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1 LITERATURE OVERVIEW

1.1 Evolution and taxonomy of cultivated barley

Cultivated barley (Hordeum vulgare L. subsp. vulgare) belongs to the
evolutionary successful worldwide distributed tribe Triticae of the grass family Poaceae
(von Bothmer et al., 2003, Ullrich, 2014). The diversity of the Triticae is a consequence
of a diverse variety of speciation mechanisms, including interspecific and intergeneric
hybridizations of diploid and polyploid taxa (Badr ef al., 2000, von Bothmer et al., 2003,
Mascher et al., 2017).

Based on archaeological research, the domestication of wild progenitor of
cultivated barley Hordeum vulgare L. subsp. spontaneum (K. Koch) Thell. started about
8,000 — 10,000 years ago in the current Israel-Jordan area of the Fertile Crescent (Badr ef
al., 2000, Zeder, 2008). This was proved by analysis of 317 wild and 57 cultivated barley
genotypes using 400 amplified fragment length polymorphism (AFLP) markers which
uncovered a monophyletic origin of cultivated barleys. Due to the gradually increasing
colonization, barley spread from its original area in the Middle East to become one of the
most successful crops worldwide, primarily thanks to its agronomical value and efficient
adaptation to variable environmental conditions (Badr et al., 2000, Ullrich, 2014).

The genus Hordeum L. consists of approximately 32 species. It can be arbitrarily
divided into five main groups based on a decreasing hybridization self-compatibility.
These groups include: 1) cultivated barley breeding lines or cultivars, 2) landraces
(adapted and non-adapted), 3) H. vulgare subsp. spontaneum (with agronomic potential
or with wild-type genes), 4) “Hordeum bulbosum” (crosses result in chromosome
elimination and sterility), and 5) other wild Hordeum species (theoretical agronomic
potential). Groups 1-3 are considered as the primary breeding gene pools, H. bulbosum
as the secondary gene pool, and the other wild Hordeum species as the tertiary gene pool
(von Bothmer et al., 1995, von Bothmer et al., 2003). The majority of barley species,
including cultivars and landraces, are diploids (2n = 2x = 14). However, wild species
encompass also tetraploids (2n = 4x = 28) and hexaploids (2n = 6x = 42). Barley species
with increased ploidy levels are mainly segmental allopolyploids; nevertheless, true
autopolyploids (H. bulbosum, H. brevisubulatum) are known likewise (von Bothmer ef

al., 2003, Brassac and Blattner, 2015). These polyploid species are occasionally used to
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introduce new (mainly resistance) genes into the cultivated barley (Ullrich, 2014, Kumar
et al., 2020).

Since the onset of agriculture, barley was established as one of the most essential
crops initially in Eurasia and later also worldwide. Currently, barley yearly production
reaches 141 million tons in a total area of 55 million hectares, making it the fifth highest
after wheat, rice, maize, and soybean (Ullrich, 2014, FAO, 2022 - October). Barley finds
the greatest use as an animal feed (grains, malt) and in the brewing (beer) and distilling
(whiskey) industry, nevertheless it has been used also in the biotechnology for the
molecular pharming and in the cosmetic industry (reviewed in Mrizova et al., 2014,

Swanston et al., 2014, Ullrich, 2014).

1.2 Barley as a temperate cereal genetic model

The barley genomic resources have been developed continuously since the late
1990s (Sato, 2020). Until now, they include mutant collections and information about
plant phenotypes, or genomic sequence with annotated genes supplemented by genes’
structure and their corresponding functions (CGIAR, 2023, GrainGenes, 2023,
IPK Genbank, 2023, NordGen, 2023, USDA, 2023).

The pioneering research focused on barley expressed sequence tags (EST) which
helped to set the basis for single nucleotide polymorphisms (SNPs) collections
(HarvEST:Barley, 2015). Moreover, barley full-length cDNA sequence with annotated
genes and contigs (Carninci et al., 1996, Sato et al., 2009, Matsumoto et al., 2011, Sato
et al., 2016), the same as a high-quality genetic map and bacterial artificial chromosome
(BAC) libraries (Yu et al., 2000, Stein et al., 2007, Close et al., 2009, Munoz-Amatriain
et al.,2011) were produced.

The efforts to expand barley genomic resources resulted in the establishment of
the International Barley Sequencing Consortium (IBSC, 2012), which developed a barley
physical map of 4.88 Gbp with more than 3.90 Gbp anchored to a high-resolution genetic
map of the reference cultivar Morex. Almost 40,000 high-confidence and an additional
42,000 low-confidence genes were predicted (Mascher et al., 2017). The physical map is
gradually supplemented by improved sequencing datasets, whole-genome assemblies,
and annotations (Mayer et al., 2012, Mascher et al., 2013, Mascher et al., 2017, Mascher,
2021, Mascher et al., 2021). Organelle genomes (Middleton et al., 2014, Hisano et al.,
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2016, Mascher et al., 2017) and a variety of transcriptomes (Tanaka et al., 2019, Liew et
al., 2020, Vinje et al., 2021, Peirats-Llobet et al., 2023) are also available. The analysis
of the barley genome revealed, similar to several other cereals with large genomes, that
the majority of the genome consists of repetitive sequences, including RNA and DNA
transposons and rDNA genes (Gerlach and Bedbrook, 1979, Singh et al., 2017, Wicker
etal.,2017).

Genes and transposons are unequally distributed in the barley genome. Genes show
a high density at the ends of chromosome arms, while repetitive elements cover telomere-
distal and centromere-proximal parts of the arms (Mascher et al., 2017). This profoundly
affects the distribution of meiotic crossovers to the gene-rich parts of chromosomes and
significantly decreases recombination efficiency at the repeat-rich regions. In practical
terms, this makes large parts of barley chromosomes depleted of meiotic recombination
events and thus hard to use for breeding programs (Dreissig et al., 2019, Casale ef al.,

2022).

1.3 General principles of plant nucleus organization

DNA molecule is folded hierarchically and non-randomly in the nucleus. Despite
the differences between individual higher organisms, the basic organization of the
chromatin in the nuclear space preserves similarities.

At the first level, double stranded DNA spirals around the octamer of HISTONE
proteins (two molecules of H2A, H2B, H3, and H4 each) to form nucleosomes. The
stability of the nucleosome structure is secured by the addition of HISTONE H1 variant
(Figure 1). The fiber comprising nucleosome structure is known as the nucleosome fiber
and is assumed the fundamental structural subunit of chromosomes (Manuelidis and
Chen, 1990, Wolffe and Hayes, 1999). It forms extensive chromatin loops often present
between gene islands and closely associating transcriptionally active genes (Dong et al.,
2017) (Figure 1). These loops are actively formed by the activity of CONDENSIN and
COHESIN proteins (described in more detail in Chapter 1.3.2.).

In plants, chromatin loops form topologically associated domain-like (TAD-like)
structures, which are the alternative of TADs typically present in Animalia genomes.
However, the formation of plant TAD-like structures is not conserved between all plant

species. They were not observed in Arabidopsis (2n=2x=10; 125 Mbp/1C) (AGI, 2000,
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Wang et al., 2015) compact genome but were found in the large genome of wheat
(2n=6x=42; 17 Gbp/1C) (Brenchley et al., 2012, Concia et al., 2020). TAD-like structures
are also difficult to define as plants lack CCCTC-BINDING FACTOR (CTCF) present
in Mammalian cells where it separates distinct chromatin loops and also defines
chromatin expression state (Dong et al., 2017).

In plant large genomes, individual TAD-like structures can be organized into
mammalian-like A/B compartments defined by the preferential presence of ether
transcriptionally active or inactive chromatin. Finally, domains and compartments form
distinct chromosome territories comprise individual chromosomes organized in

chromosome territories (reviewed in Dogan and Liu, 2018).

DNA fiber Nucleosomes and
nucleosome clusters

Chromatin loops

Nuclear pore
complex (NPC)

AN
envelope R

TADs-like structures

Nuclear

Nuclear
lamina

Mammalian-like A/B
compartments

Chromosome territories

Figure 1. Hierarchical organization of chromatin of large plant genomes. The DNA fiber is
coiled around the histone proteins to form nucleosomes and nucleosome fiber. Nucleosome fiber
forms chromatin loops organized into TAD-like structures based on their expression state. TAD-
like structures organize into mammalian-like A/B compartments differing in their
transcriptionally active or inactive status. A/B compartments of distinct chromosomes form
chromosome territories that interact with NPCs, nuclear lamina, and nucleolus based on their
transcription activity. Modified from (Dogan and Liu, 2018).

Within the chromosome territories, transcriptionally inactive genes (e.g., silenced
protein-coding genes, transposable elements, and other repetitive non-coding sequences)
cluster to the nuclear periphery and interact with a nuclear lamina (NL) (van Steensel and
Belmont, 2017, Sakamoto, 2020). After the transcriptional activation, genes are moved

into the nucleoplasm to the proximity of transcription factories containing RNA-
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polymerase II, which initiates their transcription (Egecioglu and Brickner, 2011, Concia
et al., 2020). Repetitive ribosomal RNA (rRNA) genes preferentially localize to the
periphery of the nucleolus, nevertheless their localization is also dependent on their
transcriptional status (Pontvianne et al., 2013).

Organization of the chromatin can be strongly modified by changing
environmental conditions or in the response to stress (Pecinka and Mittelsten Scheid,
2012, Rosa et al., 2013, Probst and Mittelsten Scheid, 2015). These changes also often
cause alterations in cell epigenetic profile (histone-specific variants or specific histone
modifications), which lead to modifications in genes transcription or to gene silencing

(reviewed in Pecinka and Mittelsten Scheid, 2012, Baurle and Trindade, 2020).

1.3.1 Spatial chromosome configuration in the nucleus

Despite the generic organization of eukaryotic chromosomes into the chromosome
territories, interphase chromosomes can arrange themselves specifically based on the
strict positioning of centromeres and telomeres.

In some plants with large genomes, interphase chromosomes adopt the so-called
Rabl configuration (Figure 2A), where centromeres and telomeres cluster at opposite
nuclear poles (Rabl, 1885, Cowan ef al., 2001). This chromosome configuration is typical
for wheat (17 Gbp/1C) or barley (4.88 Gbp/1C) nuclei but was found only tissue-
specifically in some other cereal crops. For example in rice (466 Mbp/1C) root xylem and
undifferentiated anther cells (Prieto et al., 2004).

Based on these findings, the formation of Rabl is not only dependent on organism
genome size (Santos and Shaw, 2004). It was shown that Arabidopsis mutants in
CONDENSIN II frequently resemble Rabl-like chromosome organization with clustered
centromeres and abolished formation of chromosome territories (Sakamoto et al., 2019).
Moreover, the role of CONDENSIN II in Rabl formation was supported by an
evolutionary study where organisms lacking some of CONDENSIN II subunits
presumably showed higher frequencies of non-homologous chromosome contacts and
Rabl-like centromere clustering (Hoencamp et al., 2021).

Additionally, a recent study in barley showed that the Rabl configuration of
chromosomes is reinforced by an anaphase chromosome positioning and subsequently

seems to be actively maintained (Nowicka et al., 2023). It was hypothesized that Rabl is
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present primarily in the fast-cycling mitotically active cells and loosened when cells pass
into a differentiation pathway (Santos and Shaw, 2004, Nowicka et al., 2023). In barley
endosperm cells, loss of Rabl was observed with increasing endoreduplication levels and
lowered division rate. Establishment of Rabl configuration can be possibly incluenced
also by changed cell epigenetic status because decreased DNA methylation levels induced
Rabl in rice cells where it is not usually maintained (Santos et al., 2011). However, this
trend was not observed in Arabidopsis DNA demethylation mutants decrease in DNA
methylation 1 (ddm1l) or methyltransferase 1 (metl) (Soppe et al., 2002).

In recent years, the non-Rabl chromosome configuration also got into the research
focus (reviewed in Oko et al., 2020). In this configuration (Figure 2B), chromosome arms
are dispersed through the nucleoplasm, centromeres are arranged at the nuclear periphery,
and telomeres are primarily present in the nuclear interior. (Zhou ef al., 2019, Shan et al.,
2021).

Alternatively, interphase chromosomes can be organized in the nucleus in a
rosette-like organization (Figure 2C). A typical example are Arabidopsis nuclei
(125 Mbp/1C), where telomeres and nucleolus organizing region (NOR) cluster to
nucleolar proximity, while centromeres localize randomly to the nuclear periphery.
Centromeric heterochromatin, consisting of repetitive DNA, forms distinct dense
chromocenters characteristic by inactive epigenetic marks. From the chromocenters,
individual chromosome arms emanate (Fransz et al., 2002, Pecinka ef al., 2004). Despite
the apparent differences between the rosette-like and Rabl chromosome organizations,
the similarity can be found in the clustering of the chromosome ends at the nuclear (Rabl)
or nucleolar (rosette-like) periphery. This leads to the closer non-homologous
chromosome association and increases the probability of inter-chromosome interactions
emergence probability (Ashley, 1979).

Chromosomes adopt characteristic configurations not only in interphase but also
during meiosis. In the meiotic prophase (leptotene to pachytene), they resemble telomere
bouquet organization where telomeres of homologous chromosomes pair together and
attach to the nuclear envelope (NE) (Harper et al., 2004) (Figure 2D). It has been observed
in various plant, animal, and fungi species. In plant cells a bouquet is formed opposite to
the microtubule band (Thomas and Kaltsikes, 1976). Centromeres localization is not strict
in the telomere bouquet. Before and after the leptotene-pachytene telomere bouquet

formation, telomeres are not entirely attached to the nuclear envelope and frequently
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move alongside its inner layer, resulting in the formation of pre-bouquet or post-bouquet

configurations respectively (Figure 2E) (Harper ef al., 2004).

B c a D E E
Figure 2. Patterns of chromosome arrangement in the nucleus. (A) Rabl configuration. (B)
Non-Rabl configuration. (C) Rosette-like configuration. (D) Telomere bouquet. (E) Pre-bouquet

and post-bouquet organization. Centromeres and telomeres are marked in red and green, nucleolus
in yellow, and chromosomes in blue. Modified from (Lysak, 2022)

1.3.2 Mitotic chromosome organization

In maximal mitotic spiralization, chromosomes shape into rod-like structures,
compacting chromatin up to 1,000 fold, to decondense again when the mitosis is finished
(Bajer, 1959, Kuznetsova et al., 2017, Kubalova et al., 2023) (Figure 3).

The fundamental principles of condensed chromosome structure formation can be
described by helical and non-helical models (Kubalova et al., 2023). Helical models
postulate that the chromatin of each sister chromatid is organized into the helix structure
(Ohnuki, 1965, Gibcus et al., 2018, Schloissnig et al., 2021), whereas in non-helical
models, coiled chromatin folds “side-by-side” (Rodley ef al., 1976, Kireeva et al., 2004,
Naumova et al., 2013). Recent data from barley support the helical model (Kubalova et
al., 2023) (Figure 3). Hi-C data and super-resolution microscopy of fluorescence in situ
hybridization using oligonucleotide probes (oligo-FISH) revealed that barley mitotic
chromosome is formed by a 400 nm thick helically-wound chromatin fiber (i.e.,

chromonema). In chromonema, adjacent turns of the chromatin helixes frequently
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intermingle. Interestingly, it was shown that the helical turns vary in size due to the
differences in chromatin density (Kubalova et al., 2023) (Figure 3).

Chromosome spiralization and its maintenance are regulated by various proteins
including  previously = mentioned @ STRUCTURAL  MAINTENANCE OF
CHROMOSOMES (SMC) complexes CONDENSIN I and CONDENSIN II, and
TOPOISOMERASE 1II (Maeshima and Laemmli, 2003, Sun et al., 2018, Kim et al.,

Telomere Subtelomere

Centromere §

Oligo-probes
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Intermingling of the

chromatin loops

10 nm fiber

80 nm fiber

AT Nucleosome

o Loops of the
Flamingo-~—. & : chromatin fiber

Telomere

Subtelomere

Figure 3. Model of the helical coiling organization in barley metaphase chromosomes.
Bottom right: loops of the 80 nm lower-order chromatin fibers, formed of consecutive
nucleosomes. Differently colored consecutive loops correspond to oligo-probes used for the
chromatin loop width and length measurement (Stork, Eagle, Ostrich, Rhea, Moa, Flamingo).
The coils fill completely the chromatin without large cavities. Adjacent chromonema turns
intermingle at their edges due to the flexibility of the smaller 80 nm chromatin fibers. The
chromosomal termini contain less condensed, more flexible chromatin. Due to the flexibility, the
telomeres may be embedded into the subtelomeric chromatin and not appear at the very end of
the chromatid. Modified from (Kubalova et al., 2023).
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2022). CONDENSIN I and CONDENSIN II control chromatin organization and loop
formation by wrapping around the DNA strand, which they extrude through the SMC-
molecule central ring (Alipour and Marko, 2012). The main role of COHESIN is to secure
the maintenance of sister chromatids replicated during the cell cycle S phase. However,
it is significantly involved also in DNA condensation and gene expression regulation
(Anderson et al., 2002). Finally, TOPOISOMERASE II activity arranging recurrent DNA
cutting and rejoining helps to untangle and tangle complex chromatin fiber structures
(Goto and Wang, 1982).

