphology
of chromosomes and nuclei was similar for both methods
(Fig. 3A, B). However, the application of 3D-SIM re-
vealed subtle differences. The width of chromosomes in-
creased after standard FISH, and the chromosome struc-
ture labeled by DAPI was less defined (Fig. 3A). It seems
that FISH, a method which is based on denaturation and
acetic acid fixation, impaired and flattened the chroma-
tin. In case of non-denaturing RGEN-ISL, the chromatin
structure stays more compact. FISH-positive chromo-
some regions were about one fifth larger in total. Hence,
RGEN-ISL is the method of choice for the visualization
of repeats if the ultrastructure of chromatin is of interest.

RGEN-ISL Enables the Detection of Vertebrate-Type

Telomeres in S. multiflorus

The chromosome termini of the blood lily S. multiflo-
rus (2n = 18) are sealed by vertebrate-type (TTAGGG),
and not Arabidopsis-type (TTTAGGG), telomere repeats
[Monkheang et al., 2016]. To check whether a visualiza-
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merge

Fig. 4. RGEN-ISL in combination with
EdU-based DNA replication analysis
(EAU + RGEN-ISL) (A, B) and immunola-
beling (EdU + RGEN-ISL + IM) (C, D) us-
ing maize nuclei. A The early replicating
nucleus shows euchromatin labeling by
EdU (white), whereas the Knob 2 repeats
marked by RGEN-ISL (red) are not yet rep-
licated. B The late replicating nucleus
shows Knob 2 repeat-specific EQU labeling.
C After triple staining of early S phase, the
late replicating Knob 2 repeats are free of
EdU, but stained by anti-histone H3K-
9me2. D During late S phase the late repli-
cating Knob 2 repeats are EdU marked and
free of anti-histone H3K4me2 signals.
A, B 3D structured illumination microsco-
py. C, D Standard fluorescence microscopy.

RGEN-ISL
Knob 2

EdU

early S

H3K4me2

tion of this repeat is possible by RGEN-ISL, Arabidopsis
and vertebrate telomere-specific gRNAs were used. Telo-
mere signals were only detected with the vertebrate telo-
mere-specific gRNA (Fig. 3C; online suppl. Fig. 3). The
RGEN-ISL resulted in 29.6 dot-like signals per nucleus
(n=50). A slightly higher number of telomere signals per
nucleus (32.2) was found after standard FISH (n = 50).
Hence, RGEN-ISL allows the differentiation between
vertebrate-type (TTAGGG), and Arabidopsis-type
(TTTAGGG), telomere repeats.

Combination of RGEN-ISL and DNA

Replication Analysis

The combination of FISH and EdU-based DNA repli-
cation detection has been used to determine the replica-
tion timing of defined genomic sequences [Klemme et al.,
2013]. To test whether RGEN-ISL could be used instead
of FISH, maize roots were pulse-labeled with 20 pm EAU.
After application of RGEN-ISL, the EAU click-reaction
was performed without a negative effect on the RGEN-
ISL signal intensity. Post-fixation with 4% formaldehyde
before EAU labeling, reduced the EdU click-reaction ef-
ficiency and resulted in a weaker EdU signal. Therefore,

52 Cytogenet Genome Res 2019;159:48-53
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the final post-fixation step should be done after both
methods were employed. SIM shows clearly the overlap
between the Knob 2 signals and EdU-labeled chromatin
in the late phase of replication (Fig. 4B) and no colocaliza-
tion during early replication (Fig. 4A). Using this fast, re-
producible, and sensitive technique, we were able to de-
liver in only 1 week the same information as obtained
after a laborious repli-Seq project in maize, in which it
was shown that the Knob 180-bp repeat is replicated in
late S phase [Wear et al., 2017].

Combination of EAU-Based DNA Replication

Analysis, RGEN-ISL, and Indirect Immunostaining

Finally, we tested whether the combined EdU-based
replication analysis and RGEN-ISL-based DNA detec-
tion could be linked with indirect immunolabeling to vi-
sualize the replication behavior of knob repeats and the
distribution of post-translational histone marks simulta-
neously. Therefore, maize nuclei after EdU-pulse labeling
were isolated, and RGEN-ISL was employed in combina-
tion with immunostaining. The triple combination re-
sulted in knob-specific RGEN-ISL signals colocalizing
with early and late replicating histone H3K9me2 and

Némeckova/Wisch/Schubert/Ishii/
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H3K4me2 chromatin, respectively (Fig. 4C, D). It is pos-
sible that H3K9me2 contributes to the early replication
of heterochromatin in maize. Contrary, H3K4me2 may
have an opposite function H3K4me2 may have an oppo-
site function in late replicating euchromatin. To con-
clude, a triple combination method under non-denatur-
ing conditions for the simultaneous detection of specific
DNA repeats, proteins, and DNA replication sites has
been developed.

Acknowledgements

We would like to thank Sylvia Swetik and Katrin Kumke (IPK
Gatersleben, Germany) for technical assistance.

Statement of Ethics

The authors have no ethical conflicts to disclose.

Disclosure Statement

The authors have no conflicts of interest to declare.

Funding Sources

This work was supported by the Czech Science Foundation,
grant “Spatial and temporal characterisation of DNA replication
in phylogenetically related plant species with contrasting genome
sizes” (17-14048S), the ERASMUS+ student traineeship mobility
program, and the DFG (Ho1779/28-1).

Author Contributions

A H. designed the experiments. A.N., C.W., and V.S. conduct-
ed the study and processed the data. A.N., C.W, and A.H. wrote
the manuscript. AN.,C.W., V.S,, T.I,E.H.,and A.H. discussed the
results and contributed to manuscript writing. All authors read
and approved the final manuscript.

References

Ananiev EV, Phillips RL, Rines HW: Complex
structure of knob DNA on maize chromo-
some 9. Retrotransposon invasion into het-
erochromatin.  Genetics ~ 149:2025-2037
(1998).

Anton T, Bultmann AS, Leonhardt H, Markaki Y:
Visualization of specific DNA sequences in
living mouse embryonic stem cells with a pro-
grammable fluorescent CRISPR/Cas system.
Nucleus 5:163-172 (2014).

Chen B, Gilbert LA, Cimini BA, Schnitzbauer J,
Zhang W, et al: Dynamic imaging of genomic
loci in living human cells by an optimized
CRISPR/Cas system. Cell 155:1479-1491
(2013).

Deng WL, Shi XH, Tjian R, Lionnet T, Singer RH:
CASFISH: CRISPR/Cas9-mediated in situ la-
beling of genomic loci in fixed cells. Proc Natl
Acad Sci USA 112:11870-11875 (2015).

Dolezel ], Binarova P, Lucretti S: Analysis of nu-
clear DNA content in plant cells by flow-cy-
tometry. Biol Plant 31:113-120 (1989).

CRISPR/Cas9-Based RGEN-ISL

Dolezel J, Cihalikové J, Lucretti S: A high-yield
procedure for isolation of metaphase chro-
mosomes from root tips of Vicia faba L. Plan-
ta 188:93-98 (1992).

Dreissig S, Schiml S, Schindele P, Weiss O, Rutten
T, et al: Live-cell CRISPR imaging in plants
reveals dynamic telomere movements. Plant J
91:565-573 (2017).

Ishii T, Schubert V, Khosravi S, Dreissig S, Metje-
SprinkJ, et al: RNA-guided endonuclease - in
situ labelling (RGEN-ISL): a fast CRISPR/
Cas9-based method to label genomic se-
quences in various species. New Phytol 222:
1652-1661 (2019).

Klemme S, Banaei-Moghaddam AM, Macas J,
Wicker T, Novak P, Houben A: High-copy se-
quences reveal distinct evolution of the rye
B chromosome. New Phytol 199:550-558
(2013).