CONDENSIN I and II have divergent roles in chromatin condensation in higher
plants. They differ in the cell-localization pattern and the timing of loading onto the DNA.
Nucleoplasma-localized CONDENSIN II loads to chromosomes already in the S phase.
It shortens chromosomes axially by forming ~400 kbp loops and establishes sister
chromatids resolution (reviewed in Shintomi and Hirano, 2010). Cytoplasma-localized
CONDENSIN [ targets DNA after the nuclear envelope breakdown in prometaphase and
secures lateral chromosome compaction via forming nested ~80 kbp loops that
substantially aggregate (Green et al., 2012). Moreover, CONDENSIN II plays a role in
chromosome and centromere compaction (Fujimoto et al., 2005, Sakamoto et al., 2019).

The surface structure of the condensed mitotic chromosomes has been thoroughly
examined since high- and super-resolution microscopy establishment. Approaches
involving scanning electron microscopy or stimulated emission depletion (STED)
microscopy revealed the formation of chromosome cavities from prophase to telophase
(Wanner et al., 1991, Schaper et al., 2000, Hamano ef al., 2014, Kuznetsova et al., 2017,
Kubalova et al., 2021). These cavities serve as docking stations for proteins mediating
transcription on compact mitotic chromosomes (Palozola et al., 2017). In Animalia cells,
the layer of proteins coating mitotic chromosomes known as the perichromosomal layer
can be found (Gautier ef al., 1992, Gautier et al., 1994, Hernandez-Verdun and Gautier,

1994). However, this structure has not been described in plants yet.

1.3.3 Organization of the nuclear envelope and the nuclear lamina

Plant nuclear envelope (NE) and nuclear lamina (NL) serve as a physical barrier
separating the content of the cell nucleus from the cytoplasmic protein synthesis apparatus

and thus ensure the maintenance of unreplaceable functions in the cell. Besides these
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roles, there is growing evidence that they are involved in chromatin organization and gene
expression regulation (Tiang et al., 2012, Bishop et al., 2021). Moreover, they maintain
gradients of molecules. For instance, of cytoplasmic Ras-related nuclear protein
guanosine 5°‘-diphosphate (RanGDP) and nucleic Ras-related nuclear protein guanosine
5¢-triphosphate (RanGTP) which mediate plant cell responses and lead mitotic spindle
localization and NE assembly, respectively (Guttinger et al., 2009).

NE consists of a double layer of phospholipids forming the outer nuclear
membrane (ONM) extending into the endoplasmatic reticulum membrane with attached
ribosomes and the inner nuclear membrane (INM) linking NE with NL. The distinctive
representative protein of the ONM are membrane KLARSICHT ANC-1 SYNE
HOMOLOGY (KASH) interacting with a cytoskeleton. For the INM, transmembrane C-
terminal SUNs and NUCLEAR ENVELOPE ASSOCIATED PROTEIN (NEAP)
providing NE-NL linkage are typical. Together, they are part of the LINKER OF
NUCLEOSKELETON (LINC) complex (Tatout et al., 2014). The transverse connection
between the ONM and INM, the same as the nucleus and cytoplasmic molecular
communication, are mediated by NUCLEAR PORE COMPLEX (NPC) proteins
represented by PLANT NUCLEAR ENVELOPE TRANSMEMBRANE 1 (PNET1) or a
variety of NUCLEOPORIN proteins (e.g., NUP358, NUP188, NUP153, etc.) (Tamura et
al., 2010, Parry, 2014, Tang et al., 2020).

The role of plant lamina in chromatin organization and nuclear border shaping
shares the essential characteristics with NL in animal or human cells, even though it has
distinct specifics (Ciska and de la Espina, 2014). In plants, NL is not constituted by lamin
proteins but by their plant functional homologs. So far, proteins such as PLANT
NUCLEAR ENVELOPE TRANSMEMBRANE 2 (PNET2), CROWDED NUCLEI
(CRWN), or JAPANESE FOR NUCLEUS 4 (KAKU4) are considered the main
components of the plant NL (Wang et al., 2013, Goto et al., 2014, Tang et al., 2022).
CRWNI1 and CRWN4 secure direct interaction between NL and nuclear periphery by
associating with SUN proteins and help to shape the nucleus surface. Consequently,
crwnl and crwn4 mutants show a significant reduction in nuclear volume, altered nuclear
shape, and significantly lower number of centromeric chromocenters (Sakamoto and
Takagi, 2013). The same situation applies also to kaku4 (Goto et al., 2014). These results
suggest that both NL and NE proteins are essential not only for the stabilization of the

nuclear membrane but also for proper chromosome organization and their attachment to
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NL, as indicated by proven interactions of CRWN1/4 with CONDENSIN II (Sakamoto
etal., 2022).

1.3.4 Organization of the nucleolus

Nucleolus is a large sub-nuclear compartment assembling around the active 45S
rDNA loci (nucleolus organizers, NORs) localized on some chromosomes. The rDNA
transcription, rRNA post-processing, and ribosome biogenesis occur there. 45S rDNAs
are formed by 5.8S, 18S, and 28S genes separated by internal transcribed spacers (ITSs).
Their transcription products are processed by snoRNPs (small nucleolar
ribonucleoproteins) (reviewed in Shaw and Brown, 2012). The transcriptional activity of
NOREs is epigenetically regulated.

The separation of the nucleolus from the nucleoplasm is based on the liquid-liquid
phase character of the interactions between RNA and protein cell constituents (reviewed
in Lafontaine, 2019). The nucleolus internal architecture comprises fibrillar centers,
dense fibrillar components, granular components, nucleolar chromatin, and nucleolar
vacuoles (Stepinski, 2014). Fibrillar centers and dense fibrillar components can be
interwoven into the so-called nucleolomena. This structure is characterized by the
presence of RNA polymerase I transcribed rDNA genes, pre-rRNA processing machinery
accomplished by small nucleolar RNAs/proteins (snoRNAs/snoRNPs), spliceosomal
small nuclear RNAs/proteins (snRNAs/snRNPs), NUCLEOLAR PROTEINS52 (NOP52)
involved in ribosome biosynthesis, and rRNA methyltransferase FIBRILLARIN (FIB)
arranging post-transcriptional modifications (Hernandez-Verdun, 2011). In the granular
component, ribosomal small (40S) and large (60S) subunits assemble into functional
ribosomes. After the assembly, ribosomes are transported through the nucleoplasm into
the cytoplasm, where they arrange protein synthesis (reviewed in Fromont-Racine ef al.,
2003).

Nucleoli structure substantially changes during the cell cycle. It increases its
volume if higher protein synthesis is required in the G1 phase of the cell cycle and is
reduced if cells persist in an already differentiated state (Hernandez-Verdun, 2011,
Lockhead et al., 2020). The substantial changes in nucleolar structure happen before
every mitotic division when the nucleolus disassembles during the prometaphase to
reassemble again in the telophase around the early-emerging prenucleolar bodies (PNBs)

(Hernandez-Verdun, 2011). Despite this, changes in nucleolar structures are prominent
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under abiotic or biotic stress conditions and reflect alterations in cell and organism
transcription needs (reviewed in Kalinina et al., 2018). The exposure of plants to cold or
heat stress leads to the formation of nucleolar speckles or nucleolar cavities (Hayashi and
Matsunaga, 2019). Cavities and the nucleolar vacuole temporarily store accumulated
biochemical factors involved in the ubiquitin-proteasome system (e.g., sSnoRNAs,
snoRNPs, snRNAs, or snRNPs). Their stress-induced release into the nucleoplasm
frequently initiates complex biochemical stress-dependent reactions (reviewed in

Stepinski, 2014).

1.3.5 Organization of microtubules

Microtubules are essential for many biological processes in living cells, such as
molecular transport, cell space reinforcement, and cell division. These cytoskeleton
components consist of heterodimers of o/B-TUBULIN polymerizing into typically 13
parallel protofilaments via guanosine 5'-triphosphate (GTP) hydrolysis. They form spiral-
like head-to-tail organized microtubule tubes, which dynamically grow or shrink on the
plus ends unless they are fixed via GTP-cap addition (reviewed in Hashimoto, 2015). The
transitional state between microtubule growth and shortening is known as microtubule
catastrophe. If the switch is from shortening to growing, it is referred to as microtubule
rescue. These processes result from stochastic fluctuations in the microtubule length,
shape, and GTP-cap attachment (Margolin ef al., 2012). In contrast with animals, plant
microtubules can moderately depolymerase on the minus ends during the process of
polymer treadmilling typical for cortical microtubules (Shaw ef al., 2003). Based on the
in vitro experiments, this process is controlled by plant-specific microtubule-associated
proteins (MAPs) localized at microtubule plus and minus ends (Hotta ef al., 2016).

In eukaryotes, microtubule nucleation is initiated by the activity of y-TUBULIN,
arranging the formation of y-TUBULIN RING COMPLEXES (y-TuRCs) (Zheng et al.,
1995, Binarova et al., 2006). The nucleation activity of y-TUBULIN is crucial in plant
cells that do not contain microtubule-organizing center (MTOC) and centrosomes, which
nucleate microtubules and secure the formation of the mitotic spindle in non-plant species
(reviewed in Hashimoto, 2015). In interphase plant cells, nucleation of cortical
microtubules predominantly occurs at the plasma membrane alongside already present

mother microtubules or in a branching pattern (Jacobs et al., 2022). The resulting cortical
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microtubule network is connects kinesin motor proteins at the plus ends of microtubules.
These proteins are involved in the unidirectional transport of vesicles, organelles, and
morphogenesis or also in cytokinesis by associating with CELLULOSE SYNTHASEs
(CESAs) and CELLULOSE SYNTHASE COMPLEX (CSC) (reviewed in McFarlane et
al., 2014). Additionally, microtubules, kinesin motor proteins, and MAPs organize the
separation of chromosomes, organelles, and other cellular components in mitotic and

meiotic division, including the cell plate formation (reviewed in Li et al., 2012).

1.4 Mitotic division in higher plants: an overview

Mitosis is the main process that allows higher organisms to increase cell numbers
and control their growth and development. During the cell cycle, cellular components and
genetic material are duplicated and then evenly distributed into the newly emerging cells
by the mitotic apparatus (Figure 4). In contrast to Animalia, plant cells lack centrosomes,
typically organizing microtubules into the mitotic spindle. Moreover, they deal with the
presence of cell walls, which need to be rebuilt during cytokinesis (reviewed in Gutierrez,
2009, Smertenko et al., 2017). Despite the growing knowledge about plant mitosis
progress and regulation, there is still much worth investigating in this process.
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Figure 4. Mitotic division in higher plants. Schematic overview of plant mitosis. Chromosomes
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are visualized in red and blue. Modified from Biorender template (Rasmussen et al., 2011,
Smertenko et al., 2017).
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1.4.1 Regulation of cell cycle and mitosis in plants

The regulation of mitosis is inseparably synchronized with the cell cycle
progression. The main regulators of plant cell cycle and mitosis are periodically activated
CYCLIN-DEPENDENT KINASES (CDKs), which interact with different CYCLINS
(CYCs) or CYCLIN-DEPENDENT KINASE INHIBITORs (CKlIs), and together direct
the progression of cell cycle from Gl to S phase, and G2 to M phase (reviewed in Inze
and De Veylder, 2006, Komaki and Sugimoto, 2012). The cell cycle regulation is highly
complex and not yet profoundly studied and understood in plants.

In contrast to yeast and animals, plants encode significantly more CDKs and
interacting CYCs, probably owing to the whole genome duplication events (Jiao ef al.,
2014). Apart from the CDKA class, the plant-specific CDKB class, subdividing into
CDKBI1 and CDKB2 subclasses, regulates the cell cycle and potential transition into the
endoreduplication cycle. Endoreduplication is initiated in the absence of CDKB2, while
its presence leads to cytokinesis (Menges ef al., 2005). In Arabidopsis, 10 A-type CYCs
(CYCAs), 11 B-type CYCs (CYCBs), and 10 D-type CYCs (CYCDs) can be found.
CYCAs and CYCBs comprise three subgroups (CYCAI-CYCA3 or CYCB1-CYCB3)
and CYCDs of seven subgroups CYCDI-CYCD7 (reviewed in Inze and De Veylder,
2006, Komaki and Sugimoto, 2012).

The transition from the G1 to the S phase, as well as the progression of the S
phase, is triggered by the binding of CDKA1 with CYCDs or CYCA3 in plants (Boruc ef
al., 2010, Van Leene et al., 2011). The switch from G2 to M phase, along with the M
phase progression, is caused by the interaction between CDKA1l and CYCD3 or by
CDKBs with CYCA2 and CYCBs (Boudolf et al., 2009).

The progression of the plant cell cycle can be controlled on different levels by
diverse mechanisms. On the first level, the amount of CYCs available in the nucleoplasm
is regulated transcriptionally (reviewed in Berckmans and De Veylder, 2009). On the
second level, when CYCs are already present in cells, their number is reduced by
ubiquitin-mediated  proteolysis  (reviewed in  Vodermaier, 2004). CYCs
polyubiquitination promotes the transition from G1 to S phases, which is realized by SKP-
CULLIN1-F-BOX E3 LIGASE (SCF) (Zheng et al., 2011). On the other hand, middle M
phase (anaphase) CYCs are polyubiquitinylated by another E3 ligase known as
ANAPHASE-PROMOTING COMPLEX/CYCLOSOME (APC/C complex; CULLIN-
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RING FINGER E3 LIGASE). These events lead to the escape of the cell from mitosis to
cytokinesis (Zheng et al., 2011).

1.4.2 Dynamics of nuclear components and microtubules in plant

mitosis

During the mitotic division, substantial dynamic changes occur in the cellular
components’ localization. These changes happen in both the cytoplasm and the nucleolus.
In the cytoplasm, the cytoskeleton reorganizes itself to prepare for mitotic spindle

formation. In the nucleus, changes in chromatin and nucleolus structure follow.

1.4.2.1 Chromosomes in plant mitosis

Interphase chromosomes undergo striking changes during the mitotic compaction,
where they form metaphase-visible rod-like structures (Figure 2). The first steps of
chromosome compaction are initiated already during the prophase by the activity of
CONDENSIN II. Afterward, the process is accelerated by loading of CONDENSIN I
after the prometaphase nuclear envelope breakdown. Chromosome compaction reaches
the maximum around the metaphase (Sun et al., 2018).

During the mitosis, prometaphase chromosomes move into the cell center,
forming a metaphase band comprising lined chromosomes. The position of the metaphase
band is given by the preprophase band (PPB), a ring-like structure formed by cortical
microtubules. Moreover, PPB regulates the localization of the mitotic spindle and a
future-formed phragmoplast, which serves as the basis for the newly formed cell wall
assembly (Ambrose and Cyr, 2008). In metaphase, individual sister chromatids are
detached after the SEPARASE cleaves the kleisin SISTER CHROMATID COHESIONI1
(SCC1) COHESIN’s subunit on the onset of anaphase (reviewed in Nasmyth and
Haering, 2005). After chromosomes are pulled to the opposite cell poles, CONDENSIN
I and II are removed gradually from the DNA by interacting PRECOCIOUS
DISSOCIATION OF SISTERS 5 (PDS5) and WINGS APART-LIKE (WAPL) proteins.
This leads to the chromosome decondensation and the formation of emerging daughter

cells (Pradillo ef al., 2015, Hernandez et al., 2018).
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1.4.2.2 Nucleolus in plant mitosis

The nucleolus disassembles synchronously with the nuclear envelope breakdown
at the onset of mitotic prometaphase. Firstly, granular component disintegrates and
disperses throughout the cytoplasm. Afterward, dense fibrilar component dissipates
between the condensed chromosomes; thereby, the nucleolus disassembly is finished. It
was proposed that some components of the RNA POLYMERASE I (POL I) COMPLEX
and pre-TRNA processing complex as FIB1, NUCLEOLIN 1, or NOP52 associate with
condensed metaphase and anaphase chromosomes, becoming the components of the
perichromosomal layer typical for Animalia and yeast cells (Risueno et al., 1982, Saez-
Vasquez and Medina, 2008). During the telophase, these proteins form prenucleolar
bodies (PNBs) near the surface of chromosomes.

The newly forming nucleoli reassemble around chromosome NORs to where PNB
components are actively transported (Savino et al., 2001). The early-forming PNBs
contain mainly FIB1 protein, whereas NOPS52 is preferentially present in the late-forming
PNBs. During the CYCB degradation and CDKA activity decrease, the transcription of
rDNA is restored (Sirri ef al., 2002).

1.4.2.3 Nuclear envelope and nuclear lamina in plant mitosis

The nuclear envelope and nuclear lamina disintegrate during the mitotic
preprophase to be reconstituted around the newly formed daughter nuclei in telophase. In
plants, the nuclear envelope breakdown is initiated by the phosphorylation of LINC
complex proteins by CDKA, which afterward relocalizes to the mitotic spindle, PPB, and
phragmoplast. Nuclear lamina proteins CRWNs migrate to the mitotic spindle (CRWN1)
and cytoplasm (CRWN4) (reviewed in Evans ef al., 2009, Kimura et al., 2010). On the
contrary, C-terminal SUN (SUNT1) presence was detected in both mitotic spindle poles
and around condensed metaphase-anaphase chromosomes, the same as the presence of
NUCLEOPORINSS8 (NUPS88) (van Damme ef al., 2004, Xu et al., 2007, Graumann and
Evans, 2011). The SUN2 preferentially localizes with membrane vesicles throughout the
mitotic division (Masuda et al., 1999, Graumann and Evans, 2011).