Monkheang P, Chaveerach A, Sudmoon R, Tanee
T: Karyotypic features including organiza-
tions of the 55, 455 rDNA loci and telomeres
of Scadoxus multiflorus (Amaryllidaceae).
Comp Cytogenet 10:637-646 (2016).

Peacock WJ, Dennis ES, Rhoades MM, Pryor AJ:
Highly repeated DNA sequence limited to
knob heterochromatin in maize. Proc Natl
Acad Sci USA 78:4490-4494 (1981).

Wear EE, Song ], Zynda GJ, LeBlanc C, Lee TJ, et
al: Genomic analysis of the DNA replication
timing program during mitotic S phase in
maize (Zea mays) root tips. Plant Cell 29:
2126-2149 (2017).

Weisshart K, Fuchs J, Schubert V: Structured il-
lumination microscopy (SIM) and photoacti-
vated localization microscopy (PALM) to an-
alyze the abundance and distribution of RNA
polymerase II molecules on flow-sorted Ara-
bidopsis nuclei. Bio-protocol 6:e1725 (2016).
http://www.bio-protocol.org/e1725

Zhu M, Du P, Zhuang L, Chu C, Zhao H, Qi Z: A
simple and efficient non-denaturing FISH
method for maize chromosome differentia-
tion using single-strand oligonucleotide
probes. Genome 60:657-664 (2017).

Cytogenet Genome Res 2019;159:48-53 53

DOI: 10.1159/000502600



APPENDIX II

DNA replication and chromosome positioning throughout the interphase in three-

dimensional space of plant nuclei

Némeckova A, Kolackova V, Vrana J, Dolezel J, Hiibova E

Journal of Experimental Botany, 2020

doi:10.1093/jxb/eraa3 70

IF: 5.908


https://doi.org/10.1159/000502600

Journal of Experimental Botany
doi:10.1093/jxb/eraa370 Advance Access Publication 17 August, 2020

RESEARCH PAPER

DNA replication and chromosome positioning throughout the
interphase in three-dimensional space of plant nuclei

Alzbéta Némeckova, Veronika Kolackova, Jan Vrana, Jaroslav Dolezel and Eva Hribova*

Institute of Experimental Botany of the Czech Academy of Sciences, Centre of the Region Hana for Biotechnological and Agricultural
Research, Olomouc, Czech Republic

* Correspondence: hribova@ueb.cas.cz
Received 2 April 2020; Editorial decision 24 July 2020; Accepted 31 July 2020

Editor: Frank Wellmer, Trinity College Dublin, Ireland

Abstract

Despite much recent progress, our understanding of the principles of plant genome organization and its dynamics
in three-dimensional space of interphase nuclei remains surprisingly limited. Notably, it is not clear how these pro-
cesses could be affected by the size of a plant’s nuclear genome. In this study, DNA replication timing and inter-
phase chromosome positioning were analyzed in seven Poaceae species that differ in their genome size. To provide
a comprehensive picture, a suite of advanced, complementary methods was used: labeling of newly replicated
DNA by ethynyl-2'-deoxyuridine, isolation of nuclei at particular cell cycle phases by flow cytometric sorting, three-
dimensional immunofluorescence in situ hybridization, and confocal microscopy. Our results revealed conserved
dynamics of DNA replication in all species, and a similar replication timing order for telomeres and centromeres, as
well as for euchromatin and heterochromatin regions, irrespective of genome size. Moreover, stable chromosome
positioning was observed while transitioning through different stages of interphase. These findings expand upon
earlier studies in suggesting that a more complex interplay exists between genome size, organization of repetitive
DNA sequences along chromosomes, and higher order chromatin structure and its maintenance in interphase, albeit
controlled by currently unknown factors.

Keywords: DNA replication, EAU labeling, flow cytometry, Poaceae, Rabl configuration, S phase, three-dimensional
fluorescence in situ hybridization (3D-FISH).

Introduction

One of the exciting features of eukaryotic genomes is the
organization in three-dimensional (3D) space of cell nuclei
and spatial changes in genome organization during the cell
cycle. The chromatin arrangement and positioning of in-
dividual chromosomes in interphase nuclei was a great en-
igma until recently. Nevertheless, already in 1885, based on

microscopic observations of dividing cells of Salamandra
maculata and Proteus anguinus, Carl Rabl had predicted that
chromosome positioning in interphase nuclei follows their
orientation in the preceding mitosis (reviewed by Cremer
et al., 2000). His hypothesis was later confirmed by cyto-
genetic studies in humans, animals, as well as in some plants

Abbreviations: 3C, chromosome confirmation capture; 3D, three-dimensional; EAU, 5-ethynyl-2’-deoxyuridine; FISH, fluorescence in situ hybridization; Hi-C,
chromosome confirmation base mapping; PAA, polyacrylamide; ROI, region of interest; TAD, topologically associating domain.
© The Author(s) 2020. Published by Oxford University Press on behalf of the Society for Experimental Biology. All rights reserved.

For permissions, please email: journals.permissions@oup.com
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with larger chromosomes, which shed more light on the clus-
tering of centromeric and telomeric regions at opposite poles
of interphase nuclei (Cremer et al., 1982; Schwarzacher and
Heslop-Harrison, 1991; Werner et al., 1992). This chromo-
some arrangement was accordingly dubbed the Rabl config-
uration. Yet a different interphase chromosome arrangement
was observed in the model plant Arabidopsis thaliana, which
has a small genome (1C ~157 Mb), for which the centromeres
are located at the nuclear periphery but the telomeres con-
gregate around the nucleolus (Armstrong et al., 2001; Fransz
et al., 2002). Centromeric heterochromatin forms dense
bodies, called chromocenters, while euchromatin domains
form 0.2-2 Mb loops that are organized into rosette-like
structures (Fransz et al., 2002; Pecinka ef al., 2004; Tiang et al.,
2012; Schubert et al., 2014). Nonetheless, despite this differ-
ence, chromosomes also preferentially occupy distinct regions
(chromosome territories) in plant species.

According to several studies, chromatin arrangement in
interphase nuclei of wheat (Triticum aestivum), oat (Avena
sativa), and rice (Oryza sativa), and in particular their centro-
mere—telomere orientation, may be tissue specific and cell
cycle dependent (Dong and Jiang, 1998; Prieto et al., 2004;
Santos and Show, 2004). While a majority of nuclei in som-
atic cells of rice, a species with a small genome (1C ~490 Mb,
Bennett et al., 1976), do lack Rabl configuration, in some
tissues, such as pre-meiotic cells in anthers or xylem pre-
cursor cells, rice chromosomes seem to assume the Rabl
configuration (Prieto et al., 2004; Santos and Show, 2004).
Chromosome arrangement following the Rabl configur-
ation and orientation in somatic cell nuclei was also ob-
served in other plants whose genomes are small, including
Brachypodium distachyon (1C ~355 Mb) (Idziak et al., 2015).
However, according to Catalan et al. (2012), the majority
of cell types in B. stacei and B. hybridum, which also have
small genomes (1C ~276 Mb and 1C ~619 MDb, respectively),
did not show the Rabl configuration; however, Idziak et al.
(2015) observed the Rabl configuration in 13% and 17% of
root meristem cells in B. stacei and B. hybridum, respectively.
Interestingly, the Rabl configuration has not been found in
plants with medium-size genomes, such as tomato (Solanum
tuberosum, 1C ~900 Mb), and in plants with large genomes,
such as onion (Allium cepa, 1C ~17 Gb), tield bean (Vicia faba,
1C ~15 Gb), and pea (Pisum sativum, 1C ~4.4 Gb) (Rawlins
et al., 1991; Fussell, 1992; Harrison and Heslop-Harrison,
1995; Kamm et al., 1995).