In the process of nuclear envelope/lamina reconstruction, SUNs and CRWNs
attach to chromosomes and mitotic spindle poles periphery and then gradually move into
the spindle central part where phragmoplast emerges. The separation of daughter cells is

initiated by centrifugal formation of the cell plate at the position given by RanGTPase
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gradient and PPB (Xu et al., 2007) by incorporation of the cell wall components, SUNSs,

and nuclear pore complexes (van Damme et al., 2004).

1.4.2.4 Microtubules in plant mitosis

The rearrangement of interphase cortical microtubules attached laterally to the
nuclear envelope is initiated by the accumulation of the RanGTP, which allows the release
of the mitotic spindle assembly factors (Haizel et al., 1997, Caudron et al., 2005). During
the late prophase, cortical microtubules (i.e., bridging microtubules) radiate from PPB to
contact with the nuclear envelope and to set the future division plane together with
GTPase ACTIVATING PROTEIN (RanGAP) (Ambrose and Cyr, 2008, Xu et al., 2008).
The association of the PPB with RanGTP initiates enrichment of cortical microtubules
around nuclei and their association with TARGETING PROTEIN FOR XKLP2 (TPX2)
(spindle assembly promotion), NUCLEAR MITOTIC APPARATHUS PROTEIN
(NuMA) (localization of microtubules into the poles) and RIBONUCLEIC ACID
EXPORTI1 (RAELI) (bipolar spindle formation after forming RAEI/NuMA complex).
The association process leads to the formation of the bipolar mitotic spindle (Stoppin et
al., 1994, Binarova et al., 2006, Vos et al., 2008).

In plants, three functionally diverse AURORA kinases can be found (Demidov ef
al., 2005). AURORA 1 and 2 (a-type AURORA kinases) secure the formation of bipolar
spindle, asymmetric cell divisions, and function also during cytokinesis (reviewed in
Weimer et al., 2016). Moreover, AURORA 1 can interact and phosphorylate
microtubule-localized TPX2 (Tomastikova et al., 2015). AURORA 3 (8- type AURORA
kinase), localized in the inner-kinetochore part, leads nucleation and growth of
kinetochore microtubules by regulating interactions between kinetochores, NUCLEAR
FILAMENT-CONTAINING PROTEIN 2 (NUF2) subunit of FOUR-PROTEIN
NUCLEAR DIVISION CYCLES80 (NDC80) and TONNEAU/FASS (TON2) (Kirik et
al., 2012, Weimer et al., 2016, Li et al., 2021). It is involved in mediating interaction
between microtubules and outer-kinetochore localized NDC80 complex.

In a correctly polarized mitotic spindle, fully stretched kinetochore microtubules
shield NDC80 from the AURORA 1 phosphorylation activity, which increases NDC80-
microtubules binding affinity (Cowley et al., 2009). After spindle assembly, kinetochore
microtubules direct condensed chromosomes into the metaphase band and then pull them

to the opposite spindle poles during the anaphase (reviewed in Weimer et al., 2016).
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The mitotic spindle breakage is initiated in telophase by the ubiquitination activity
of the APC/C complex. During cytokinesis, microtubules participate in the formation of
the cell plate and phragmoplast by organizing the transport of vesicles, components of the
cell wall and membranes, and by the distribution of organelles. Finally, they lead to

daughter cell separation (reviewed in Vodermaier, 2004).

1.5 Methodological approaches to study cell organization and
dynamics in crops

The analysis of cereal plant’s cell organization and dynamics is a challenging
process. First insights into the cereal tissue and cell architecture focused primarily on in
vitro staining of seed storage products (e.g., starch, R-glucans, lipids, etc.) (Yiu, 1993).
With improving microscopy resolution, specific in vitro analysis of cellular and nuclear
organization were done firstly in 2D and afterward also in 3D space in plants (reviewed
in Dumur et al., 2019). The evolution of in vitro microscopy was also significantly
accelerated by the involvement of molecular techniques. In parallel, progress in in vivo
microscopy enabled visualization of living structures not only in the bright field or by
detection of autofluorescence but also by using in vivo fluorescent labeling (reviewed in
Fricker et al., 2006, Meschichi et al., 2021). Together, these techniques have substantially

helped to increase the knowledge about the cellular and molecular dynamics of cereals.

1.5.1 In vitro methodological approaches

Various molecular and cytogenetic techniques are used for investigations of
chromatin arrangement. The increasing capacity of sequencing technology enabled the
expansion of approaches uncovering complex interactions within chromatin units on
different functional and structural levels. These methods comprise techniques like
chromosome conformation capture (3C), circular chromosome conformation capture
(4C), 3C-carbon copy (5C), Hi-C or micro-C (reviewed in Simonis et al., 2007, Dogan
and Liu, 2018).

In the 3C approach, interaction frequency between two chosen loci (e.g., promoter
and enhancer) is investigated (Dekker et al., 2002). This technique was, for example, used

for mapping the linear order of sequences across the pericentromeric regions and to

29



investigate the 3D organization of chromatin in the nucleus at megabase resolution level
in barley (Mascher et al., 2017).

Complex interactions within the whole genome and one specific loci are
uncovered using the 4C technique, which is the extension of the 3C (Zhao ef al., 2006).

Interactions between thousands of selected loci are studied by the 5C approach
(Dostie et al., 2006) or, eventually, by Hi-C, which extends the capacity of the 3C method
to the genome-wide interaction network on both short-range and long-range (Lieberman-
Aiden et al., 2009).

In recent years, Hi-C significantly helped to uncover specific features of crops’
genome organization and regulation, same as to improve genome assemblies. It was used
in the modeling of barley metaphase chromosomes’ spiralization (Kubalova et al., 2023),
telomere-to-telomere assembly of barley MorexV3 reference genome (Navratilova ef al.,
2022), the study of wheat chromatin architecture where it uncovered formation of genome
territories and transcriptional factories (Concia et al., 2020), and for analysis of inter-
chromosomal interactions (Jia ef al., 2021). Afterward, Hi-C was optimized for use on
the single-cell level. This helped to investigate the chromosome structure and or cell
variability between different cell types, like 3D genome structures of rice gametes and
unicellular zygotes (Nagano et al., 2013, Zhou et al., 2019).

The strength of the 3C techniques is even more prominent when combined with
other approaches unfolding chromatin interactions, such as chromatin
immunoprecipitation (ChIP, ChIP-seq, ChiA-PET, HiChIP or others) (Li ef al., 2010,
Nagano et al., 2013, Mumbach et al., 2016). There, specific interactions between the
DNA and proteins in their native or translational fusion-tagged form are investigated. As
for the 3C techniques, decreased sequencing price allowed the comprehensive analysis of
gene regulation sequences (e.g., transcription factors and enhancers). It was used for
association analysis of active and heterochromatin genes in rice (Zhao et al., 2019) and
also helped with sequences’ annotations (Li et al., 2010, Mumbach et al., 2016).

The specific chromatin regions can be afterward directly visualized by commonly
used in vitro microscopy techniques. For instance, by fluorescence in situ hybridization
(FISH) or by its three-dimensional extension (3D-FISH), where hybridization is done on
fixed samples with preserved 3D structure. Alternatively, multicolor FISH and oligo-
painting broaden the microscopy range by using differentially labeled hybridization
probes (Solovei ef al., 2002, Beliveau et al., 2015, Fudenberg and Imakaev, 2017).

30



Especially after the rise of super-resolution microscopy techniques, represented
by confocal microscopy, stimulated emission depletion (STED), photo-activated
localization microscopy (PALM), or structured illumination microscopy (SIM), in vitro
microscopy techniques have become a powerful tool for cell and chromatin organization
studies (reviewed in Komis et al., 2015, Schubert, 2017, Huang et al., 2020). Moreover,
their application potential has even grown after tuning them for in vivo live microscopy
in live-STED on live-confocal microscopy setups. However, these techniques have not

been fully optimized for use in plants (reviewed in Guo et al., 2021).

1.5.2 In vivo methodological approaches to localize specific DNA

sequences

The dynamic nature of cell organization encourages the study of mobility using in
vivo microscopy, which enables direct visualization and tracking of living objects during
a defined time period. Techniques used for the in vivo studies are primarily based on the
fusion of marker proteins with a fluorescent tag (described in more detail in Chapter
1.5.3.) or on the recognition of specific sequences integrated into the DNA/RNA by
fluorescently tagged proteins. Since these techniques often differ in their capacity, they
need to be well-chosen and optimized based on the exact application.

Several techniques were developed for chromatin mobility studies. The
pioneering approach, known as the /acO-Lacl system, uses fluorescently tagged bacterial
transcription factor Lacl, which binds to the /acO repeat motif integrated into the
organism genome (Kato and Lam, 2003, Matzke et al., 2005, Leland and King, 2014).
The positional change of the /acO locus in the nucleus is tracked in time and gives
information about the chromatin mobility, especially when two differently labeled Lacl
fusion proteins are used (allowing to score two genomic regions simultaneously).
Obtained data are even more complex if the exact position of the /acO integration site is
known (e.g., same or different chromosomes, same or different chromosome arms,
heterochromatinic/euchromatinic regions) (Matzke et al., 2005, Rosa et al., 2013). The
disadvantage of the lacO-Lacl system lies mainly in the length of the /lacO repetitive locus
(more than 5 kbp), which can alter local chromatin structure or lead to transcriptional
inactivation caused by its repetitive-like character (Pecinka et al., 2005, Watanabe et al.,

2005, Rosa et al., 2013).
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The ANCHOR system has a significant advantage over the /acO-Lacl system.
Only short low-copy parsS locus (1 kbp) integrates into the genome and is specifically
recognized by fluorescently tagged ParB proteins that oligomerize around the parS. This
enables fluorescence signal intensity amplification (Meschichi ez al., 2021). If parS-ParB
from different bacteria species are used and tagged by diverse fluorescent proteins, the
ANCHOR system can serve for simultaneous visualization of more genomic loci (Saad
etal.,2014).

The specifically chosen genomic loci can be preferentially tracked by advanced
approaches using tagged TALENS, zinc-fingers (ZFs), or CRISPR with nucleolytically
dead Cas9 (dCas9) (Ishii et al., 2019, Khosravi et al., 2020). In these systems, specific
DNA sequence-recognizing proteins are translationally fused with fluorescent proteins
and guided to the exact genomic position either based on their DNA binding properties
(TALEN, ZFs) or based on the sequence complementarity with a guide RNA molecule
(CRISPR). In recent years, dCas9 was adapted for a specific single-locus visualization.
For example, it was successfully used for in vivo visualization of telomeric sequences in
Nicotiana benthamiana (Dreissig et al., 2017) but has not been fully developed for in vivo
visualizations in living plants to date.

The approaches mentioned above are mainly used for tracking specific genomic
loci or evaluating chromatin mobility. However, to analyze entire cellular structures and
compartments, systems that use a translational fusion of specifically localizing

fluorescently labelled marker proteins have taken the lead (Wu et al., 2013).

1.5.3 In vivo methodological approaches for protein localization studies

Despite the visualization of specific DNA sequences, there is a need to localize
and track specific proteins. This is predominantly done by the creation of fluorescent
marker lines. The fluorescent marker lines, also known as fluorescent reporter lines, are
created by translational fusion between the gene of interest and coding sequences of a
fluorescent protein (Figure 5) (Kirienko et al., 2012). These marker lines find application
in various in vivo imaging setups and localization studies at the molecular, cellular, tissue,
or organism levels. Their significance has grown even further after the implementation of
plant transformation protocols generating stable transgenic plants (see more in Chapter

1.7).
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Figure 5. The principle of translational fusion protein assembly. (A) Translational fusion
construct. (B) Transcription and translation of fusion protein coding sequence. (C) Folded
translational fusion fluorescent marker protein.

Fluorescent marker lines enable tracking of the fluorescent signal emitted by a
fluorescently tagged protein in real-time, providing insights into the protein 3D dynamics,
subcellular localization, interactions between neighboring cells, and protein mobility in
living cells and tissues. Several fluorescence spectro-microscopy techniques, such as
Fluorescence Recovery After Photobleaching (FRAP), Fluorescence Loss In
Photobleaching (FLIP), or Fluorescence Correlation Spectroscopy (FCS) are commonly
used for protein-dynamic’s studies in plants (reviewed in Fricker et al., 2006, Reddy et
al., 2007). These techniques are based on the quantitative measurement of the
fluorescence signal gain or loss.

In FRAP, the recovery of a fluorescence signal in a specific cell area irreversibly
photobleached by a high-energy laser pulse gives information about a tagged protein cell
mobility. FRAP is mainly used to investigate organelle-protein dynamics, such as the
flow of proteins from the endoplasmic reticulum to the Golgi apparatus (DaSilva et al.,
2004).

In FLIP, the drain of the signal from connected compartments is measured after
the continuous photobleaching of the specific cell region (reviewed in Fricker et al.,
2006).

In the FCS approach, parameters such as protein diffusion, cell protein
concentration changes, or binding ability are studied (Hink et al., 2002).

Specific quantitative interactions between two molecules are uncovered by
techniques as Fluorescence Cross-Correlation Spectroscopy (FCCS), Forster Resonance
Energy Transfer (FRET), or Fluorescence-Lifetime Imaging Microscopy (FLIM). These

methods compare changes in fluorescence intensities using two differently tagged
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candidate proteins (FCCS) or energy donor and acceptor molecules (FRET, FLIM)
(Schwille et al., 1997, Zelazny et al., 2007, reviewed in Miyawaki, 2011).

FRET and FLIM are widely used in plant in vivo applications because they are
independent of the donor and acceptor molecule concentrations. The FRET-FLIM
combination helped to understand cell-type-specific protein interactions in A. thaliana
root and embryo development (Biicherl et al., 2010, Long et al., 2017).

Alternatively, fluorescently tagged proteins can be used in Fluorescence Activated
Cell Sorting (FACS) to isolate specific cells expressing these proteins (Afonso et al.,
1985).

Overall, the amount of comprehensive knowledge gained from the techniques
mentioned above is outstanding. Nevertheless, it would not be possible without a high-

quality microscopy data and data post-processing techniques.

1.6 Confocal microscopy

Confocal microscopy is a high-resolution light microscopy technique used for the
analysis of fixed and live samples emitting fluorescence (reviewed in Elliott, 2020).
Compared to other fluorescence microscopy techniques, illumination and detection optics
are focused on the same spot (in the focal plane). During scanning, the spot is moved
through the sample focal plane to provide a complete section image captured by the
detector. The individual optical section can then be used for the 3D object reconstruction.
As any light emitted outside of the focal plane is filtered out, the final image is sharp and
not blurred. Due to this, confocal microscopy is frequently used for deep analysis of
thicker samples (Callamaras and Parker, 1999).

In the principle of confocal microscopy (Figure 6), illumination light refracts on
the dichromatic mirror to pass through the scanning mirror, sweeping the light beam
across the sample. Then it goes through the objective lens, which focuses the beam on a
single sample point. Emitted fluorescence passes back through the objective lens and
dichromatic mirror to be detected by a sensitive detector. Before the detection, emitted
out-of-focus light is filtered out by a pinhole placed before the detector (Callamaras and
Parker, 1999).
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Figure 6. Principle of confocal microscopy. Light from a laser source is reflected by the
dichromatic mirror and reflects the objective lens, which focuses the beam on a point in the
sample. Emitted fluorescence passes back through the optics into the detector. Out-of-focus light
is filtered out by a confocal pinhole placed before the detector. Modified from (Elliott, 2020, Ibidi,
2023)

The sample resolution value obtained by confocal microscopy can reach
approximately 180 nm in the lateral and 500 um in the axial axis (Fouquet et al., 2015).
However, this resolution is more of a theoretical number due to the specific sample
properties decreasing a resolution potential.

The main advantage of confocal microscopy lies in the high-resolution of obtained
images. It can be further increased by a pinhole width adjustment or selection of
objectives with high numerical aperture (NA) and sensitive detectors (reviewed in Elliott,
2020). Except for the classical photomultiplier tubes (PMTs), more sensitive hybrid
detectors (HyDs) have become a favored detector option (reviewed in Jonkman and
Brown, 2015). The main confocal microscopy limitations are considered low scanning
speed and higher phototoxicity and photobleaching. Nevertheless, some of these
limitations have already been overcome by advanced confocal microscopy setups.

The most common confocal microscope type is a Laser Scanning Confocal
Microscope (LSCM), which uses a laser beam sweeping over the sample by scanning
mirrors (reviewed in Paddock, 1999, and Elliott, 2020). The z-stack image is obtained by
moving the focal plane through the sample. It can provide multi-color images in 3D (x,
y, z), 4D (X, y, z, t; t = time), or 5D (X, y, z, t, A; A = wavelength). The main advantages

of LSCM are its axial resolution and light penetration, the disadvantages are lower
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imaging speed and photodamage. Nevertheless, scanning speed can be improved by the
addition of highly efficient resonant scanners (Wu et al., 2015). Compared to the LSCM,
a spinning disk confocal microscope enables fast image scanning by using metal discs
with high numbers of small holes serving as individual pinholes (reviewed in Paddock,
1999, and Elliott, 2020). The emitted light is detected by a sensitive charged-coupled
device (CCD) camera. Spinning disk microscopes cause less damage to the sample as
only a small sample part is illuminated at a particular moment. However, the obtained
sample resolution is lower and frequently leads to artifacts if the camera and spinning
disk speeds are not synchronized.