The development of the 3D fluorescence in situ hybridiza-
tion (3D-FISH) method has provided an opportunity to map
spatial telomere positions at the prophase stage of meiosis in
maize (Zea mays; Bass et al., 1997), in addition to A. thaliana
and an oat addition line containing maize chromosome 9
(Howe et al., 2013). To characterize changes in chromosome
positioning in 3D nuclear space throughout interphase, cell
nuclei at a particular cell cycle phase can be isolated using flow
cytometry. Embedding these low-sorted nuclei in a polyacryl-
amide (PAA) gel stabilizes their structure during the 3D-FISH
procedure so 3D images of them can be taken by confocal mi-
croscopy (Kotogany et al., 2010; Hayashi et al.,2013; Bass et al.,
2014; KolaCkova et al.,2019).

The chromosome conformation capture (3C) technique (Dekker
2002), and its variants, has enabled the study of spatial chromatin
organization in cell nuclei at a higher resolution than via FISH.
The so-called Hi-C method (Lieberman-Aiden et al., 2009) can
be used to analyze contacts between DNA loci across the whole
genome; hence, the contact maps thus obtained describe chromo-
some contact patterns, genome packing, and 3D chromatin archi-
tecture (Dong et al., 2018; Kempfer and Pombo, 2019). Although
Hi-C identifies genome loci that are associated in 3D space, it does
not provide information on their physical position in nuclei.

The results of 3C techniques have confirmed chromatin’s or-
ganization into domains containing either active and open chro-
matin (A compartments), or inactive and closed chromatin (B
compartments) (Lieberman-Aiden et al., 2009). In metazoans,
these compartments are organized into smaller, self-interacting
domains called topologically associated domains (TADs) (Sexton
and Cavalli, 2015; Dixon et al., 2016; Sotelo-Silveira et al., 2018).
TAD:s are regulatory landscapes of chromosomes and contain
genes that tend to be co-regulated during the cell differentiation
process (Dixon et al.,2016, Ramirez et al.,2018; Szabo et al.,2018).
Borders of TADs correspond to DNA replication domains (Pope
et al., 2014) and may serve as physical barriers to spread activity
within the genome (reviewed by Dixon ef al., 2016). Recently,
Golicz et al. (2020) reported association of TADs with differences
in transposable element composition, single nucleotide poly-
morphism (SNP) accumulation, and increased incidence of mei-
otic crossovers in rice. Despite mounting 3C studies, the evolution
of TADs and their function in eukaryotes are still unresolved (Liu
et al.,2017; Concia et al., 2020; Golicz et al.,2020). In plants, TADs
were not observed in A. thaliana (Feng et al., 2014; Wang et al.,
2015; Liu et al., 2016), and their presence seems instead to be
linked to species with larger genomes (Dong et al.,2017; Liu et al.,
2017; Concia et al., 2020; Golicz et al., 2020).

In the majority of cases, spatial chromatin organization in
interphase nuclei as revealed by FISH corresponds to the results
obtained by Hi-C (Sexton ef al.,2012; Dong ef al.,2017; Liu et al.,
2017; Mascher et al., 2017). The only exception we know of is
A. thaliana, for which the Hi-C analysis failed to confirm the
rosette-like organization of its chromosomal domains. According
to the Hi-C approach, telomeres of different chromosomes should
cluster, but FISH studies show telomeres surrounding the nucle-
olus (Feng et al., 2014; Liu and Weigel, 2015).

Several investigations have focused on the organization of
chromatin, and its structure and changes during the cell cycle.
In mammals, DNA sequences located at interior regions of
nuclei undergo replication earlier, while late replication occurs
mostly at the nuclear periphery (Gilbert et al., 2010; Bryant
and Aves, 2011). Cell cycle kinetics and the progression of
cells through the S phase can now be followed in detail, after
labeling newly synthesized DNA with a thymidine analog,
5-ethynyl-2'-deoxyuridine (EdU), and conducting bivariate
flow cytometric analysis of nuclear DNA content and the
amount of incorporated EAU (Mickelson-Young et al., 2016).
Such EdU-labeled nuclei can be flow-sorted onto microscope
slides and used as templates for FISH, to analyze the replication
timing of particular DNA sequences and their positioning in
3D nuclear space (Hayashi ef al., 2013; Bass et al., 2014, 2015;
Dvotackova et al., 2018).
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DNA replication dynamics were analyzed in detail by mi-
croscopy for several plant species, including the monocot
species maize and barley (Hordeum vulgare) and two dicots,
A. thaliana and V. faba (Jasencakova et al., 2001; Bass ef al., 2014;
Jacob et al., 2014; Robledillo et al.,2018). In general, different
stages of S phase had contrasting DNA replication patterns.
The early S phase was characterized by weakly dispersed EAU
signals, yet speckled EdU signals were typical for the late S
phase, whereas the nuclei in the middle of the S phase were
all covered with EdU signals, except for the nucleolar area
(Jasencakova et al., 2001; Kotogany et al., 2010; Bass et al., 2014,
2015). Using 3D microscopy to analyze DNA replication dy-
namics in root meristem cells of maize, Bass et al. (2015) de-
scribed distinct patterns of EdU signal distribution during
early and middle S phase. In the former, DNA replication pri-
marily occurred in regions characterized by weak fluorescence
of the DNA fluorochrome DAPI;in the latter, it was correlated
with strong DAPI signals. Those authors also found that knob
regions and centromeric regions associated with heterochro-
matin were replicated during the late S phase. Based on their
results, they proposed a ‘mini-domain model’, describing how
gene islands are replicated in the early S phase, and blocks of
repetitive DNA in the middle S phase (Bass et al., 2015).

Interestingly, the dynamics of interphase chromosome
positioning during the cell cycle have yet to be studied in
plants. To fill this knowledge gap, here we characterized
chromosome positioning in 3D nuclear space during the cell
cycle and followed DNA replication in centromeric and telo-
meric regions of grass plants. We examined interphase nu-
clei of root meristem cells in seven Poaceae species differing
in nuclear genome size. We labeled newly synthesized DNA
by EdU, monitored cell cycle kinetics by flow cytometry,
and performed 3D immuno-FISH on flow-sorted nuclei.
Chromosome positioning was analyzed in interphase nuclei
of root meristem cells in the same Poaceae spp. Confocal mi-
croscopy of nuclei embedded in a PAA gel allowed us to lo-
cate centromeres and telomeres in 3D space and to analyze
the replication timing of these chromosome regions. Our re-
sults provide new information on chromosome positioning
and spatiotemporal patterning of DNA replication of key
chromosome domains in plants.

Material and methods

Plant material and germination of seeds

Plants used included wheat (Triticum aestivum L.) cultivar ‘Chinese Spring’
(2n=2x=42), oat (Avena sativa L.) cultivar Atego (2n=2x=42), barley
(Hordeum vulgare L.) cultivar ‘Morex’ (2n=2x=14), rye (Secale cereale L.)
cultivar ‘Dankowskie Diament’ (2n=2x=14), rice (Oryza sativa L.) cultivar
‘Nipponbare’ (2n=2x=24), maize (Zea mays L.) line ‘B73" (2n=2x=20),
and Brachypodium distachyon L. cultivar ‘Bd21’ (2n=2x=10).All seeds were
obtained from the Leibniz Institute of Plant Genetics and Crop Plant
Research Genebank (IPK Gaterleben, Germany) except for rice, kindly
provided by Professor Takashi Ryu Endo (Kyoto University, Kyoto,
Japan), and also wheat, obtained from the Wheat Genetics & Genomic
Resources Center (Kansas State University, Manhattan, KS, USA). All
seeds were germinated in the dark in a biological incubator at 24 °C, in
glass Petri dishes on moistened filter paper, until their primary roots had
reached 2.5—4 cm in length.

EdU labeling of replicating DNA

Young seedlings were incubated in 20 pM EdU (Click-iT™ EdU Alexa
Fluor™ 488 Flow Cytometry Assay Kit, ThermoFisher Scientific/
Invitrogen, Waltham, MA, USA) mixed in ddH,O, for 30 min, at 24 °C.
Root tips were excised and fixed in 2% (v/v) formaldehyde in Tris buffer
(10 mM Tris, 10 mM Na,EDTA, 100 mM NaCl, 0.1% Triton X-100, pH
7.5) for 20 min at 4 °C, and washed three times in Tris buffer at 4 °C
(Dolezel et al., 1992). Approximately10 root tips incorporated with EdU
were treated with a 0.5 ml Click-iT reaction cocktail (Click-iT™ EdU
Alexa Fluor™ 488 Flow Cytometry Assay Kit, ThermoFisher Scientific/
Invitrogen), prepared according to the manufacturer’s instructions, and
incubated for 10 min in a vacuum, followed by their incubation in the
dark for 45 min at room temperature. After this labeling, roots were
washed three times for 5 min in phosphate-buftered saline (PBS; 10 mM
Na,HPO,, 2 mM KH,PO,, 137 mM NaCl, 2.7 mM KCI, pH 7.4),on a
rotating shaker (160 rpm) at room temperature.

The root tips were mounted in 0.1% agarose (mixed in ddH,O) onto
cavity microscopic slides (Paul Marienfeld GmbH & Co. KG, Lauda-
Konigshofen, Germany) and mounted in Vectashield supplemented
with DAPI (Vector Laboratories, Ltd, Peterborough, UK) to stain their
chromosomal DNA. These preparations were imaged using a Leica
TCS SP8 STED 3X confocal microscope (Leica Microsystems, Wetzlar,
Germany), with a X10/0.4 NA Plan-Apochromat objective (z-stacks,
pinhole Airy). Image stacks were captured separately for DAPI, using a
405 nm laser, and for the EdU-labeled samples by Alexa Fluor 488, using
a 488 nm laser and appropriate optical filters. Typically, image stacks of 36
slides, on average, with 138 pum spacing were acquired. Next, maximum
intensity projections were carried out using Leica LAS-X software, with
final image processing done in Adobe Photoshop version 6.0 (Adobe
Systems Corporation, San Jose, CA, USA).

Sorting of nuclei by flow cytometry

Suspensions of intact nuclei were prepared, according to Dolezel et al.
(1992), from roots of young seedlings in which replicating DNA had
been labeled by EAU (as described above). Briefly, ~1 ¢cm long root tips
were cut and fixed with 2% (v/v) formaldehyde made in Tris buffer at
4 °C, and washed three times with Tris bufter at 4 °C. Meristematic parts
of root tips (~1 mm long) were excised from 70 roots per sample in
barley, oat, wheat, and rye, and from 100 roots in rice and Brachypodium
(see Supplementary Table S1 at JXB online). Root meristems were hom-
ogenized in 500 pl of LBO1 buffer (Dolezel et al., 1989), using a Polytron
PT 1200 homogenizer (Kinematica AG, Littua, Switzeland), for 13 s at
10 000-24 000 rpm depending on the species (Supplementary Table S1).
For maize, 50 root meristems were chopped using a razor blade, fol-
lowing Dolezel et al. (1989). Each crude homogenate was passed through
a 50 um nylon mesh and its nuclei were pelleted at 500 g, at 4 °C for
10 min. The resulting pellet was resuspended in 0.5 ml of Click-iT reac-
tion cocktail, prepared according to the manufacturer’ instructions, and
the nuclei were incubated in the dark at 24 °C for 30 min. Then, the
nuclei were pelleted again, at 500 g, for 10 min, resuspended in 500 pl
of LBO1 buffer, and stained by DAPI (0.2 pg mI™' final concentration).
Finally, the suspensions of nuclei were filtered through a 20 pm nylon
mesh and analyzed with a FASCAria I SORP flow cytometer and sorter
(BD Bioscience, San Jose, CA, USA) equipped with UV (355 nm) and
blue (488 nm) lasers. Nuclei representing different phases of the cell cycle
were sorted into 1X meiocyte buffer A (1X buffer A salts, 0.32 M sorbitol,
1X DTT, 1X polyamines) (Bass et al., 1997; Howe et al., 2013).

Mounting of nuclei in a polyacrylamide gel

Flow-sorted nuclei were mounted in a 5% PAA gel, as described by Howe
et al. (2013) and Bass et al. (1997), with minor modifications. Briefly,
500 pl of PAA mix containing 15% (w/v) acrylamide/bisacrylamide
(akrylamid/bisakrylamid 30% NF ROTIPHORESE (29:1) Roche
Applied Science, Penzberg, Germany), 1 Bufter A salts (10X buffer con-
tained 800 mM KCI, 200 mM NacCl, 150 mM PIPES, 20 mM EGTA,
5 mM EDTA, 1 M NaOH, pH 6.8), 1X polyamines (1000X polyamines
contained 0.15 M spermine and 0.5 M spermidine), 1X DTT (1000X
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DTT contained 1.0 M DTT, 0.01 M NaOAc), 0.32 M sorbitol, and 99 pl
of ddH,O were rapidly combined with 25 pl of freshly prepared 20%
ammonium sulfate in ddH,O and 25 pl of 20% sodium sulfate (anhyd-
rous) in ddH,O. One volume of activated PAA gel mix was mixed with
two volumes of flow-sorted nuclei, on a microscopic slide coated with
aminoalkylsilane (Sigma-Aldrich, Darmstadt, Germany), and then gently
stirred with the pipette tip. The PAA mix was covered with a clean, glass
coverslip and allowed to polymerize at 37 °C for ~40 min. The cover-
slip was removed and silane-coated slides with an acrylamide pad were
washed three times, with 1X MBA in a Coplin jar, to remove any non-
polymerized acrylamide.

Immunostaining and fluorescence in situ hybridization

To visualize the centromeric regions, slides with the PAA pad were
washed in a blocking buffer (phosphate buffer, 1% Triton X-100, 1 mM
EDTA) at room temperature for 1 h, after which 100 pl of blocking buffer
was added to each slide and it was covered with parafilm for 10 min.
Next, 50 pl of diluted anti-OsCenH3 primary antibody (1:100) (Nagaki
et al., 2004) was added, covered with parafilm, and incubated at 4 °C in a
humid chamber for 12 h. All the slides were then washed in a wash buffer
(phosphate buffer, 0.1% Tween, 1 mM EDTA), three times for 15 min and
once for 10 min in 2X SSC bufter (2X SSC), and then fixed in 1% (v/v)
formaldehyde in 2% SSC for 30 min at room tem perature. After this fix-
ation, each slide was washed three times for 15 min in 2X SSC at room
temperature and used for the FISH.

A hybridization mix (35 pl), containing 50% formamide, 2X SSC,
and 400 ng of directly labeled telomere oligo-probe [CCCTAAA],, was
added onto a slide with a PAA pad and covered by a glass coverslip.
The slides were denatured at 94 °C for 6 min and incubated overnight
in a humid chamber at 37 °C. Post-hybridization washing steps con-
sisted of a 5 min wash in 2X SSC; stringent washes of 2X 15 min in
0.1xSSC at 37 °C; then 2X 15 min in 2X SSC at 37 °C, followed by
2X 15 min 2X SSC at room temeperature, and, finally, 1X 15 min in 4X
SSC at room temeperature. After completing these washing steps, 100 ul
of fluorescently labeled secondary antibody (anti-rabbit Alexa Fluor 546,
ThermoFisher Scientific/Invitrogen) diluted 1:250 in blocking buffer
(5% BSA with 0.1% Tween dissolved in phosphate buffer) was added to
cach slide; this was then covered with parafilm and incubated at 37 °C
for 3 h. Finally, the preparation was washed in 4X SSC (3% 15 min, room
temeperature) and in phosphate buffer (3% 15 min, room temeperature).
The PAA pad was mounted in 30 pl of Vectashield with DAPI (Vector
Laboratories), covered with a glass coverslip, and sealed with nail polish.