Except for LSCMs and spinning disks, there are also other confocal microscope
types combining the advantages of these microscopes. For example, a hybrid scanning
confocal microscope where a round pinhole is replaced by a rectangular slit rejecting out-
of-focus light, which increases scanning speed and light collection efficiency (reviewed
in Paddock, 1999). Additionally, a re-scan confocal microscope improves lateral
resolution by 1.4 (\2) (De Luca et al., 2013), or the Airyscan technology (Zeiss) provides

1.7x higher resolution in X, y, and z by improving the signal-to-noise ratio (Huff, 2015).

1.7 Image analysis software tools for microscopy data post-processing

Raw digitalized microscopy data undergo several post-processing transformations
before they are quantitatively and qualitatively analyzed. In the initial post-processing
steps, parameters like noise reduction, contrast enhancement, convolution, and
background subtraction are adjusted to improve the quality of the raw microscopy images
(reviewed in Cardullo and Hinchcliffe, 2013). These mathematical operations help to
increase the raw microscopy image quality affected by the nature of the sample (e.g.,
unequal staining or high background intensity).

General image post-processing is done in microscope-integrated software such as
LAS X Life Science Microscope Software (Leica Microsystems), ZEISS ZEN
Microscopy Software (ZEISS), or Celleste Image Analysis Software (Olympus LS).
Nevertheless, these software programs are continuously superseded by more advanced
post-processing approaches integrated into specialized programs equipped with user-
optimized tools and plugins. These tools are available either as separate tools or as part

of comprehensive software platforms like ImageJ/FIJI (Schindelin et al., 2012) or Imaris
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bitplane (Imaris). In Imaris, advanced features allowing surface extraction and rendering,
object segmentation, quantitative localization analysis, or time-lapse object tracking are
processed in both 3D and 4D workspaces. Moreover, software can process them
automatically or with some user guidance for threshold adjustments.

Quantitative measurements of cell growth anisotropy and cytoskeleton
organization can be efficiently tracked using the ImagelJ plugin FibrilTool (Boudaoud et
al., 2014). This plugin automatically subtracts individual fibrillar structures from the
background based on differences in signal intensity, creating a complex fibrillar network.
FibrilTool has been integrated into the MorphographX platform, allowing computer-
assisted analysis of cell segmentation and microtubule organization (de Reuille et al.,
2015).

For cell segmentation, staining the cell walls with a contrasting dye is a common
approach. Frequently, propidium iodide is used for short-time live imaging. Nevertheless,
it is not recommended for a long-period time-lapse analysis due to its partial toxicity
(Kierzkowski et al., 2019). Instead, non-toxic vital dyes like FM4-64, which label plasma
membranes or specific fluorescent marker lines can be used (Grandjean et al., 2004, de
Reuille et al., 2015, Kiss et al., 2017). Stained cell walls can be detected by several semi-
automatic or automatic segmentation programs, such as MorphographX, MARS/ALT,
PlantSeq, or ImageJ plugin SurfCut (Fernandez et al., 2010, de Reuille et al., 2015,
Erguvan et al., 2019, Wolny et al., 2020). Some of these programs even allow
segmentation in 3D, like PlantSeq 3D segmentation (Proj3D) (Wolny et al., 2020) or
previously mentioned Imaris bitplane (Imaris).

Nowadays, deep learning and machine learning approaches, especially with the
involvement of artificial intelligence softwares, are increasingly used for the routine
analysis of complex datasets (reviewed in von Chamier et al., 2019). These approaches
are particularly beneficial for the detection of actively dividing cells in mitosis and
identification of individual mitotic phases, as well as for improving standardized object
segmentations and related analyses (Aivia Al Analysis Software, Leica Microsystems;
Amira Software for Life and Biomedical Sciences, ThermoFisher Scientific) (Nagaki et

al., 2021).
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1.8 Agrobacterium tumefaciens-mediated transformation of plants

Agrobacterium tumefaciens-mediated plant transformation has become an
essential method for generating transgenic plants. Compared to other plant transformation
techniques like particle bombardment or microinjection, Agrobacterium significantly
increased transformation efficiency by up to tens of percent (Thomas et al., 2011).

In natural conditions, Agrobacterium carries a tumor-inducing (Ti) plasmid that
integrates a part of its DNA (known as transferred DNA or T-DNA) into the host nuclear
genome and causes a tumor-like structure formation (Chilton et al., 1977). Mutated
Agrobacterium used for transformation poses the ability to integrate engineered T-DNA
into the host genome but does not lead to tumorogenesis (Bevan et al., 1983, Fraley et
al., 1983, Herreraestrella et al., 1983, reviewed in De Saeger et al., 2021).

To meet specific application needs (such as transformation efficiency, number of
T-DNA copies integrated into a genome, or host specificity), various Agrobacterium
strains like AGL1, GW3101, EHA105, and LBA4404 have been engineered (reviewed in
De Saeger ef al., 2021). Among these strains, AGL1 is primarily used for cereal crop
transformation (Chabaud et al., 2003).

Agrobacterium-mediated transformation of immature embryos is the primary
method used for cereal crops like barley. It is much more efficient compared to other
Agrobacterium barley transformation techniques using shoot apical meristems and
apexes, shoot base segments (Sharma et al., 2004), embryonic pollen cultures, or embryos
from mature seeds (Hua ef al, 2013). It results in a significantly higher number of
regenerated transgenic plants, which are mostly not chimeric, unlike if using embryos
from mature seeds (Ye et al., 2023).

Transformation efficiency was greatly improved by using optimized binary
vectors, hyper-virulent Agrobacterium strains (e.g., AGL1), and adjusting the
transformation protocols and growth media (Marthe et al., 2015). Further improvement
in plant regeneration was achieved by modifying binary vectors overexpressing the
regeneration-supportive genes, such as GROWTH-REGULATING FACTOR 4-GRF-
INTERACTING FACTOR 1 fusion (GRF4-GIFI) (Debernardi et al., 2020), BABY BOOM
(BBM), or WUSCHEL 2 (WUS2) (Jones et al., 2019).

Despite the existence of various Agrobacterium immature embryo transformation

protocols, the underlying process remains similar (Figure 7). Immature embryos at the

38



appropriate developmental stage are co-cultivated with Agrobacterium of an optimized
optical density and then transferred to callus induction media containing selective
antibiotics. In the case of monocots like barley, hygromycin is primarily used (Marthe et
al., 2015). The calli grown in the dark are afterward transferred to callus regeneration
media and exposed to light, which induces the emergence of regenerated plantlets. These
plantlets are usually genotyped for the presence of an antibiotic resistance gene (such as
hygromycin phosphotransferase gene, hpt) to select positive transgenic plants and avoid
potential selection escapes (Harwood, 2009, Marthe et al., 2015, Hinchliffe and Harwood,
2019). The selected transgenic plants are then further genotyped for the presence of the
desired trait (e.g., a fluorescent signal, mutation, or others).

As Agrobacterium can cause multiple T-DNA insertions, their exact number is
estimated via segregation analysis, Southern blot (Southern, 1975), or molecular methods
like thermal asymmetric interlaced (TAIL-)PCR (Liu et al., 1995), quantitative PCR
(qPCR) (Higuchi et al., 1992), or digital droplet PCR (ddPCR) (Hindson et al., 2011).

FML construct

2

Agrobacterium
culture

Cloning Barley embryo dissection
Agrobacterium preparation Transformation

In vitro regeneration
Transgenic plants selection

Figure 7. Agrobacterium-mediated transformation of immature barley embryos with a
translational fusion line construct. The transformation process consists of the cloning of the
FML construct and its transformation into the selected Agrobacterium strain, dissection and
Agrobacterium transformation of the immature barley embryos, induction of callus and in vitro
plant regeneration, and the selection and genotyping of the transgenic plants.
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2 AIMS OF THE THESIS

2.1 Development of translational fusion fluorescent marker lines for in
vivo nuclear and cell dynamics studies in barley

The first aim of the thesis was to develop a collection of translational fusion
fluorescent marker lines (FMLs) of barley, which could be used for studying in vivo
nuclear and cellular processes in living plants with large genomes. The initial step was to
select marker genes with an indicative localization of the protein products within specific
nuclear and cellular compartments. We aimed to design and clone marker gene expression
constructs differing in the marker protein, fluorescent protein tag, and tag N’ or C’-
terminal translational fusion variant. Afterward, to transform these constructs into
immature barley embryos by Agrobacterium tumefaciens-mediated transformation, select
transgenic lines with specific fusion proteins and characterize these marker lines.
Moreover, we aimed to create multi-marker fluorescent lines by crossing the single lines
differing in expressed fusion protein, and finally to use these lines for nuclear and cellular

dynamics studies.

2.2 Optimization of the time-lapse in planta microscopy analysis of
fluorescent marker lines

The thesis' second aim was to improve and optimize the in planta time-lapse
analysis of cell dynamics in growing barley roots. Plant roots are favorable model tissue
for in vivo cellular dynamics analysis thanks to the high frequency of cell divisions and
the absence of chlorophyll. Due to the thickness and higher growth rate of barley roots,
we aimed to design and optimize a microscopy holder for in vivo analysis of cereal crop

roots.
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2.3 Understanding the spatial organization and dynamics of
chromosomes and microtubules during barley mitosis

The thesis' third aim was to analyze the mitotic division in barley roots using the
developed EYFP-FIBRILLARIN1 (EYFP-FIB1), CFP-HISTONE 2B (CFP-H2B) or
EYFP-HISTONE 2B (EYFP-H2B) and mCHERRY-TUBULIN ALPHA3 (mCHERRY-
TUA3) in double and triple FML combinations, focusing on the characterization of trends
typical for plant mitosis and the ones unique for mitosis in barley root cells. Finally, we
aimed to measure the duration of individual mitotic phases and the entire mitotic division

in barley root cells.
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3 SUMMARY OF THE RESULTS

3.1 Development and characterization of fluorescent marker lines for
in vivo nuclear organization studies in barley

The first goal of the thesis was to create a set of stable translational fusion
fluorescent marker lines (FMLs) for tracking in vivo nuclear and cellular dynamics in
barley. Based on the protein-localization specificity, we selected marker proteins (Table
1) for visualization of chromatin (HISTONE 2B; H2B), nucleolus (FIBRILLARIN 1;
FIB1), centromeres (CENTROMETIC HISTONE 3; CENH3), telomeres (TELOMERIC
REPEAT BINDING FACTOR 1; TRB1), nuclear envelope (SAD1/UNC-84 DOMAIN
PROTEIN 2; SUN2) of DNA condensation process (CONDENSIN-1 COMPLEX
SUBUNIT H; CAP-H; CONDENSIN-2 COMPLEX SUBUNIT H2; CAP-H2). We
cloned the marker gene CDS sequence upstream or downstream with CDS of different
fluorescent proteins (CFP, EYFP, RFP, or GFP). To ensure that the fluorescent tag does
not affect the fusion protein behaviour, we tested both N’-terminal and C’-terminal fusion
variants. Afterward, we transformed the final constructs by Agrobacterium tumefaciens-
mediated transformation into immature barley embryos. The list of verified translational
fusion marker lines (FMLs) is provided in Table 1.

Afterward, we examined plant growth phenotype, fluorescent signal localization
and intensity, and the number of T-DNA copies. The goal was to select homozygous
plants with a single T-DNA copy, normal growth phenotype and fluorescent signal
localization in the expected cellular domain. For some of the FMLs, the process is still
ongoing. For the RFP-CENH3 line, we successfully mapped the T-DNA insertion site
using inverse PCR (Krizianska, 2022). However, this process was tedious and failed with
several other lines (not shown).

We made reciprocal crosses between the FMLs expressing different marker
protein variants. Additionally, we used a microtubular marker line mCHERRY-
TUBULIN ALPHA CHAIN 3 (mCHERRY-TUA3), which was developed and
characterized jointly by the laboratories of Mgr. Petr Galuszka Ph.D. and Prof. Jozef
Samaj (Palacky University, Olomouc, Czech Republic). After several rounds of
subsequent crosses and selection steps, we selected different double, triple, and tetra FML

combinations (Table 2). As an example, single, double and triple FMLs, which were used
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for the in vivo characterization of mitotic division in barley root cells (Kaduchova et al.,
2023) are visible in Figure 8.

We conclude that the aim to develop FMLs for studying nuclear and cellular
dynamics in barley was fulfilled. We created single and multi-FMLs for chromatin,
nucleolus, centromeres and microtubules and used them for in vivo analysis of barley

cells.
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Table 1. List of developed FMLs
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EYFP-FIB1 FIBRILLARIN 1 6HG0630670 [Nucleolus EYFP N |ZmUBII:EYFP-HvFIBI1:T35S characterized |4 1* homozygous |T4
CFP-H2B HISTONE 2B 3HG0252240 |Chromatin CFP N |ZmUBII:CFP-H2B:T35S characterized |3 1 heterozygous| T4
EYFP-H2B HISTONE 2B 3HG0252240 |Chromatin EYFP N [ZmUBII:EYFP-H2B:T35S characterized 3 1* homozygous |T3
GFP-H2B HISTONE 2B 3HG0252240 |Chromatin GFP N |ZmUBI1:EGFP-H2B:T35S characterized 10 in progress |in progress |T2
H2B-CFP HISTONE 2B 3HG0252240 |Chromatin CFP C |ZmUBII:H2B-CFP:TNos no signal 9 n.a. n.a. T2
TELOMERIC REPEAT
TRB1-GFP BINDING FACTOR 1 1HG0019730 [Telomere GFP C |ZmUBII1:TRB-GFP:T35S8 no signal 4 n.a. n.a. T2
CENTROMERIC
RFP-CENH3 HISTONE 3 BETA 6HGO0573870 |Centromere [RFP N |ZmUBII:RFP-CENH3:T35S characterized 10 in progress [in progress |T3
CENTROMERIC
CENH3-RFP HISTONE 3 BETA 6HG0573870 |Centromere |RFP C |ZmUBII:CENH3-RFP:T35S no signal 5 n.a. n.a. T2
SAD1/UNC-84 DOMAIN Nuclear characterization
SUN2-CFP PROTEIN 2 1HG0020270 |envelope CFP C |ZmUBII:SUN2-CFP:TNos in progress 21 n.a. n.a. T2
SAD1/UNC-84 DOMAIN Nuclear characterization
CFP-SUN2 PROTEIN 2 1HG0020270 [envelope CFP N |[ZmUBII1:CFP-SUN2:T35S in progress 4 n.a. n.a. T2
CONDENSIN-1 Chromosomes characterization
CAP-H-RFP COMPLEX SUBUNIT H |3HG0264440 |/ cytoplasm |RFP C [HvCAP-Hpro:HvCAP-H-RFP:T35{in progress 2 n.a. n.a. T2
CONDENSIN-2 Chromosomes characterization
GFP-CAP-H2 COMPLEX SUBUNIT H2 [2HG0140960 |/nucleoplasm |GFP N [HvCAP-H2pro:GFP-CAP-H2:T35n progress 2 n.a n.a. T2
mCHERRY-TUA3|(TUBULIN ALPHA 3 ** |4HG0338800 |Microtubules |mCHERRY|N |ZmUBII:mCHERRY-TUA3:Tnos |characterized |- homozygous |T5

* verified by ddPCR

** developed and characterized by Galuszka’s and Samaj's group (Palacky University Olomouc, CZE)
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Table 2. Generated single, and crossed double and triple FMLs

FML line Type Publication Generation
Perutka et al. (2021);
EYFP-FIB1 ™~ single marker line |Kaduchovd et al. (2023) |T4
_CFP-H2B_" single marker line |Kaduchova et al. (2023) |T4
\EYFP-H2B single marker line |Kaduchova et al. (2023) |T3
_RFP-CENHS? single marker line |Randall et al. (2022) T3
:mCHERRY-TUAS_’_ single marker line |Kaduchova et al. (2023) |T35
EYFP-FIB 177 CFP-H2B™ double marker line |Kaduchova et al. (2023) |F4
EYFP-FIB1 '~ mCHERRY-TUA3 ™™ double marker line |Kaduchovi et al. (2023) |F3
CFP-H2B™ mCHERRY-TUA3™" double marker line |Kaduchovi et al. (2023) |F2
EYFP-H2B™ ™ mCHERRY-TUA3 ™™ double marker line |Kaduchova et al. (2023) |F2
EYFP-FIB 177 CFP-H2B™ " mCHERRY-TUA3 "~ triple marker line |Kaduchova et al. (2023) (F3
EYFP-FIB1™~ RFP-CENH3’ double marker line |Unpublished F2
_CFP-H2B_" RFP-CENH3’ double marker line |Randall et al. (2022) F2
'EYFP-H2B™~ RFP-CENH3’ double marker line |Unpublished F2
\GFP-H2B’ RFP-CENH3’ double marker line |Unpublished B2
EYFP-FIB 17" CFP-H2B™" RFP-CENH3’ triple marker line |Unpublished F3
:EYFP-HZB_"' mCHERRY-TUA3™" RFP-CENH3’ triple marker line |Unpublished F2
EYFP-FIB1™~ CFP-H2B™" mCHERRY-TUA3"~RFP-CENH3’ [tetra marker line Unpublished F2

?unknown zygosity under characterization

45



CFP-H2B CFP-H2B EYFP-H2B CFP-H2B

CFP-H2B EYFP-H2B EYFP-FIB1 mCHERRY-TUA3 EYFP-FIB
mCHERRY-TUA3

EYFP-FIB1 mCHERRY-TUA3 mCHERRY-TUA3

Figure 8. Overview of barley FMLs used for in vivo characterization of mitotic division in barley root cells. Representative confocal microscopy optical
longitudinal sections of roots from single, double, and triple FMLs. Multi-marker lines were generated by crossing single lines. Squares indicate selected
magnified regions that are shown below each root. Scale bars = 20 um.
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3.2 Development and optimization of ‘EasyClick’ sample holder for in
vivo time-lapse microscopy of cereal roots

The second aim of the thesis was to develop a system for live in vivo microscopy
analysis of nuclear and cellular dynamics in fast-growing barley roots. Unfortunately, the
high growth rate of barley primary roots at approximately 500 um-h™!' (Higuchi et al.,
2017), along with their side movements, makes it challenging to conduct detailed cell-
level microscopy analysis.