Confocal microscopy and image analysis

Images were acquired using a Leica TCS SP8 STED 3X confocal micro-
scope (Leica Microsystems), equipped with a X63/1.4 NA Oil Plan-
Apochromat objective (z-stacks, pinhole Airy) and Leica LAS-X software

Rice

Brachypodium

640 pm

that included the Leica Lightning module. Image stacks were captured
separately for each fluorochrome, by using 647, 561, 488, and 405 nm
laser lines for excitation and appropriate emission filters. Typically, image
stacks of 100 slides, on average, with 0.2 um spacing were acquired.
The 3D modeling of microscopic images, co-localization analysis, and
volume calculations were performed in the Imaris 9.2 software pro-
gram (Bitplane, Oxford Instruments, Zurich, Switzerland). To estimate
co-localization signals, the program’s ‘Colocalization’ function based on
Pearson’s correlation coefhicient was used (Manders ef al., 1992). The re-
gion of interest (ROT) was individually determined for each nucleus, and
likewise for each channel. Importantly, setting the ROI ensures a ‘layer
by layer’ correlation, thus preventing the negative co-localization of the
green channel of EdU signals representing another layer. The EdU sig-
nals and the volume of each nucleus were both determined based on the
primary intensity of fluorophores obtained after the microscopic analysis.
The Imaris program’s functions ‘Surface’ and ‘Spot detection’ were used
for modeling the centromere—telomere arrangements; the channel con-
trast was adjusted using its ‘Channel Adjustment’ and videos were created
using its ‘Animation function’. Between 100 and 150 nuclei of each plant
species were analyzed.

Results

Since we studied plant species differing in genome size and root
morphology, our experimental protocols had to be individu-
ally optimized. While the EAU concentration and incubation
times were the same for all seven species, microscopic ana-
lysis of their root tips after EAU labeling revealed differences in
meristematic zones (Fig. 1). This information proved useful for
excising meristematic regions when preparing suspensions of
meristem cell nuclei. Another critical step in preparing suspen-
sions of nuclei was the extent of mechanical homogenization
applied, which affected both the integrity and yield of nuclei
per species (Supplementary Table S1). The thick maize roots
were chopped with a razor blade in a nuclei isolation buffer, to
obtain sufficient amounts of nuclei suitable for flow cytometry.

DNA replication kinetics in interphase nuclei of root tip
meristems during the cell cycle were evaluated after EAU in-
corporation into replicating DNA. Bivariate flow cytometric
analysis of EdU versus DAPI fluorescence resulted in typical
‘horseshoe’ dot plot patterns (Bass et al., 2014; Hifibova et al.,
2016), making it possible to unambiguously distinguish the nu-
clet at Gy and G, phases of the cell cycle as well as those in
early, middle, and late S phase (Fig. 2). Fluorescent detection

420 pym

Fig. 1. Meristem zones in root tips of seven Poaceae species. Roots were incubated with 20 mM EdU for 30 min and the EdU incorporated into
replicating DNA was detected by Alexa Fluor 488 (in green). Nuclei were stained with DAPI (blue).
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A Root

FCM

B FCM Root

Fig. 2. Bivariate, flow cytometric analysis of the cell cycle in rye (A) and rice (B). Roots of young seedlings were incubated with 20 mM EdU for 30 min.
EdU in isolated nuclei was detected by Alexa Fluor 488 (in green) and their DNA stained with DAPI (blue). The x-axis represents relative DNA content,
estimated as the intensity of DAPI fluorescence (linear scale); the y-axis shows the extent of EAU incorporation into newly synthesized DNA, quantified by
Alexa Fluor 488 fluorescence intensity (log scale). Red boxes in the dot plot show G4 and G, phase nuclei; green boxes highlight the early, middle, and

late S phase nuclei.

Early S phase

Middle S phase

Late S phase

Fig. 3. Maximum intensity projection of rye nuclei, in 3D, in different phases of the cell cycle. EAU (in green) was incorporated during a 30 min pulse into
newly synthesized DNA. The G; and G, phases lacked the green signals of EAU. Changes in DNA replication pattern during early, middle, and late S
phase are clearly visible. Note the replication of heterochromatin regions. DNA was stained by DAPI (blue).

of incorporated EAU was useful, not only for flow cytometric
analysis and nuclei sorting, but also for microscopy.

DNA replication kinetics

Microscopic analysis of EdU fluorescence in cell nuclei re-
vealed differential replication, such that the early, middle, and
late S phase had unique patterns. Weak, discrete signals were
typical for the early DNA replication stage, while speckled sig-
nals concentrated in particular areas were characteristic of late
DNA replication stages. Strong signals dispersed throughout
the whole nucleus were observed for the middle S phase
(Fig. 3). Overlapping heterochromatin regions and EdU sig-
nals in the late S phase indicated that these regions underwent
replication later than did euchromatin. EAU signals were also
detected inside nucleoli, as discrete and clearly visible spots
during both the early and middle S phase. Clear signals were
also seen at the periphery of nucleoli in middle and late S

phase (Supplementary Fig. S1), suggesting the replication of
45S rDNA loci.

Replication timing of centromeric and telomeric regions

The time at which the centromeric and telomeric regions
underwent replication was determined following the micro-
copy of nuclei at different S phase stages and based on whether
EdU overlapped with immunofluorescent signals in centro-
meric regions and FISH signals in telomeric regions (Fig. 4).
Although the replication of centromeric regions was initiated
in early S phase, the highest number of centromeric regions
underwent replication during middle and late S phase (Figs 4,
5; Supplementary Figs S2-S4). In contrast, prevailing repli-
cation of telomeric sequences was observed during both the
early and middle S phase. Crucially, this replication pattern of
both chromosome domains was seen in all species (Figs 4, 5;
Supplementary Figs S4, S5, S7), except rye, for which a minor
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Fig. 4. DNA replication in rye nuclei and replication timing of centromeric
and telomeric sequences. Co-localization of signals specific to telomeres
(in red) and centromeres (pink), with EAU signals corresponding to the
replicated DNA (green), was used to describe the pattern of replication
timing. In early S phase, centromeric signals (A) as well as telomeric
signals, which are connected with heterochromatin regions (B, red
rectangle), did not co-localize with EAU. Those telomeric sequences not
localized in heterochromatin (B, white rectangle) co-localized with EdU
signals, pointing to an ongoing replication process. Co-localization of EdU
and centromeric signals is visible in both the middle and late S phase (C,
F). Similarly, telomeric sequences attached to heterochromatin regions (red
rectangle) co-localized with EAU in middle and late S phase (E, G).

difference was observed in the replication dynamics of its telo-
meric sequences. Telomeric regions of rye comprise large het-
erochromatic blocks (Appels et al., 1978; Evtushenko et al.,
2016) and, as our results showed, those DNA loci closely con-
nected to a given heterochromatic block (probably flanking re-
gions) were replicated in late S phase, whereas those telomeres
situated apart from heterochromatin were replicated earlier,
during the middle S phase (Fig. 4B, D, E).