After the first trials of time-lapse root analysis, we observed that the centered
sample either grew out of the vision field or moved from the focus plane (Figure 9). We
tested various approaches to control root growth direction, like placing the root between
two nylon strings or weighing the sample with an agarose block (Rahni and Birnbaum,
2019). Nevertheless, these methods were difficult to set and did not lead to high-quality
microscopy data we were aiming for.
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Figure 9. Barley root movements during time-lapse scanning. Movement of free barley root
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placed on the microscopy slide documented by bright-field microscopy. Total scanning time 29
min. Scale bar = 200 um.

To address these challenges, we initiated the development of the “EasyClick”
sample holder by Pragolab s.r.o company and took part in its optimization and testing.
Individual prototypes of the EasyClick differing in the holder assembly mechanism and
used materials are visible on Figure 10. The final version of EasyClick (Figure 11) is
specifically designed for microscopy of fast-growing roots of greater thickness, like those

of cereal crops. It is easy to assemble and allows long-time imaging.
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Figure 10. Prototypes of the EasyClick microscopy sample holder. (A) Plastic holder matrix
with container for single root sample. (B) Different designs of inserts for single plant sample with
root growth channels. Inserts differ in plastic material type (non-transparent, transparent). (C)
Transparent plastic insert for three plant samples combining three different growth channel
designs. (D) Assembled holder prototype for three plant samples with magnetically attached 3D-
printed sample container and metal plate with three growth channels. Metal insert is from rusting
material. (E) Assembled holder prototype with 3D printed half-frame and container for two plant
samples. Metal plate with growth channels is not attached. (F) Pre-final version of holder
prototype with 3D-printed full-frame and containers for two plant samples. Metal plate with
growth channels made from non-rusting material is attached.

The EasyClick comprises several components: a 3D-printed holder matrix that fits
into a universal microscope holder, a stainless-steel metal plate with growth channels of
varying widths, a plastic seal, series of magnets, and a large cover glass (Figure 11A, B).
All these parts are permanently fixed together except for the metal plate and large cover
glass, which are removable and can be fixed using two free magnets.

In EasyClick assembly, the plantlet is placed into 3D-printed matrix containers,
and then roots are gently pushed into the metal plate channels of the pre-assembled holder
(Figure 11C, D). In the end, containers are filled with water or growth media and covered

by wet tissue paper to ensure proper hydration and prevent drying out.
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Figure 11. Description and assembly of the microscopy EasyClick sample holder. (A) 3D
model of individual EasyClick parts. (B) Three types of the metal plate differ in the growth
channel widths (0.4, 0.5, and 0.7 mm). (C) Detailed view of germinated barley seedling in the
holder. (D) Installation of the EasyClick holder in the inverted microscope.

EasyClick was primarily designed for detailed time-lapse analysis of fast-growing
roots of greater thickness. We observed that when grown in the EasyClick, there was a
positive reduction in the root side movements (Figure 12A, B). However, we were not
able to completely eliminate the shift of the root in the Z-axis (focus plane) due to the
conical shape of a barley root meristematic zone, where cells originally set in a focus
plane are pushed into higher scanning layers as new cells emerge (Figure 12C, D). To
overcome this issue, we focused on cells in flatter parts of the root meristematic zone.
This situation was also observed in other cereal crop species' roots tested in the holder,

such as wheat, oat, and rye.
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Without holder With holder Without holder

With holder

Figure 12. Live cell confocal microscopy imaging of barley root apical meristem without
and with EasyClick holder. Nuclei and chromosomes were visualized with the chromatin EYFP-
H2B FML. (A) Example of rapid root movements during microscopy without holder. (B)
Channel-directed root movement with EasyClick holder. (C) Detailed time-lapse single-cell layer
scanning of root on microscopy slide without holder. This series of images demonstrates shifts in
the horizontal (red arrow) and vertical (cyan) directions. (D) The situation as in (C) but with
improved parameters due to EasyClick holder use.

We also assessed whether the EasyClick holder affects barley root growth along
its main growth axis (Figure 13). We compared the growth rate of roots grown in the
holder and freely on a microscopy slide after 1 h and 24 h from mounting. We observed
greater variability as to the root growth rate in unrestricted conditions after 1 h on the
microscopy slide, but the median growth rate was almost the same for both conditions at
this time-point. Although the samples after 24 h differed 1.8-fold in their median, this
difference was not significant, possibly due to a relatively large variation in the growth

speeds between individual roots (Figure 13). When comparing the growth rate between

1 h and 24 h setups, the reduction was not significant for the free growing roots, but

50



opposite was true for the roots in holder, speculatively due to the interaction between the

root and the channel surface.
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Figure 13. Root growth rate without and using EasyClick sample holder. Speed of growth of
roots from two days old barley plants grown freely on a microscopic slide (Without holder 1 h),
shortly after introduction into the EasyClick (Holder 1 h), after 24 h of freely growing on a
microscopy slide (Without holder), and after 24 h in the EasyClick (Holder 24 h). Significance
level (P <0.001), samples are not significantly different by Kruskal-Wallis and post-hoc Dunn’s

test.
We conclude that the aim to develop a setup for live cell imaging of cellular
dynamics in growing barley roots was fulfilled. We designed and created the EasyClick

microscopy sample holder and optimized it for the analysis of growing cereal crops roots.

3.3 Spatial organization and dynamics of mitosis in barley root cells

Mitosis is the primary cell division process by which organisms increase the
number of cells and regulate their growth and development. We used developed FMLs
for the in vivo analysis of mitotic division in barley root cells.

Firstly, we defined individual mitotic phases based on cell and nucleus size,
chromatin structure, nucleoli number, nucleoli volume, and microtubule organization

(Figure 14; Supplementary videos 1-3).
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Figure 14. Localization of fluorescent marker proteins in different cell cycle phases. The rows represent images of typical barley epidermal cells
corresponding to individual cell cycle phases. The columns show signals of individual marker proteins: CFP-H2B for chromosomes (cyan), mCHERRY -
TUA3 for microtubules (red), EYFP-FIB1 for nucleolus (yellow), and their combination (merge). Non-nuclear/chromosomal signals in the first column
correspond to cell walls that are visible due to cell wall autofluorescence in the CFP emission spectrum. Scale bars =5 pm
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We observed a significant difference between early G1 and late G2 cells in terms
of increased ratio of cell wall lengths (the ones parallel with a root growth axis and
perpendicular ones) (Figure 15A, B), nucleolar (Figure 15C-D) and nuclear volume
(Figure 15F) and nuclear area (Figure 15G). By tracking nucleolar dynamics, we were
able to distinguish early Gl and late G2 cells based on the number of nucleoli
Supplementary video 1). Early G1 cells, formed shortly after the mitosis, contained 3-4
nucleoli, whereas late G2 cells entering mitosis only had 1-2 prominently large nucleoli

(Figure 15E).
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Figure 15. Nuclear and nucleolar parameters of barley G1 and G2 cells. Cells express
nucleolar (EYFP-FIB1; yellow) and nuclear (CFP-H2B; cyan) fluorescent markers, and
autofluorescent cell walls are visible in the cyan channel. Values marked with an identical letter
did not differ in Tukey’s and Fisher’s exact methods (P < 0.05). (A) Representative images of
early G1 and late G2 cells. The white lines (x) show cell walls linear, and red lines (y) show cell
walls perpendicular to the main root growth axis. (B) The box plots show the cumulative cell wall
ratio of x/y. Scale bars = 5 um. (C) 3D projection of cells in early G1 and late G2 expressing
nucleolar and microtubular fluorescent markers before and after 3D surface rendering made in
Imaris bitplane software. Scale bars =5 um. (D) Number of nucleoli per cell in early G1 and late
G2 phases. (E) Nucleoli total volume per cell in early G1 and late G2 phases. (F) Nuclei volume
per cell in early G1 and late G2 phases. (G) Nuclei area per cell in early G1 and late G2 phases.
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We observed that chromatin condensation was not uniform during preprophase.
Around 40 % of preprophase cells exhibited already condensed chromatin, suggesting
that chromatin condensation is initiated already during late G2/early preprophase or
persists from the previous mitotic division in the process of speeding chromatin
compaction (Figure 16A, B; Supplementary video 2).

Moreover, we tracked mitotic chromosomes condensation level and found that
they progressively increased the arm-length compaction from 8.05 pm in prophase to 5.76
um in metaphase, 4.71 um in anaphase, reaching the minimal length of 4.25 um in
telophase, which corresponds to a 47% reduction from the karyokinesis onset (Figure

16C).
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Figure 16. Chromosome condensation in barley root cells. (A) Confocal microscopy-based 3D
projection of preprophase nuclei (Z-stack) with condensed (left) and non-condensed (right)
chromatin visualized by EYFP-H2B (yellow) and microtubules with mCHERRY-TUA3 (red).
The next rows show a surface rendering of whole nuclei, and detail of a region indicated by a red
square, in Imaris bitplane. Scale bars of whole nuclei = 5 um and insets = 2 um. (B) Percentage
of preprophase cells with condensed and non-condensed chromosomes. (C) Average
chromosome arm length in different mitotic phases. Values marked with an identical letter did
not differ in Tukey’s and Fisher’s exact methods (P < 0.05). Scale bars = 5 um.

Surprisingly, we found that in most cases, the mitotic chromosomes lined in the
metaphase band were not pulled into centers of opposite cell walls during anaphase, as is
typical for model plant Arabidopsis, but in a tilted division angle oriented into the

opposite cell wall corners. To measure the division angle diversion, we developed an

54



image post-processing pipeline in Imaris bitplane software and used it on Z-stack scans
of CFP-H2B RFP-CENH double FML anaphase cells (Figure 17). After the initial steps
of volume adjustment, centromeres segmentation, rendering of chromosomes, and cell
walls 3D space reduction, we were able to define the cell elongation axis, reference axis,
and chromosomes pulling axis from set coordinates, which allowed us to measure a

chromosome division angle in 3D.
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Figure 17. Division angle measurement using surface-rendered cellular structures in living
barley root cells. (A) Workflow overview showing the sequence of tasks to process a raw picture
and set measurement lines within the 3D cell space. (B) Confocal image of barley root tissue from
FML visualizing chromatin (CFP-H2B; cyan) and centromeric (RFP-CENH3; magenta). Cell
walls are visible (cyan) due to their autofluorescence in CFP emission spectra. The image is a
partial projection from a z-stack. (C) Selection of a region of interest (anaphase cell) by 3D
cropping of the image (yellow frame). Orthogonal projections are shown in xy, yz, and xz. (D)
Rendered image in 3D (‘blend” mode). (E) ‘Surface’ rendering of segmented centromeres
(magenta) and the cell wall (cyan). (F) The setting of ‘Measurement points’ and their connective
lines. Chromosome division axis (AB), cell elongation axis (BC). (G) Detailed visualization of
the angle formed between both axes defined by AB and BC measurement lines. The angle is
measured in 3D by Imaris. Scale bars: B-F, 5 um; G, 1 um.
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During tracking mitotic chromosome dynamics, we observed that the EYFP-FIB1
signal localized on the condensing chromosomes after the prometaphase nucleolus
disorganization (Figure 14, 18). This localization persisted until telophase when newly
formed nuclei emerged from prenucleolar bodies. We confirmed the results from in vivo
observations by immunodetection of both FIB1 and EYFP to obtain the same
chromosome localization pattern. The distinct signal was also visible on some of the
chromosomes in the kinetochore region (Figure 18C). As FIBI is an RNA
methyltransferase that functions in complex with RNAs and other proteins, we
hypothesized that the protein localizes on chromosomes together with RNA molecules.
We confirmed this by immunodetection of FIB1 on flow-sorted chromosomes from both

WT and EYFP-FIB1, where we observed loss of the FIB1 signal (Figure 18B, D).
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Figure 18. FIB1 is removed from chromosomes by RNase A treatment. All chromosomes
were counterstained with DAPL. (A) WT flow-sorted chromosome with immunolocalized FIBI.
(B) Representative chromosomes prepared in the same way with additional RNAse A treatment.
(C) Chromosome from FML expressing EYFP-FIB1 (yellow) fusion protein. (D) Chromosome
from the same material as in (C) with additional RNAse A treatment. Scale bars =2 pm
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We conclude that the aim to use our FMLs for live cell imaging of nuclear and
cellular dynamics was fulfilled. We used these lines for analysis of the mitotic division

in barley root cells and uncovered new features of this process.

3.4 Determination of in vivo duration of mitosis in barley root cells

The duration of the mitotic division defines the speed of the cell cycle. Therefore,
after characterizing all mitotic phases, we measured the duration of the mitosis and its
phases based on the in vivo time-lapse analysis. We measured the median duration of
almost all mitotic phases except for prophase, where we set a minimal duration due to a
problematic determination of prophase onset (Figure 19; Supplementary videos 1-3).

Our findings show that the median duration of prophase in barley root cells is
32.6 min but can vary considerably. Prometaphase lasts 7.2 min in the median, metaphase
9 min, anaphase only 6 min, telophase 10.3 min, and cytokinesis 13 min, though this
phase also showed some variability in length (Figure 19).

Using these individual measurements, we calculated the approximate total
duration of the mitotic division in barley root cells. However, we were able to measure
only up to three divisions, starting from prophase and ending with telophase. In most
cases, the live imaging either started during or ended before the end of the given phase.
To compensate for this limitation, we based the mitosis duration calculation on the
median duration of each mitotic phase.

Based on our analysis, we concluded that a typical mitosis in barley root cells
takes about 65.2 min from prophase to telophase, or approximately 78.2 min until the end
of cytokinesis (Figure 19), and created an atlas of barley cell cycle including mitosis

dynamics (Figure 20).
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Figure 19. Duration of mitosis in barley root cells. Numbers above the boxplot graphs indicate
the durations of individual mitotic phases and the median duration of mitotic division in barley
root cells.
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Figure 20. An atlas of barley cell cycle as visualized using fluorescent marker lines described in this study. Chromatin and cell walls = light blue,
microtubules = red, and nucleolus = yellow. The time indicates the median duration of individual mitotic stages and whole mitosis, > symbol indicates the

non-defined start of prophase.
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4 PUBLICATIONS

4.1 FIRST AUTHOR PUBLICATIONS

4.1.1 Image analysis workflows to reveal the spatial organization of cell

nuclei and chromosomes

(Appendix I)

4.1.2 Spatial organization and dynamics of chromosomes during barley

mitosis

(Appendix II)

4.1.3 EasyClick: An improved system for confocal microscopy of live

roots with a user-optimized sample holder

(Appendix III)
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4.1.1. Image analysis workflows to reveal the spatial organization of cell

nuclei and chromosomes

Randall, R.S.7, Jourdain, C.7, Nowicka, A.”, Kaduchov4, K.f, Kubova, M.", Ayoub,
M.A.T, Schubert, V.7, Tatout, Ch.T, Colas, 1T, Kalyanikrishna, Desset, S., Mermet, S.,
Stevens, A., Kubalova, 1., Mandakova, T., Heckmann, S., Lysak, M.A., Panatta, M.,
Santoro, R., Schubert, D., Pecinka, A., Routh, D., and Baroux, C.

TAuthors contributed equally
Nucleus
DOI: https://doi.org/10.1080/19491034.2022.2144013
IF (2022): 3.45
Abstract:

Nucleus, chromatin, and chromosome organization studies heavily rely on
fluorescence microscopy imaging to elucidate the distribution and abundance of structural
and regulatory components. Three-dimensional (3D) image stacks are a source of
quantitative data on signal intensity level and distribution and on the type and shape of
distribution patterns in space. Their analysis can lead to novel insights that are otherwise
missed in qualitative-only analyses. Quantitative image analysis requires specific
software and workflows for image rendering, processing, segmentation, setting
measurement points and reference frames and exporting target data before further
numerical processing and plotting. These tasks often call for the development of
customized computational scripts and require an expertise which is not broadly available
in the community of experimental biologists. Yet, the increasing accessibility of high-
and super-resolution imaging methods fuel the demand for user-friendly image analysis
workflows. Here, we provide a compendium of strategies developed by participants of a
training school from the COST action INDEPTH to analyze the spatial distribution of
nuclear and chromosomal signals from 3D image stacks, acquired by diffraction-limited
confocal microscopy and super-resolution microscopy methods (SIM and STED). While
the examples make use of one specific commercial software package, the workflows can
easily be adapted to concurrent commercial and open-source software. The aim is to
encourage biologists lacking custom-script-based expertise to venture into quantitative

image analysis and to better exploit the discovery potential of their images.
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4.1.2. Spatial organization and dynamics of chromosomes during barley

mitosis

Kaduchovi, K., Marchetti, C., Ovecka, M., Galuszka, M., Bergougnoux, V., gamaj, J.,
and Pecinka, A.

The Plant Journal
DOI: https://doi.org/10.1111/tpj.16355
IF (2022): 7.2
Abstract:

Mitosis and cytokinesis are fundamental processes through which somatic cells
increase their numbers and allow plant growth and development. Here, we analyzed the
organization and dynamics of mitotic chromosomes, nucleoli, and microtubules in living
cells of barley root primary meristems using a series of newly developed stable
translational-fusion lines and time-lapse confocal microscopy. The median duration of
mitosis from prophase until the end of telophase was 65.2 and 78.2 minutes until the end
of cytokinesis. We showed that barley chromosomes frequently start condensation before
mitotic preprophase, as defined by the organization of microtubules, and maintain it even
after entering into the new interphase. Furthermore, we found that the process of
chromosome condensation does not finish at metaphase but gradually continues until the
end of mitosis. These basic characteristics of barley mitosis can be used as a reference in

future genetic and physiological studies of this model crop.

This publication was chosen as the “Research Highlight” article and was used for the

issue “Cover Art”.
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4.1.3. EasyClick: An improved system for confocal microscopy of live

roots with a user-optimized sample holder

Kaduchovi, K., Cmiel, V., Kola¢kova, V., and Pecinka, A.

Planta
in press
IF (2021): 4.45
Abstract:

Preparation and mounting of the samples are key factors for successful live cell
microscopy. To acquire biologically relevant data, it is necessary to minimize stress and
avoid physical damage to plant tissues during the installation of the sample into the
microscope. This is challenging, particularly when the whole plant is mounted as the
living sample needs to be properly anchored in the microscopic system to obtain high-
quality and high-resolution data. Here, we present a user-optimized sample holder
EasyClick for live cell inverted confocal microscopic analysis of plant roots with
diameters from 0.3 to 0.7 mm. The EasyClick holder was tested on an inverted confocal
microscope using germinating plants of several cereals. Nevertheless, it can be directly
used on other types of inverted microscopes from various producers and on different plant
species. The EasyClick holder effectively restricts root lateral and vertical movements.

This greatly improves the conditions for time-lapse microscopy of the samples of interest.
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4.2 CO-AUTHORSHIP PUBLICATIONS

The cooperation within the following publication was based on the topic’s

relationship to the 3D organization of the nucleus.

4.2.1 Proteome analysis of condensed barley mitotic chromosomes

(Appendix IV)
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4.2.1. Proteome analysis of condensed barley mitotic chromosomes

Perutka, Z., Kaduchova, K., Chamrad, 1., Beinhauer, J., Lenobel, R., Petrovska, B.,

Bergougnoux, V., Vréana, J., Pecinka, A., Dolezel, J., and Sebela, M.
Frontiers in Plant Science
DOI: https://doi.org/10.3389/1pls.2021.723674
IF (2021): 6.63
Abstract:

Proteins play a major role in the three-dimensional organization of nuclear
genome and its function. While histones arrange DNA into a nucleosome fiber, other
proteins contribute to higher-order chromatin structures in interphase nuclei, and
mitotic/meiotic chromosomes. Despite the key role of proteins in maintaining genome
integrity and transferring hereditary information to daughter cells and progenies, the
knowledge about their function remains fragmentary. This is particularly true for the
proteins of condensed chromosomes and, in particular, chromosomes of plants. Here, we
purified barley mitotic metaphase chromosomes by a flow cytometric sorting and
characterized their proteins. Peptides from tryptic protein digests were fractionated either
on a cation exchanger or reversed-phase microgradient system before liquid
chromatography coupled to tandem mass spectrometry. Chromosomal proteins
comprising almost 900 identifications were classified based on a combination of software
prediction, available database localization information, sequence homology, and domain
representation. A biological context evaluation indicated the presence of several groups
of abundant proteins including histones, topoisomerase 2, POLYMERASE 2,
CONDENSIN subunits, and many proteins with chromatin-related functions. Proteins
involved in processes related to DNA replication, transcription, and repair as well as
nucleolar proteins were found. We have experimentally validated the presence of
FIBRILLARIN 1, one of the nucleolar proteins, on metaphase chromosomes, suggesting
that plant chromosomes are coated with proteins during mitosis, similar to those of human
and animals. These results improve significantly the knowledge of plant chromosomal
proteins and provide a basis for their functional characterization and comparative

phylogenetic analyses.
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S CONTRIBUTION TO THE PUBLICATIONS

5.1 Image analysis workflows to reveal the spatial organization of cell
nuclei and chromosomes

Randall, R.S.7, Jourdain, C.T, Nowicka, A.", Kaduchova, K.f, Kubova, M.", Ayoub,
M.A.T, Schubert, V.7, Tatout, Ch.7, Colas, 1.7, Kalyanikrishna, Desset, S., Mermet, S.,
Stevens, A., Kubalova, 1., Mandakova, T., Heckmann, S., Lysak, M.A., Panatta, M.,
Santoro, R., Schubert, D., Pecinka, A., Routh, D., and Baroux, C., (2022). Image analysis

workflows to reveal the spatial organization of cell nuclei and chromosomes. Nucleus,

13, 277-299. doi: 10.1080/19491034.2022.2144013.

TAuthors contributed equally

My contribution:

Performed microscopy scanning of my barley fluorescent marker lines CFP-

H2B and RFP-CENH3.

— Wrote the Workflow text (Workflow 7) of the image post-processing procedure.

— Prepared an Excel table for Workflow (Workflow 7) of the image post-
processing procedure containing detailed information on rendering.

— Prepared Figure 7, capturing individual steps of image post-processing.

— Wrote part of the Abstract and Introduction corresponding to Workflow 7 and

was involved in preparing the manuscript.
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5.2 Spatial organization and dynamics of chromosomes during barley

mitosis

Kaduchovi, K., Marchetti, C., Ovecka, M., Galuszka, M., Bergougnoux, V., gamaj, J.,

and Pecinka, A. (2023). Spatial organization and dynamics of chromosomes during barley

mitosis. The Plant Journal, 115, 602-613. doi: 10.1111/tpj.16355.

My contribution:

Designed a cloning strategy for constructing EYFP-FIB1, CFP-H2B, and EYFP-
H2B.

Performed cloning of EYFP-FIB1, CFP-H2B, and EYFP-H2B constructs.
Transformed the EYFP-H2B construct into the immature barley embryos and did
subsequent selection and regeneration of transgenic calli.

Performed genotyping and microscopy verification of EYFP-FIB1, CFP-H2B,
and EYFP-H2B transgenic plants based on the presence of a specific fluorescence
signal.

Performed crossing between single and multi-fluorescent marker lines (FMLs)
(including mCHERRY-TUA3 line) and microscopy selection of intended marker
combinations.

Performed confocal in vivo microscopy analysis of all single and multi-FMLs,
including time-lapse scanning for mitosis length measurement.

Did all measurements present in the manuscript and made quantifications and
statistical analyses.

Did surface rendering in Imaris Bitplane software.

Prepared all Figures and Tables present in the manuscript and wrote the

manuscript text.

This research article was highly appreciated by the research community and

selected as the “Research Highlight” article and used for the corresponding issue’s cover

page.
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5.3 EasyClick: An improved system for confocal microscopy of live
roots with a user-optimized sample holder

Kaduchovi, K., Cmiel, V., Kola¢kova, V., and Pecinka, A. (2023). 3D print user-

optimized sample holder for confocal microscopy of plant roots. Planta, in press

My contribution:

— Participated in the design of the sample holder.

— Performed optimization and testing of individual holder prototypes.

— Did time-lapse scanning of roots growing without and in the microscopy holder.

— Measured and quantified the growth speed of roots grown without and in
microscopy holders.

— Prepared all Figures present in the manuscript and wrote the manuscript text.
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5.4 Proteome analysis of condensed barley mitotic chromosomes

Perutka, Z., Kaduchova, K., Chamrad, 1., Beinhauer, J., Lenobel, R., Petrovska, B.,
Bergougnoux, V., Vréana, J., Pecinka, A., Dolezel, J., and Sebela, M. (2021). Proteome

analysis of condensed barley mitotic chromosomes. Frontiers in Plant Science, 12,

723674. doi: 10.3389/1pls.2021.723674.

My contribution:

Designed a cloning strategy for creating EYFP-FIB1 construct and did the

cloning.

— Performed microscopy verification of EYFP-FIBI transgenic line based on the
presence of a specific fluorescence signal.

— Did immunolocalization staining of sorted metaphase chromosomes and RNAse
A treatment of sorted chromosomes.

— Did confocal microscopy of both treated and untreated sorted metaphase

chromosomes.

— Prepared Figures 5 and 6 and was involved in preparing the manuscript.
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6 PUBLISHED CONFERENCE ABSTRACTS

6.1

6.2

6.3

6.4

6.5

Towards in vivo analysis of chromatin dynamics in barley

(Appendix V) poster presentation

In planta microscopy of barley fluorescent marker lines

(Appendix VI) oral presentation

Developing system for tracking in planta chromatin dynamics in
barley (Hordeum vulgare)

(Appendix VI) poster presentation

“Best poster prize”

Developing system for in planta tracking of chromatin dynamics in
barley (Hordeum vulgare)

(Appendix VIII) poster presentation

Analysis of in vivo chromatin dynamics during mitotic division in
barley (Hordeum vulgare)

(Appendix IX) oral presentation
“Best flash-talk prize”
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6.6

6.7

6.8

Live analysis of barley nuclei and chromosomes using fluorescent
marker lines

(Appendix X) oral presentation

Towards understanding of spatial in vivo dynamics of mitotic
division in barley (Hordeum vulgare)

(Appendix X) oral presentation

Towards understanding of spatial in vivo dynamics of mitotic
division in barley (Hordeum vulgare)

(Appendix XI) oral presentation

“Best conference talk prize”
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6.1. Towards in vivo analysis of chromatin dynamics in barley

Lahnerova, K., Stromsikova, H., Stelcova, K., Dolezel, J., Bergougnoux-Fojtik, V, and

Pecinka, A.

In: Abstract book of the 4" INDEPTH meeting ,“Impact of chromatin domains on plant
phenotypes*

Madrid, Spain, 2019

Abstract:

The organization of chromatin in cell nuclei is dynamic and undergoes changes
during cell cycle and cell tissue differentiation. This is necessary for correct segregation
of genetic information, regulation of gene expression, DNA replication etc. While there
is growing information about in vivo dynamics of nuclear domains in plant species with
small genomes represented mainly by Arabidopsis thaliana, such data are practically
missing in plants with large and complex genomes. We will present our efforts in
developing a series of Hordeum vulgare (2n = 2x = 14; 5 Gbp/1C) marker lines carrying
fluorescently labelled fusion proteins indicative of specific chromosome and nuclear
domains such as centromere, telomere and nucleolus. Production of multi-marker lines
will enable comprehensive analysis of chromatin dynamics in both wild type and mutant

plants under ambient and stress conditions.
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6.2. In planta microscopy of barley fluorescent marker lines

Lahnerova, K., Stroms$ikova, H., Stielcova, K., Mi¢uchova, A., Bergougnoux-Fojtik, V,

gamaj, J., and Pecinka, A.
In: ,,INDEPTH Imaris Training School 2020*

Zirich, Switzerland, 2020

Abstract:

The organization of chromatin in cell nuclei is dynamic and undergoes changes
during cell cycle and cell tissue differentiation. In course of my Ph.D. project, I am
developing series of barley (Hordeum vulgare, 2n = 2x = 14; 5 Gbp/1C) marker lines
carrying fluorescently labelled fusion proteins indicative of specific chromosome and
nuclear domains such as the centromere (CENH3-RFP), telomere (TRBI-GFP),
nucleolus (YFP-FIB1), chromatin (H2B-CFP) etc. After crossing of individual marker
lines, I will apply confocal microscopy to study 3D in vivo dynamics of nuclear
compartments in barley. To get the best possible images and information using my
reporter lines, I would like to improve my image analysis skills using Imaris. Therefore,
I am very much interested to join the INDEPTH-organized training school on image

analysis.

73



6.3. Developing system for tracking in planta chromatin dynamics in

barley (Hordeum vulgare)

Lahnerova, K., Stromsikova, H., Stielcova, K., Mic¢uchova, A., Bergougnoux-Fojtik, V,

gamaj, J., and Pecinka, A.
In: Abstract book of the ,,1%* Czech Plant Nucleus Workshop 2021 (CPNW2021)*

Olomouc, Czech Republic, 2021

Abstract:

The structure and the dynamics of chromosome and chromatin organization in cell
nuclei may change rapidly during cell cycle, in different cell tissues or in response to
environmental stimuli. Owing to the limited experimental resources, little is known about
chromosome and chromatin dynamics in plants with large genomes. During my Ph.D.
project, I am developing a series of stable barley (Hordeum vulgare, 2n = 2x = 14; 5
Gbp/1C) transgenic lines carrying translational fusions of nuclear and fluorescent
proteins. These reporter lines will be indicative of specific chromosome and nuclear
domains such as the centromere (RFP-CENH3), nucleolus (YFP-FIB1), chromatin
(CFP/GFP/YFP-H2B), nuclear membrane (SUN1B-CFP). In addition, the lines will be
combined with the existing markers for specific cellular proteins e.g. microtubules
(mCherry-TUB) etc. Single as well as multi-marker lines are subject of confocal
microscopy to study 3D in vivo dynamics of nuclear domains. This set of fluorescent
marker lines will help in better understanding of chromatin organization in cereals with
large and complex genomes and in the detailed investigating of various cell types focusing

on their exact position in the plant tissue.

This poster won “The best poster prize of the 1% Czech Plant Nucleus Workshop 2021”.
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6.4. Developing system for in planta tracking of chromatin dynamics in

barley (Hordeum vulgare)

Kaduchova, K., StromsSikova, H., Strelcova, K., Micuchova, A., Kriznanska, H.

Bergougnoux-Fojtik, V, Galuszka, P., gamaj, J., and Pecinka, A.
In: Abstract book of the ,,Cytogenetics meeting 2021

Gorlitz, Germany, 2021

Abstract:

The structure and the dynamics of chromosome and chromatin organization in cell
nuclei may change rapidly during cell cycle, in different cell tissues or in response to
environmental stimuli. Owing to the limited experimental resources, little is known about
chromosome and chromatin dynamics in plants with large genomes. During my Ph.D.
project, I am developing a series of stable barley (Hordeum vulgare, 2n = 2x = 14; 5,1
Gbp/1C) transgenic lines carrying translational fusions of nuclear and fluorescent
proteins. These reporter lines will be indicative of specific chromosome and nuclear
domains such as the centromere (RFP-CENH3), nucleolus (YFP-FIB1), chromatin
(CFP/GFP/YFP-H2B), nuclear membrane (SUN1B-CFP). In addition, the lines will be
combined with the existing markers for specific cellular proteins e.g. microtubules
(mCherry-TUB) etc. Single as well as multi-marker lines are subject of confocal
microscopy to study 3D in vivo dynamics of nuclear domains. This set of fluorescent
marker lines will help in better understanding of chromatin organization in cereals with
large and complex genomes and in the detailed investigating of various cell types focusing

on their exact position in the plant tissue

75



6.5. Analysis of in vivo chromatin dynamics during mitotic division in

barley (Hordeum vulgare)

Kaduchovi, K., Stielcova, K., Micuchova, A., Galuszka, P., Bergougnoux-Fojtik, V,

gamaj, J., and Pecinka, A.

In: Abstract book of the ,,7" European Workshop on Plant Chromatin 2022
(EWPC2022)”

Prihonice, Praha, 2022

Abstract:

The structure and the dynamics of chromatin organization in cell nuclei is not
strict and may change rapidly during cell cycle, in different cell tissues and in response
to environmental stimuli. The most rapid changes of cell architecture occur during the
cell divisions such as mitosis and meiosis, where chromatin arrangement is changed due
to its condensation into compact chromosomes and their even distribution into the newly
emerging daughter cells. To study the dynamics of mitosis in plants, it is necessary to use
appropriate system enabling in vivo and in planta investigation of the key processes. To
this end, we developed a series of barley (Hordeum vulgare, 2n = 2x = 14; 5 Gbp/1C)
marker lines carrying fluorescently labelled fusion proteins that are indicative of specific
chromosome and nuclear domains such as the chromatin (GFP/YFP/CFP-H2B),
microtubules (MCHERRY-TUA3), centromere (RFP-CENH3) and nucleolus (YFP-
FIB1). The combinations of different markers provide a universal and unique system for
analysis of 3D in vivo dynamics of nuclear compartments in barley cells suitable for

diverse microscopy applications.