Differentially phasing centromere and telomere replication
influenced the overall replication pattern of S phase nuclei, as
revealed by EAU (SupplementaryVideos S1-S3.The first repli-
cation signals observed in nuclei were concentrated at telomeric
regions, while the opposite pole of the nucleus where centro-
meres were localized lacked any EdU signals. By way of ana-
logy, heterochromatin blocks and regions around centromeres
replicated during late S phase, whereas the telomeres at the op-
posite pole of nuclei lacked the replication signals. A majority
of nuclear DNA underwent replication during the middle S
phase, generating strong EdU signals that spread throughout

the whole nuclear volume (Supplementary Videos S4-S6).The
images captured of rye are shown in Fig. 4, and Supplementary
Figs S2—S7 show those of the remaining six species. The ana-
lysis of FISH signals (Fig. 5) showed that co-localization be-
tween EdU and centromere fluorescence channels increased
from early S phase to middle and late S phase.

Chromosome positioning in interphase nuclei

Localization of centromeres and telomeres during the course
of S phase was used to infer chromosome positioning in inter-
phase nuclei. In total, we analyzed 700 nuclei (100 nuclei per
species) having spherical shapes, which are typical for the
meristem cells of root tips. We confirmed the regular Rabl
configuration, when centromeres and telomeres localize at op-
posite nuclear poles, in the large genomes of wheat, oat, rye,
and barley, as well as in B. distachyon that has a small genome.
In contrast, the chromosomes of rice, with a small genome,
and maize, with a relatively large genome, did not assume the
proper Rabl configuration (Fig. 6).In all species, their chromo-
somal arrangements were stable throughout interphase (Fig. 7;
Supplementary Fig. S8; Supplementary Videos S1-12).

For the majority of species, the number of fluorescence
signals from centromeres and telomeres corresponded to
their number of mitotic chromosomes. The only exception
was rice, wherein the Rabl configuration was not observed.
Here, the telomeric and centromeric signals constituted large,
clustered signals randomly distributed in the nucleoplasm
(Fig. 6; Supplementary Videos S7-S9). In maize, the centro-
meres clustered in one region of the nuclei, but the telomeres
were randomly dispersed throughout the nucleoplasm (Fig. 6;
Supplementary Videos S10-S12).

Discussion

Mounting evidence suggests a role for spatial chromatin posi-
tioning within cell nuclei in gene regulation, an organism’s
development and growth, and its response to external signals
(Lipps et al., 2010; Bonev and Cavalli, 2016; Drinnenberg et al.,
2019; Finn and Misteli, 2019).This has spurred interest in better
understanding the principles of 3D genome organization, and
its dynamics and functional significance. Most studies performed
to date were done in humans and some animals, providing a co-
herent picture of hierarchical folding steps, ranging from nucleo-
somes to chromosome territories (Bouwman and Laat, 2015;
Kempfer and Pombo, 2019). However, the efforts to confirm the
functional significance of individual folding steps and chromatin
conformation, such as the chromatin loops and TADs, have so far
yielded ambiguous results (Dumur ef al., 2019). One approach
to reveal conserved principles of nuclear organization is to com-
pare the spatial genome organization across metazoan domains.
Higher plants offer attractive targets, since they are evolutionarily
distant from animals, yet preserve the basic structural features of
eukaryotic cell nuclei. Moreover, they exhibit a wide range of
genome sizes and ploidy levels (Pellicer and Leitch, 2020).
Research findings in plants suggest the absence of A and
B chromatin compartments and a lack of insulator proteins
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Fig. 6. Chromosome positioning in G nuclei, estimated according to the positions of telomeres and centromeres. Centromeres were labeled using
CenH3 antibody (in yellow) and telomeres were visualized by FISH with an oligonucleotide probe (red). Nuclear DNA was stained with DAPI (blue).

Middle

Fig. 7. Orientation of chromosomes in interphase nuclei of rye. Centromeres were labeled using CenH3 immunostaining (in yellow) and telomeres were
visualized by FISH with an oligonucleotide probe (red). Nuclear DNA was stained with DAPI (blue).

separating TADs that were identified in animals (Dong et al.,
2017, 2020; Mascher et al., 2017; Szabo et al., 2018; Dong
et al.,). Spatial organization and compaction of chromatin in
plants could also be affected by ploidy level. Recently, Golicz

et al. (2020) identified TADs in diploid rice similar to those
revealed in Drosophila (Ulianov et al., 2015). However, the 3D
organization of the large genome of hexaploid wheat, whose
chromosomes assume the Rabl configuration, seems more
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complex, in that Concia et al. (2020) identified three layers
of spatial organization of its genome: (sub)genome territories,
separation between facultative and constitutive heterochro-
matin, and micro-compartmentalization of transcriptionally
active genes (transcription factories).

The two main types of chromosome arrangement in plant
interphase nuclei are the Rabl configuration and a rosette-like
structure (Rabl, 1885; Francz et al., 2002; Tiang et al., 2012).
The Rabl configuration, where centromeres and telomeres
localize at opposite nuclear poles, is considered typical for
plants with large genomes. However, this does not seem to be
a general rule, as the Rabl configuration was not confirmed
in some plants with relatively large genomes, such as maize
and sorghum (Anamthawat-Jénsson and Heslop-Harrison,
1990; Schubert and Shaw, 2011; Tiang et al., 2012). The rosette
structure, in which the centromeres are located at the nuclear
periphery and the telomeres congregate around the nucleolus,
has so far been described only in A. thaliana (Armstrong et al.,
2001; Fransz et al., 2002).

Although a variety of studies have focused on interphase
chromosome positioning in plants (e.g. Pecinka ef al., 2004;
Idziak et al., 2015), except one of maize (Bass ef al., 2015),
chromosome positioning was not followed throughout the
interphase, from G; to G, phases of the cell cycle. Here, to
obtain a more complete picture, we analyzed the positioning
of interphase chromosomes during the cell cycle in root tip
meristems of seven Poaceae species. These phylogenetically
related species have genomes ranging from 355 Mb to 17
Gb/1C 1in size, with B. distachyon serving as a model plant
with a small genome (1C ~355 Mb). In all species, we ob-
served a stable arrangement of centromeres and telomeres
throughout the interphase (Fig. 7; Supplementary Fig. S8).
Based on the positions of telomeres and centromeres, we
confirmed the Rabl configuration in B. distachyon having a
small genome, and in barley, rye, oat, and wheat that feature
large genomes (Fig. 6). Our results are in line with find-
ings of Dong and Jiang (1998) and Santos and Shaw (2004),
who observed that chromosomes do not assume the Rabl
configuration in either rice with a small genome or maize
with a moderate genome size (Fig. 6; Supplementary Fig.
S8). In both species, some of the centromeric signals clus-
tered at a particular region of the nucleoplasm, indicating
a tendency towards Rabl-like polarized organization, but
their telomeric signals were dispersed (Fig. 6; Supplementary
Fig. S8). One reason for the irregular distribution of rice
and maize interphase chromosomes could be the presence
of acrocentric chromosomes, as hypothesized by Idziak
et al. (2015), who observed a disrupted Rabl configurations
in B. stacei and B. hybridum whose karyotypes comprise
acrocentric chromosomes.

The association between the 3D genome organization
and replication timing has been described in mammals and
in Drosophila, too (e.g. Zink et al., 1999; Grasser et al., 2008,
Hiratani er al., 2010, Weber et al., 2012). With the exception
of recent studies on DNA replication timing in maize and
A. thaliana (Wear et al., 2017; Concia et al., 2018), information
on correlations between chromatin compaction and DNA
replication timing in plants is generally lacking. A popular

approach to study patterns of DNA replication in different re-
gions of cell nuclei is the microscopic detection of thymidine
analogs incorporated into the newly synthesized DNA (Gilbert
et al., 2010; Bryant and Aves, 2011; Bass et al., 2014, 2015). In
mammals, early DNA replication was observed in the interior
nuclear regions, while late replication occurred mostly at the
nuclear periphery (Li ef al., 2001; Pope and Gilbert, 2013). In
plants, differences in replication patterns among early, middle,
and late S phase were revealed by the fluorescently labeled thy-
midine analog EAU (Hayashi ef al.,2013; Bass et al.,2014,2015;
Dvotackova et al.,2018). Nevertheless, apart from a few excep-
tions, the patterns of nuclear DNA replication were analyzed
only in plants with small and moderately sized genomes, such
as A. thaliana, rice, and maize (Hayashi ef al., 2013; Bass et al.,
2014, 2015; Dvotackova et al., 2018).

In pioneering work, Cortes et al. (1980) used the thymi-
dine analog 5-bromo-2'-deoxyuridine (BrdU) in onion, a spe-
cies with a large genome, finding a high coincidence between
constitutive heterochromatin, including pericentromeric re-
gions, and late replicating DNA. In barley, another species with
a large genome, Jasencakova et al. (2001) found that DNA
replication started at rDNA loci, then continued in the eu-
chromatin and centromeric regions before its completion in
pericentromeric heterochromatin. Our observations obtained
after EdU labeling of newly replicated DNA agree with the
results obtained in maize by Bass ef al. (2015). Early S phase
nuclei were characterized by localized weak signals, whereas
strong signals dispersed throughout the whole nucleus were
observed in nuclei at middle S phase, but speckled signals con-
centrated in particular areas were seen at late DNA replica-
tion stages (Fig. 3). Since we studied seven species differing
in genome size, our results indicate that this pattern of DNA
replication is general and does not depend on the amount of
nuclear DNA (Supplementary Fig. S9).

We combined EdU labeling with the localization of telo-
mere and centromere regions by FISH, to provide a more
detailed view of DNA replication kinetics. We observed con-
trasting replication timing of telomeres and centromeres in all
seven plant species, where the highest intensity of early rep-
lication was observed in gene-dense chromosome termini,
while the highest intensity of late replicating DNA was typical
for pericentromeric regions (Fig. 5). In middle S phase, DNA
replication sites were almost evenly distributed along the en-
tire chromosomes and only slightly increased in the interstitial
regions of chromosome arms. These findings confirm those
recently obtained in A. thaliana and maize by Repli-seq ana-
lysis that corresponded to the gene density of their chromo-
some profiles (Wear et al., 2017, Zynda et al., 2017; Concia
et al., 2018). Kwasniewska et al. (2018) showed that terminal
parts of barley chromosomes replicated in early S phase, whole
chromosomes were covered with EdU signals at middle S
phase, with centromeric parts of chromosomes replicated in
late S phase. Those authors reasoned that this chromosome
replication profile implied the presence of transcriptionally ac-
tive genes in the terminal parts of chromosomes along with
inactive heterochromatin in the centromeric regions.

To conclude, our study indicates that the spatiotemporal
pattern of DNA replication timing during S phase in plants is
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conserved and does not depend on their genome size. While
the positioning of interphase chromosomes is stable throughout
the cell cycle, the relationships between interphase chromosome
positioning and genome size seem to be more complex. That
other researchers found that chromosome positioning may differ
between tissues, and even within tissue of the same plant, sug-
gests that interphase chromosome configuration is not simply
the consequence of chromosome orientation in preceding mi-
tosis and that it is controlled by as yet unknown factors.

Supplementary data

The following supplementary data are available at JXB online.

Table S1. Conditions for preparation of suspensions of nu-
clei from meristem root tip cells after the EAU pulse.

Fig. S1. Replication of 45S rDNA in oat.

Fig. S2. Non-co-localization of CenH3 in early S phase in
the seven grass species.

Fig. S3. Co-localization of CenH3 in middle S phase in the
seven grass species.

Fig. S4. Co-localization of CenH3 in late S phase in the
seven grass species.

Fig. S5. Co-localization of telomeres in early S phase in the
seven grass species.

Fig. S6. Co-localization of telomeres in middle S phase in
the seven grass species.

Fig. S7. Non-co-localization of telomeres in late S phase in
the seven grass species.

Fig. S8. Models of 3D chromosome positioning in inter-
phase nuclei of B. distachyon, O. sativa, Z. mays, H. vulgare,
S. cereale, A. sativa, and T. aestivum.

Fig. S9. Maximum intensity projection of 3D nuclei from
different stages of interphase in B. distachyon, O. sativa, Z. mays,
H. vulgare, S. cereale, A. sativa, and T. aestivum.

Video S1. Barley nucleus in early S phase.

Video S2. Barley nucleus in middle S phase.

Video S3. Barley nucleus in late S phase.

Video S4. Rye nucleus in early S phase.Video S5. Rye nu-
cleus in middle S phase.

Video S6. Rye nucleus in late S phase.

Video S7. Rice nucleus in G, phase.

Video S8. Rice nucleus in middle S phase.

Video S9. Rice nucleus in G, phase.

Video S10. Maize nucleus in G, phase.

Video S11. Maize nucleus in middle S phase.

Video S12. Maize nucleus in G, phase.
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Replication of DNA repeats in time and space

@

Introduction

Nuclear genome is replicated during S phase of cell cycle
under strict control

In contrast to numerous studies on DNA replication pattern
in yeast, Drosophila, mouse and human, little is known
about replication dynamics in plants

In plants, experiments with fluorescently labelled analogues
of thymidine incorporated into nascent DNA showed
differences in replication patterns in S phase

The use of EAU (5-ethenyl-2-deoxyuridin) opens a possibility
to visualize and analyze replicating chromatin

Analysis of closely related plant species differing in genome
size and repetitive DNA sequences new insights into DNA
replication program

Results

Replication profile of centromere specific Ty3/Gypsy Cereba element
during different stages of S phase (early = E, middle = M and late = L)
in Hordeum vulgare

« Replicating chromatin labeled by EdU is characterized by specific pattern. In early S phase,
EdU signals are localized to particular loci and separated from non-replicating chromatin
labeled by DAPI while in late S phase, EdU signals overlapped with DAPI-stained
heterochromatin. Highly heterochromatic regions seem to be replicated in late S phase

« 3D acrylamide FISH with probes specific to different DNA repeats revealed more complex mode
of their replication

« While centromere specific Ty3/Gypsy Cereba repeat is replicated in all stages of late S phase,
other highly repetitive DNA sequences are replicated in different mode

« While in Brachypodium EdU signals are located mostly in periphery of the nucleus in all
stages of S phase and replication timing of homologous sequences (e.g. rRNA genes) differs

Replication profile of 45 S rDNA during different stages of S phase (early = E, middle = M
and late = L) in Brachypodium distachyon

Future work

* More detailed characterization of replicating
DNA regions using high resolution
microscopy

* Repli-seq analysis = sequencing library from
E, M, L, G1 and G2 phase followed by
illumina sequencing and analysis

* The information about replication time with
methylation status

@l) O
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Aims of the study

* Comparison of DNA replication of DNA repeats in space and
time in two closely related plant species with contrasting
genome sizes — Hordeum vulgare (1C~5100 Mb, 2n=14) and
Brachypodium distachyon (1C~355 Mb, 2n=10)

» Visualization of 3D organization of specific DNA sequences in
the different phases of cell cycle S phase

Experimental design

Seeds preparation 2. Sample preparation

* EdU incorporates under
stable conditions

Root fixation and
suspension of intact

‘hf ) nuclei \
L. -+ Centrifugation and Click-
4 iT reaction cocktail
incubation
* Nuclei pelleting and
resuspension in LBO1
buffer containing DAPI
|
g
\\//
4. 3D FISH 3. Nuclei sorting
oot i r‘
Pt )} Fow
* Nuclei mounted in a PAA gel /1 i =
* FISH procedure using (un)directly- / 7' il
labeled probes \\ - 4
« Probes specific for different N Scatered
repetitive DNA sequences as well as »
collinear genetic regions of gl
Brachypodium and barley genomes :
< g
il 6. Data analysis
5. Confocal scanning + Imaris software was used for 3D
visualization
* Volume, distance and overlaps were

determined <

Conclusion

* Dissimilar replication profile in nuclei of Brachypodium and
Hordeum was observed

» Diferences in the replication pattern may related the organization
and structure of their genome

* EdU analysis indicated that heterochromatin is replicated in late
S phase

* 3D FISH revealed a more complex pattern of replication of highly-
repetitive DNA
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DNA replication timing program in barley (Hordeum vulgare)
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Nuclear genome is replicated during the S phase of the cell cycle under strict rules, which ensure accuracy and completeness of DNA duplication. The process is organized both
temporally and spatially - replication initiates at multiple origins throughout the genome at different times during S phase. It was suggested, that early replicating chromatin is rich

Introduction

in genes and transcriptionally active, while late replicating chromatin is enriched for heterochromatin and repetitive elements.