This oral presentation won “The best flash-talk of the 7" European Workshop on Plant
Chromatin 2022 prize”.
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6.6. Live analysis of barley nuclei and chromosomes using fluorescent

marker lines

Kaduchovai, K., Galuszka, P., Bergougnoux-Fojtik, V, gamaj, J., and Pecinka, A.

In: Abstract book of the ,,2" EPI-CATCH Conference*

Crete, Greece, 2022

Abstract:

The structure and the dynamics of chromatin organization in cell nuclei is not
strict and may change rapidly during cell cycle, in different cell tissues and in response
to environmental stimuli. The most rapid changes of cell architecture occur during the
cell divisions such as mitosis and meiosis, where chromatin arrangement is changed due
to its condensation into compact chromosomes and their even distribution into the newly
emerging daughter cells. To study the dynamics of mitosis in plants, it is necessary to use
appropriate system enabling in vivo and in planta investigation of the key processes. To
this end, we developed a series of barley (Hordeum vulgare, 2n = 2x = 14; 5 Gbp/1C)
marker lines carrying fluorescently labelled fusion proteins that are indicative of specific
chromosome and nuclear domains such as the chromatin (GFP/YFP/CFP-H2B),
microtubules (MCHERRY-TUA3), centromere (RFP-CENH3) and nucleolus (YFP-
FIB1). The combinations of different markers provide a universal and unique system for
analysis of 3D in vivo dynamics of nuclear compartments in barley cells suitable for

diverse microscopy applications.

77



6.7. Towards understanding of spatial in vivo dynamics of mitotic

division in barley (Hordeum vulgare)

Kaduchovi, K., Marchetti, C., Ovecka, M., Galuszka, P., Bergougnoux, V, gamaj, ],
and Pecinka, A.

In: Abstract book of the ,,3" EPI-CATCH Conference*

Sofia, Bulgaria, 2023

Abstract:

The structure and the dynamics of chromatin organization in cell nuclei are not
strict and may change rapidly during the cell cycle, in different tissues, and in response
to abiotic and biotic stimuli. The most rapid changes in the cell architecture occur during
the cell divisions. In mitosis the chromatin arrangement is changed due to its condensation
into compact chromosomes which are subsequently distributed into the newly emerging
daughter cells. To study the dynamics of mitosis in plants with large genomes, we
developed a series of unique barley marker lines carrying fluorescently labeled fusion
proteins that are indicative of specific chromosomal/nuclear domains such as the
chromatin (GFP/YFP/CFP-H2B), microtubules (mCHERRY-TUA3) and nucleolus
(YFP-FIB1). With these lines, we were able to measure the length of mitotic division in
barley root cells and reveal the dynamics of tagged cellular structures. Moreover, we
found that the condensation of mitotic chromosomes does not reach its maximum in

metaphase but proceeds until telophase where the newly formed daughter cells emerge.
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6.8. Towards understanding of spatial in vivo dynamics of mitotic

division in barley (Hordeum vulgare)

Kaduchovi, K., Marchetti, C., Ovecka, M., Galuszka, P., Bergougnoux, V, gamaj, J.,
and Pecinka, A.

In: Abstract book of the ,,2"! Czech Plant Nucleus Workshop” (CPNW2023)

Brno, Czech Republic, 2023

Abstract:

The structure and the dynamics of chromatin organization in cell nuclei are not
strict and may change rapidly during the cell cycle, in different tissues, and response to
abiotic and biotic stimuli. The most rapid changes in cell architecture occur during cell
divisions. In mitosis, the chromatin arrangement is changed due to its condensation into
compact chromosomes, which are subsequently distributed into the newly emerging
daughter cells. To study the dynamics of mitosis in plants with large genomes, we
developed a series of unique barley marker lines carrying fluorescently labelled fusion
proteins that are indicative of specific chromosomal/nuclear domains such as the
chromatin (GFP/YFP/CFP-H2B), microtubules (mCHERRY-TUA3) and nucleolus
(YFP-FIB1). With these lines, we were able to measure the length of mitotic division in
barley root cells and reveal the dynamics of tagged cellular structures. Moreover, we
found that the condensation of mitotic chromosomes does not reach its maximum in

metaphase but proceeds until telophase where the newly formed daughter cells emerge.

This oral presentation won “The best talk of the 2" Czech Plant Nucleus Workshop 2023

prize”.
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7 DISCUSSION

7.1 Development of the fluorescent marker lines for in vivo nuclear and
cellular organization and dynamics studies in barley

The ability to observe cell behavior in living plants in real time opened up new
possibilities for studying comprehensive biological processes. Live cell imaging has
allowed us to investigate tissue and organ development, as well as the regulation of
metabolic pathways and the mobility of proteins both within and between cells.

The progress in live microscopy has been fueled by the development of various
fluorescent proteins, differing in terms of stability, conformation, and excitation/emission
spectra (Lambert, 2019, Valuchova et al., 2020, Prusicki et al., 2021, Silveira et al.,
2022). This diversity has enabled labelling of a wide range of proteins with different
fluorescent tags and their simultaneous visualization in living cells using fluorescent
marker (reporter) lines. Until now, an extensive platform of diverse lines has been
developed and applied for dynamic and localization studies in the model plant
Arabidopsis thaliana, such as fluorescent lines for diverse cellular and nuclear
compartments, tracking of the cell cycle, mitosis, and meiosis progression (Boisnard-
Lorig et al., 2001, Ubeda-Tomas et al., 2009, Yin et al., 2014). These lines become even
more valuable when combined with different mutants as change in marker protein
localization is visible in a mutant background.

Compared to Arabidopsis, the development of mutants and fluorescent marker
lines for in vivo studies in cereal crop plants is a more challenging process. Cereal crops
have a longer life cycle which extends the required time, are more difficult to transform,
and the regeneration and selection of transgenic plants is time- and space-demanding.
Moreover, already optimized construct designs for marker proteins tested in Arabidopsis
are frequently not applicable for crops due to species-specific protein structures and the
potential influence of the N’ or C’-terminal positioning of fluorescent tags (Chenal et al.,
2002). This was confirmed also in this study.

Initially, we tested the localization of created fusion proteins in the barley leaf
protoplast system (Shan et al., 2014). We observed specific localization of both N” and
C’ tagged variants of H2B (nucleus), N’ tagged FIB1 (nucleolus) and C’ tagged CENH3
(centromeres). Nevertheless, we noticed differences in the localization of distinct fusion

protein variants (e.g., H2B-CFP and CENH3-RFP, C’-terminal fusions) between
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protoplasts and plants regenerated after transformation. In regenerated plants, we could
not detect any fluorescent signal for both of these fusion proteins. Leaf protoplasts do not
divide and have changed transcription and translation regulation (Bai ef al., 2014). We
speculate that the lack of active cell division restricts the CENH3-RFP ability to load to
DNA, which normally happens during the G2 phase (Lermontova ef al., 2006). In the
case of H2B-CFP and also TRB1-GFP, we were not able to detect any fluorescent signal
in plants nuclei or cells, however we did not further test the specific cause.

Despite these features, in total 12 different FLMs and also their variously crossed
combinations were developed during my Ph.D. project. Several of these lines are still
unpublished and will be used for future research. However, it has to be emphasized that
although these lines show fluorescence at expected cellular domains, we cannot make
firm conclusions concerning the functionality of the tagged proteins because all these
lines carry also fully functional endogenous copies.

Despite the challenges of marker line development, sets of marker lines for
various proteins or their native promoters have been successfully established until now
for some crop species with the lead of maize. As for example fluorescent fusions of
FLOWERING LOCUS T-LIKE for tracking a flowering induction, DECREASE IN
DNA METHYLATION 1 facilitating DNA methylation, HISTONE H1 for chromatin
structure, RAN-GAP for nuclear envelope, TANGLED 1 for preprophase band formation
and many others (Wu et al., 2013). These lines have significantly helped with uncovering
the regulation of plant developmental processes. However, only a few marker lines have
been developed for other crop species such as rice, wheat, or barley (Furtado and Henry,
2005, Wu et al., 2016, Xue et al., 2016, Kirschner ef al., 2018, Luginbuehl ef al., 2020).
Besides, none of these marker lines are as versatile for complex cellular and nuclear in
vivo microscopy as those available for maize.

The substantial advantage of the FML system for in vivo studies in barley lies in
the larger dimensions of barley cells, nuclei, and their compartments. Compared to
Arabidopsis and even maize, the process of chromosome condensation and
decondensation can be easily tracked in vivo, same as the progression of mitosis, meiosis,
and cytokinesis. Moreover, the Rabl chromosome arrangement is a valuable marker for
nuclear orientation in a cellular space. These features could together help to uncover new

and unique aspects of cell nuclear dynamics.
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7.2 Live imaging uncovers unique features of barley genome dynamics

Live imaging puts new insights into the dynamical cell processes. Using a double
CFP-H2B RFP-CENH3 line, we observed that the mitotic spindle was often deflected
from the expected orientation parallel to the root division axis in most anaphase cells.
Typically, tilting of the mitotic spindle and emerging phragmoplast is associated with
changes in cell shape and cell division plane morphology caused by local or tissue-level
stress (Rasmussen and Bellinger, 2018). It can also occur in mutants with defective PPB
establishments, such as Arabidopsis TONNEAU1 RECRUITMENT MOTIF6,7,8
(TRM6,7,8), or maize TANGLED1 (TAN1) (Smith et al., 2001) and MAIZE LINC
KASH SINE-LIKE2 (MLKS2) (Gumber et al., 2019, Allsman et al., 2023). Interestingly,
this deflection of the mitotic spindle appears to be natural in barley. Newly formed cell
walls do not show any deviations, and the root architecture remains unchanged.

It was proposed that the size of the chromosomes or limited cell space could
influence the mechanism of mitotic spindle dynamics and chromosome condensation.
Generally, it is assumed that intense mitotic chromatin condensation proceeds during
prophase (Feitoza et al., 2017). Based on our observations in barley and in other studies,
it is likely that chromatin condensation starts earlier, as also supported by the presence of
mitosis-specific histone H3 modifications H3T3p, H3T11p, and H3S10p (Houben ef al.,
1999, Wilkins et al., 2014). It is possible that in the fast-cycling barley root cells,
chromatin condensation and early-mitotic microtubule assembly are not completely
synchronized, as chromosome-like structures are visible before the PPB emergence. We
speculate that CONDENSIN II, which is localized in the nucleus during the interphase,
might play a key role in early chromatin condensation, binding to the chromatin before
the nuclear envelope breakdown (Ono et al., 2004). Alternatively, some fast-cycling cell
populations might be able to undergo interphase with semi-condensed chromosomes.
Nevertheless, additional FMLs and experiments would be needed for testing these
hypotheses.

Moreover, our data showed that chromosome condensation does not reach the
maximum in mitotic metaphase but proceeds until telophase. This trend has been
described in mammalian cells but not in plants (Mora-Bermudez et al., 2007).
Functionally, it is suggested to prevent the cleavage of long chromosome arm ends or the
elimination of lagging chromosomes, ensuring the proper assembly of a balanced mitotic

spindle (Schubert and Oud, 1997, Hudakova et al., 2002, Neurohr et al., 2011).
82



Additionally, we observed the association of EYFP-tagged FIB1 RNA
methyltransferase within the surface of condensing chromosomes, persisting from
prometaphase until telophase, which was lost after RNase A treatment. It suggests that
plant mitotic chromosomes are coated with a plant alternative of the perichromosomal
layer observed in Animalia cells. The components of this layer, including proteins and
RNA molecules, are mostly involved in chromosome compaction, cell cycle regulation,
protein synthesis, and cell formation in Animalia (Gautier et al., 1992, Takagi et al.,
1999). However, complete composition and cellular functions specific for the plant

perichromosomal layer have not yet been characterized.

The main advantage and importance of in vivo microscopy using marker lines lies
in their ability to monitor the progress of favorable traits in live during distinct time
periods. This significantly aids in filling gaps in knowledge obtained from fixed-state in
vitro approaches, as observed using multi-FMLs for a more accurate definition of the
mitosis in barley root cells by simultaneous detection of independent protein markers.

When comparing the length of the cell cycle and mitosis of barley root cells
obtained by immunolabelling of tagged base analogs incorporated into the genomic DNA,
we observed differences between resulting times compared to our in vivo measurements
(Benneth and Finch, 1972, Schwammenhoferova and Ondrej, 1978, Kwasniewska et al.,
2018). There was a decrease in the duration of both mitosis and its individual phases. The
overall length of mitosis was reduced by more than 38 % (Benneth and Finch, 1972). We
also noticed similar shortening for individual mitotic phases, especially for anaphase and
telophase, where the reduction was over 51 %. However, we suspect that these changes
in the expected durations of phases are likely due to technical factors, such as variations
in growth conditions (temperature difference), light intensities, the supply of growth

media, or differences among barley cultivars.

7.3 In planta microscopy brings challenges in mounting of living
samples

Despite the pronounced advantages of in vivo microscopy techniques, there are
challenges arising from the requirements of the microscopy setup. Plant in vivo
microscopy faces unique challenges compared to animal models, including strong

autofluorescence of chlorophyll and secondary metabolites, interference of cell walls, and
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plant growth affected by gravitropism (reviewed in Chen ef al., 1999). To overcome these
limitations and obtain high-quality live cell microscopy data, approaches have been
developed and optimized for plant in vivo time-lapse microscopy. For instance, advanced
sample tracking softwares, setups guiding sample growth, or chambers simulating natural
growth conditions (Grossmann et al., 2011, Ovecka et al., 2015, Vyplelova et al., 2018,
Rahni and Birnbaum, 2019).

During the time-lapse microscopy on a confocal microscope (horizontal sample
positioning), we observed prominent root rotations, side movements and root natural
circumnutation (reviewed in Chen et al., 1999, Migliaccio et al., 2013). Moreover, roots
often grew from the vision field during the time-lapse due to the unpredictable root
growth direction. These issues made the time-lapse analysis challenging. However, none
of the previously developed horizontal living sample mounting setups which we tested
improved the scanning efficiency due to the barley roots larger diameter (Grossmann et
al., 2011, Rahni and Birnbaum, 2019). There have been developed systems enabling a
transformation of the classical confocal microscopes (horizontal sample positioning) into
a mode where samples are placed vertically during the scanning (von Wangenheim ef al.,
2017, Feldhaus et al., 2021). However, these systems require specialized assembling
adds-on components on the microscope body or specific software. They are also difficult
to implement in our conditions where most users apply microscopy on fixed, horizontally
mounted, samples.

The EasyClick microscopy sample holder is a valuable tool for live cell imaging
of cereal crop plant roots with larger diameters, where plantlets are placed horizontally
during the scanning. Compared to other alternative sample horizontal mounting methods
(Rahni and Birnbaum, 2019), it is easy to assemble and handle. Besides, it can be used
for microscopy of different cereal crops roots thanks to the exchangeable ‘metal plate
with growth channels’ component optimized for different root diameters. Currently, it is
optimized for inverted confocal microscopes but can be easily adapted for upright

microscope variants.

In conclusion, the valuable insights obtained through the development and in vivo
analysis of FMLs underscore the importance of live microscopy done on non-model plant
species. They strongly expand the complexity of knowledge about plant genome

organization and dynamics and are essential for understanding the regulation of growth
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and development of plant species with unsubstantial agronomic importance. With
in planta time-lapse microscopy, it is possible to observe immediate plant reactions and
track them in time. In the future, developed fluorescent marker lines could be used for

complex analysis of how barley responds to drought, heat, or salinity stress.
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8 CONCLUSIONS

Understanding the organization and dynamics of the nuclear genome plays an
irreplaceable role in uncovering the regulation of biological processes controlling
organism development. To investigate these processes in living plants with large
genomes, we developed translational fusion fluorescent marker lines (FMLs) of barley
marking chromatin, nucleolus, microtubules, and centromeres. These lines should serve
as a platform for understanding the nuclear dynamics of other agriculturally essential crop
species comparable with barley.

Using the developed multi-marker FMLs, we performed a time-lapse in vivo
analysis of mitotic division in barley root cells. This allowed us to distinguish and
describe individual mitotic phases and uncover specific features of mitosis in barley root
cells. For instance, we observed early preprophase chromosome condensation in almost
half of the dividing cells, which progressed until the telophase. We also discovered
specific localization of FIBRILLARINI1 protein onto the surface of condensed
chromosomes, where it interacts with RNA molecules. Additionally, we found that during
barley anaphase chromosome division, the chromosomes tend to tilt more towards the
cell wall corners rather than into the cell wall centers, which we quantified by establishing
our protocol for measuring anaphase division angles using Imaris bitplane software.