Replication timing programs have been described in yeasts and many animal species, but much less is known about the time course of DNA replication in plants. Up to now, only
species with relatively small genomes, such as maize and Arabidopsis, have been studied in more detail.

To provide more insights, we studied the replication machinery in barley (Hordeum vulgare), a representative of plants with large genome (1C ~ 5100 Mb) and high proportion of
\DNA repeats (more than 80%)

~

-

Experimental design

EdU labeling of DNA in root meristem cells J

DNA fixation and nuclei isolation J

Alexa Fluor 488 click, DAPI staining J

Flow sorting of nuclei in early, middle and late S phase }

Relative DNA content

Bivariate plot of relative

DNA content and EdU

incorporation. Sub-

populations of early (E),

middle (M) and late (L)

DNA repeats and rRNA nuclei are indicated by
genes orange rectangles.

3D acrylamide FISH with

Immunoprecipitation of
probes specific to different

EdU labeled DNA

DNA sequencing J

Repli-Seq

/ A pilot study on late S phase nuclei

Immunoprecipitation of DNA isolated from 500 000 late S phase nuclei resulted in gaining of
4.5 ng of EAU labeled DNA fragments

Ilumina libraries were prepared by NEBNext Ultra Il DNA Library Prep Kit for Illumina and
sequenced on MiSeq instrument

After trimming to length and quality, 4.3 million high quality pair end reads were obtained
and aligned to reference genome sequence of H. vulgare and specific repetitive DNA sequences
and rRNA genes, which are missing in the reference genome sequence

Mapping statistics of selected repetitive DNA sequences and rRNA genes

Reference Reference Sequence Length ~ Mapped reads Unmapped reads
455 rDNA 8418 78370 53

55 rDNA 468 14 0

Cereba 14993 1531 2

GAA microsatellite 2853 289917 31

CAA microsatellite 380 6126 6

Chromosome 1H
500000
A 400000
* 300000
200000
100000

455 rDNA unit (8.4 kb)

Cereba element (14.4 kb)

Alignment of paired end reads isolated from late S phase. (A) Chromosome 1H - coverage is
depicted per 1 MB regions. (B) 455 rDNA unit. (C) Cereba element.

3D FISH

A. Cereba + telomeric probe

Middle

Early

B. Psc 119

Early Middle Late

C.55rDNA

Early Middle

D. 45S rDNA
Early

Colocalization of EdU signals (green), corresponding to replicating DNA, and probes
specific to different DNA repeats in early, middle and late S phase nuclei of barley. (A)
Centromeric retrotransposon Cereba (red) and probe for telomeres (yellow). (B) Sub-
telomeric satellite repeat psc 119 (red). (C) 55 rDNA (red). (D) 45S rDNA (red). Models of
nuclei were generated using Imaris image analysis software based on confocal laser
scanning microscope images.

Conclusions and future work

Our results provide the first picture of the complexity of DNA replication in time and nuclear space, reflecting different types of DNA sequences and their role in genome
organization and function in barley. Replication of different DNA repeats varied in time, e.g. centromeric retrotransposon Cereba was replicated during all stages of S phase, sub-
telomeric satellite repeats psc 119 was replicated during the late S phase. Difference in replication timing was observed also for rRNA genes, while 55 rRNA genes were replicated
during early S phase, majority of 455 rRNA genes were replicated in very late S phase, probably reflecting the presence of large amounts of pseudogenic 45S rDNA units. Genome-
wide replication timing program in barley will be further described based on Repli-Seq data from early, middle and late S phase nuclei in five biological replicates. Genomic
regions that replicate predominantly in each of the stages will be identified.

This work has been supported by the Grant Agency of the Czech Republic (award No. 17-14048S) and the National Program of Sustainability I (award LO1204). The computing was supported by the National Grid Infrastructure MetaCentrum (grant No.

LM2010005 under the program Projects of Large Infrastructure for Research, Development, and Innovations).
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Cereals nuclear genome organization and replication of specific

regions
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Introduction and Aims Genome size of analyzed plants
* Rable orientation of interphase chromosomes is known in some cereal species that 18000 —
have nuclear genome >4,800 Mb while is absent in species with small genomes 16000
<1,000 Mb.

. 3 ’ 5 y 14000
» There is also evidence that chromosome configuration is not preserved and should be

tissue-specific or should change during the cell cycle. it

10000

1C [Mbp]

* It inspired us to compare chromatin arrangement and replication time of specific DNA 8000 1
sequences in roots meristem during different stages of the cell cycle. g |

6000
» We focus on 7 species of Poaceae family differing in genome sizes — Brachypodium, e

rice, maize, barley, rye, oat and wheat.

2000 IA;
Experimental background & ___ :
| e e T e
+ Seedlings are incubated with EdU solution. A€ [Mopliie 35 289 2600 2300 8100 120008 e 17000
» EdU incorporates into newly synthesized strands of DNA during
replication.
* Roots are fixed and suspension of intact nuclei is prepared. é}
) ™ Incorporat Click react
» Newly synthesized DNA is visualized using fluorophore (Alexa 488). ; NTo ZiZ E"]Z““ C . * Cc:cu?c - *
* Nuclei are sorted based on DNA and EdU content. é '
» Sorted nuclei of the different stage are mounted in polyacrylamide gel. Edv 4
» Embedded nuclei are used for IMUNO-FISH labeling.
» Confocal scanning is provided. =
_ _ Questions
Data are analyzed using Imaris software. 3 ;
*Is centromere - telomere orientation
Sorted fractions maintained during G1, S and G2 phase of
the cell cycle?
Early S phase Middle S phase Late S phase
« Is ,,Rabl/Non-Rabl*“ orientation connected
to plant genome size?
Rye root after EdU Ry o TS I XN » What is replication time of centromere and
incubation and Click e R ey telomere sequences in related plant
reaction species?

Results
3D Models of centromeres and telomeres arrangement
Brachypodium Rice Barley Rye Oat

Non-Rabl Non-Rabl

EdU Telomeres Chromatin Merge

Conclusions A

» 3D visualization of telomeres and centromeres (CenH3) confirmed Rabl

orientation in all stages (G1, S, G2) in all species except maize and rice. E
o

* EdU analysis indicated that centromeres are mostly replicated in early S = B

phase while telomeres in late S phase in all tested species. &
* Inrye, there is nice evidence that replication is strongly connected to the -g-

structure of chromatin. Telomeres in heterochromatin regions are replicated 8 (o]

in late S phase, while telomeres of euchromatin are replicated earlier o

(middle S phase).
@ This research has been supported by Czech Science Foundation, grant ,Spatial and temporal characterisation of DNA replication in phylogeneticaly related plant species with contrasting [ ] GAC R
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