Moreover, we designed and developed a user-optimized EasyClick microscopy
sample holder. This holder allows precise cell-level time-lapse in vivo microscopy of fast-
growing roots of greater thickness and is dedicated specifically for cereal crop roots

microscopy analysis.
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10 LIST OF ABBREVIATIONS

3C

3D

4C

5C
AFLP
AGL1
ANCHOR
APC/C
BAC
BBM

bp
CAP-H
CAP-H2
Cas9
CCD
CDK
cDNA
CDS
CENH3
CESA
CFP
ChIA-PET
ChIP
ChIP-seq
CKI
COST
CPNW
CRWN
CSC

chromosome conformation capture

three dimensional

circular chromosome conformation capture
3C-carbon copy

amplified fragment length polymorphism
Agrobacterium tumefaciens strain AGL1
approach to monitor single-copy locus localization in planta
ANAPHASE-PROMOTING COMPLEX/CYCLOSOME
bacterial artificial chromosome

BABY BOOM

base pair

CONDENSIN-1 COMPLEX SUBUNIT H
CONDENSIN-2 COMPLEX SUBUNIT H2
CRISPR-associated protein 9

charge-coupled device

CYCLIN-DEPENDENT KINASES

copy DNA

coding sequence

CENTROMERIC HISTONE 3

CELLULOSE SYNTHASE

CYAN FLUORESCENT PROTEIN

chromatin interaction analysis with paired-end tag
chromatin immunoprecipitation

chromatin immunoprecipitation with sequencing
CYCLIN-DEPENDENT KINASE INHIBITOR
European cooperation in science and technology
Czech plant nucleus workshop

CROWDED NUCLEI

CELLULOSE SYNTHASE COMPLEX
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CTCF
CYC
dCas9
ddml
ddPCR
DNA
EHA105
EPI-CATCH
EST
EWPC
EYFP
FACS
FCCS
FCS
FIBI
FISH
FLIM
FLIP
FML
FRAP
FRET
Gl

G2

Gbp
GFP
GFR4
GIF1
GTP
GW3101
H2B

CCCTC-BINDING FACTOR

CYCLIN

dead CRISPR associated protein 9
decrease in DNA methylationl

digital droplet polymerase chain reaction
deoxyribonucleic acid

Agrobacterium tumefaciens strain EHA105
Epigenetic mechanisms of crop adaptation to climate change
expressed sequence tags

European workshop on plant chromatin
ENHANCED YELLOW FLUORESCENT PROTEIN
fluorescence activated cell sorting
fluorescence cross-correlation spectroscopy
fluorescence correlation spectroscopy
FIBRILLARIN1

fluorescence in situ hybridization
fluorescence-lifetime imaging microscopy
fluorescence loss in photobleaching
fluorescent marker line

fluorescence recovery after photobleaching
Forster resonance energy transfer

cell cycle phase G1

cell cycle phase G2

giga base pair

GREEN FLUORESCENT PROTEIN
GROWTH-REGULATING FACTOR4
GRF-INTERACTING FACTORI1
guanosine 5'-triphosphate

Agrobacterium tumefaciens strain GW3101

HISTONE 2B
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H3
H3S10p
H3T1l1p
H3T3p
Hi-C
HiChIP
INDEPTH
INM

ITS
KAKU4
KASH
kbp

Lacl
lacO
LBA4404
LINC
LSCM
MAP
Mbp

metl
mCHERRY
MLKS?2
MTOC
NA
NDC80
NE
NEAP
NL
NOP52
NOR

histone 3
histone 3 serine 10 phosphorylation
histone 3 threonine 11 phosphorylation

histone 3 threonine 3 phosphorylation

high-throughput chromosome conformation capture
high-throughput chromatin immunoprecipitation

Impact of Nuclear Domains On Gene Expression and Plant Traits

inner nuclear membrane

internal transcribed spacer

JAPANESE FOR NUCLEUS 4
KLARSICHT ANC-1 SYNE HOMOLOGY
kilo base pair

lactose inhibitor

lactose operone

Agrobacterium tumefaciens strain LBA4404
LINKER OF NUCLEOSKELETON

laser scanning confocal microscope
MITOGEN-ACTIVATED PROTEIN

mega base pair

methyltransferasel

MONOMERIC CHERRY RED FLUORESCENT PROTEIN

MAIZE LINC KASH SINE-LIKE2
microtubule-organizing center

numerical aperture

FOUR-PROTEIN NUCLEAR DIVISION CYCLES80

nuclear envelope

NUCLEAR ENVELOPE ASSOCIATED PROTEIN

nuclear lamina
NUCLEOLAR PROTEINS52

nucleolus organizing region
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NPC
NUF2
NuMA
NUP
ONM
PALM
ParB
parS
PCR
PDS5
PNB
PNETI1,2
POLI
PPB
pre-rRNA
qPCR
RAEI
RanGAP
RanGDP
RanGTP
RFP
RNA
rRNA

S

SCC1
SCF
sgRNA
SIM
siRNA
SMC

nuclear pore complex

NUCLEAR FILAMENT-CONTAINING2 PROTEIN
NUCLEAR MITOTIC APPARATHUS PROTEIN
NUCLEOPORIN

outer nuclear membrane

photo-activated localization microscopy

bacterial centromere-binding protein

bacterial centromere or partition site

polymerase chain reaction

PRECOCIOUS DISSOCIATION OF SISTERS 5

prenucleolar bodies

PLANT NUCLEAR ENVELOPE TRANSMEMBRANE],2

POLYMERASE I

preprophase band

pre-ribosomal ribonucleic acid

quantitative polymerase chain reaction
RIBONUCLEIC ACID EXPORT1

GTPase ACTIVATING PROTEIN

Ras-related nuclear protein guanosine 5°‘-diphosphate
Ras-related nuclear protein guanosine 5°‘-triphosphate
RED FLUORESCENT PROTEIN

ribonucleic acid

ribosomal ribonucleic acid

synthesis cell cycle phase

SISTER CHROMATID COHESION1
SKP-CULLIN1-F-BOX E3 LIGASE

single guide ribonucleic acid

structured illumination microscopy

small interfering RNA

structural maintenance of chromosomes



snoRNA
snoRNP
SNP
snRNA
snRNP
STED
SUN
TADs
TAIL-PCR
TALEN
TANI1
T-DNA
TPX2
TRMS6,7,8
TUA3
WAPL
WUS2

ZF
v-TuRC

small nucleolar ribonucleoic acid

small nucleolar ribonucleoprotein

single nucleotide polymorphism

spliceosomal small nucleolar ribonucleoic acid
spliceosomal small nucleolar ribonucleoprotein
stimulated emission depletion

SAD1/UNC84 DOMAIN-CONTAINING PROTEIN
topologically associated domains

thermal asymmetric interlaced polymerase chain reaction
transcription activator-like effector nucleases
TANGLEDI

transferred DNA

TARGETING PROTEIN FOR XKLP2

TONNEAU1 RECRUITMENT MOTIF6,7,8
TUBULIN ALPHA CHAIN 3

WINGS APART-LIKE

WUSCHEL 2

zinc finger

v -TUBULIN RING COMPLEXES
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11 SUPPLEMENTARY MATERIAL

11.1 Supplementary video 1.

Time-lapse microscopy of nucleoli (EYFP-FIB1) and microtubules (mCHERRY-TUA3)
in barley roots. The root was photographed for 22 min and 45 sec in 30-sec intervals.

11.2 Supplementary video 2.

Time-lapse microscopy of chromatin (EYFP-H2B) and microtubules (mCherry-TUA3)
in barley roots. The root was photographed for 36 min and 45 sec in 30-sec intervals.

11.3 Supplementary video 3.

Time-lapse microscopy of chromatin (CFP-H2B) and nucleoli (EYFP-FIB1) in barley
roots. The root was photographed for 23 min and 30 sec in 15-sec intervals.
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Image analysis workflows to reveal the spatial organization of cell nuclei and
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ABSTRACT

Nucleus, chromatin, and chromosome organization studies heavily rely on fluorescence micro-
scopy imaging to elucidate the distribution and abundance of structural and regulatory compo-
nents. Three-dimensional (3D) image stacks are a source of quantitative data on signal intensity
level and distribution and on the type and shape of distribution patterns in space. Their analysis
can lead to novel insights that are otherwise missed in qualitative-only analyses. Quantitative
image analysis requires specific software and workflows for image rendering, processing, seg-
mentation, setting measurement points and reference frames and exporting target data before
further numerical processing and plotting. These tasks often call for the development of custo-
mized computational scripts and require an expertise that is not broadly available to the com-
munity of experimental biologists. Yet, the increasing accessibility of high- and super-resolution
imaging methods fuels the demand for user-friendly image analysis workflows. Here, we provide
a compendium of strategies developed by participants of a training school from the COST action
INDEPTH to analyze the spatial distribution of nuclear and chromosomal signals from 3D image
stacks, acquired by diffraction-limited confocal microscopy and super-resolution microscopy
methods (SIM and STED). While the examples make use of one specific commercial software
package, the workflows can easily be adapted to concurrent commercial and open-source soft-
ware. The aim is to encourage biologists lacking custom-script-based expertise to venture into
quantitative image analysis and to better exploit the discovery potential of their images.

Abbreviations: 3D FISH: three-dimensional fluorescence in situ hybridization; 3D: three-
dimensional; ASY1: ASYNAPTIC 1; CC: chromocenters; CO: Crossover; DAPI: 4',6-diamidino-2-phe-
nylindole; DMC1: DNA MEIOTIC RECOMBINASE 1; DSB: Double-Strand Break; FISH: fluorescence
in situ hybridization; GFP: GREEN FLUORESCENT PROTEIN; HEI10: HUMAN ENHANCER OF
INVASION 10; NCO: Non-Crossover; NE: Nuclear Envelope; Oligo-FISH: oligonucleotide fluorescence
in situ hybridization; RNPIl: RNA Polymerase II; SC: Synaptonemal Complex; SIM: structured
illumination microscopy; ZMM (ZIP: MSH4: MSH5 and MER3 proteins); ZYP1: ZIPPER-LIKE
PROTEIN 1.
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aims to decipher the functional, 3D organizing
principles of the chromosomes, chromatin
domains and nucleus that contribute to transcrip-
tion, replication, repair, and recombination.
Understanding the 3D genome requires multidis-
ciplinary methods including high-throughput,
sequencing-based, molecular profiling techniques,
computational simulation-based biophysical and
mathematical modeling, and microscopy imaging
at high-to-super resolution and in three-
dimensions [1,2]. Microscopy followed by image
analysis provides the opportunity to measure chro-
mosome and chromatin structures down to the
nanoscale, with a few kilobase resolution. This
can inform on the genomic interactions in situ
and the spatial organization of genomic domains
in relation to the 3D nuclear space and its func-
tional compartments [3,4].

Venturing into these opportunities to probe
for the spatial organization of the genome
in situ requires dedicated imaging and image
analysis procedures, recently captured by the
concept of quantitative, data-driven microscopy
[1]. Quantitative image analysis for nuclear and
chromosomal studies can be implemented at
different levels of complexity, depending on
the research question and, often, the expertise
available. For instance, a simple level consists of
scoring structures or patterns on the image
based on user-defined classification. This can
be applied when the immunolabelled chromatin
protein, or FISH-labeled genomic domain,
shows a very distinct distribution pattern (e.g.
punctuate vs diffuse), varying between treat-
ments or genotypes. In this case, quantifying
the relative occurrence of pattern categories by
scoring may be sufficient to address the original
question. Manual scoring can also be used to
quantify a moderate number of labeled regions
(e.g., number of FISH signals or nuclear
bodies).  These  categorical,  quantitative
approaches have the virtue to be accessible to
all experimentalists, without sophisticated soft-
ware. They allow to characterize relatively sim-
ple signal distribution patterns, providing,
however, a limited number of samples, and
double-blind scoring to avoid cognitive biases.
Yet, for many images (e.g., from high-
throughput imaging), images with multiple

labels, showing complex spatial patterns of sig-
nal distribution, with continuous (rather than
discrete) variation in signal abundance, or
a combination of all, require computationally
driven processing approaches for quantitative
analyses. A core step required is image segmen-
tation. This process partitions the image based
on the signal distribution into digital objects
identifying biologically relevant structures.
Various image segmentation methods and algo-
rithms exist. These perform differently depend-
ing on the signal distribution [5], with deep-
learning approaches for automated segmenta-
tion tasks at a large scale being continuously
developed [6]. Once the image is segmented,
multiple features can be extracted from the 3D
digital objects, for instance, object number, size
and shape; signal intensity and variance per
object type, texture of the signal, channel and
position in the image; distance relationships,
and spatial distribution. Practically, these fea-
tures are highly relevant to analyze the spatial
organization of chromatin, chromosome and
nuclear components in situ.

The field of chromatin, chromosome and
nuclear organization studies would greatly benefit
from the broader deployment of image proces-
sing-based quantitative analyses [2,3]. Several
tools and packages have been developed in the
past years based on open-source software, includ-
ing for the 3D spatial analysis of nuclear organi-
zation [7-11]. Yet, a major hurdle for most
‘biology-only’ oriented labs is the lack of compu-
tational expertise for customizing the image pro-
cessing scripts, for large data handling, the lack of
template workflows, or a combination thereof.
Key concepts, from image acquisition to quanti-
tative data, have been framed in recent years, for
applications in cell biology, but also to set good
practice and standards in the field [1,12]. Efforts
are undertaken to promote education and sup-
port in image analysis for scientists dealing with
biological images [13]. This resource paper con-
tributes to these efforts by providing a compen-
dium of image analysis workflows for nucleus,
chromatin and chromosome studies, taking
seven case-studies as examples developed by par-
ticipants of the training school of the INDEPTH
COST action [14].



The workflows are based on a user-friendly,
commercial image processing software (Imaris,
Bitplane, Switzerland) but are conceptually applic-
able to concurrent (commercial or open source)
software as discussed in this paper. In addition,
although they largely borrow examples from plant
nuclei and chromosomes, they remain transferable
to the study of animal nuclei. Indeed, the organi-
zation of the nucleus, including the nuclear envel-
ope, chromatin domains and chromosomes, share
common organizing principles in plants and ani-
mals [15-18]

The workflows associated with each case study
are briefly described below and are illustrated in
the related figures. Each workflow is associated
with a Supplemental File folder that includes
a step-by-step guideline (text); a table summariz-
ing the main step functions and parameters used
on the training image; one or two training images
per workflow; and, for workflow 1, a video tutor-
ial. Training image datasets are available on the
INDEPTH-OMERO repository [13,14].!

Analyzing the spatial distribution of transcription
clusters

In mammals, a radial gradient model of transcrip-
tion in the nucleus has been proposed [19,20]. In
plants, including the Arabidopsis thaliana
(Arabidopsis) plant model, little is known about
the spatial, 3D distribution of transcription.
Transcriptional activity in the nucleus can be
visualized in situ by immunolabeling the active
isoform of RNA Polymerase II (RNPII). In
Arabidopsis, super-resolution imaging of RNPII
has shown a reticulate pattern throughout the
nucleoplasm along which distributed clusters of
variable size and intensity exist [21,22].

To resolve the spatial distribution of RNPII
signals in Arabidopsis nuclei in 3D, we imaged
RNPII and DNA using 3D-STED microscopy. To
quantify RNPII foci distribution, we designed an
image analysis workflow (Figure 1la and
Supplemental File 1). Sample preparation and
imaging are  described elsewhere  [23].
Deconvolved STED images are segmented using
the Imaris software (Bitplane, Switzerland) to
create digital objects corresponding to the
nucleus, the nucleolus, the chromocenters and
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the RNPII signals (Figure 1b-d, Supplemental
File 1 - Video 1). The surface object correspond-
ing to the nucleus is also used to apply a 3D mask
to separate the true image from the background
signal (compare the framed regions in Figure 1b-
c). While the nucleus and nucleolus are segmen-
ted based on smoothed, manual contours, hetero-
chromatin is segmented using the supervised
automated tool. Chromocenters (CCs) are typi-
cally large, brightly stained regions. In
Arabidopsis nuclei, these are discrete and rela-
tively easy to segment (Figure 1d, inset dl).
Super-resolution imaging revealed that additional
heterochromatin regions, which we termed nano-
chromocenters (nanoCC), can also be segmented
(Figure 1d, inset d2). RNPII signal shows
a complex nuclear distribution in Arabidopsis
nuclei: rather than being discrete, it spreads
unevenly in a reticulated manner with, however,
clearly identifiable local clusters [22]. Our aim
was to segment the image to discretize RNPII
signal and focus on the clusters, considering
their variable size, to further analyze their varia-
bility in intensity, size and spatial distribution.
We applied the growing spot function in an itera-
tive manner and could capture 70-80% of the
RNPII signal in spots of variable size (Figure le,
inset e2). This stepwise segmentation resulted in
a digital image composed of objects capturing the
nucleus, the nucleolus, the chromocenters and
RNPII clusters (Figure 1f). Variables of interest,
such as signal intensity per channel, object size
and shape and distance between objects (spot-to-
spot, spot-to-surface) were exported for each
object type and channel.

The high number of variables, object type,
channels, image replicates and levels of compar-
ison (such as genotypes and treatment) drama-
tically increases data complexity. To facilitate
data exploration, we built a stand-alone data
visualization interface named DataViz (https://
github.com/barouxlab/DataViz) which allows
one to interactively plot all, or a subset of,
data. This also enables custom variable creation
for the normalization of distances and intensity
per image (Figure 1g-i, Supplemental File 1 -
Dataviz_guidelines). Here, we provide a few
examples of violin plots (Figure 1g), density
distributions (Figure 1h) and scatter plots with
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a Workflow 1 (overview)
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Figure 1. Analysis of the spatial distribution of RNA Pol Il clusters in intact nuclei. (a) Overview of the workflow illustrated in
b-i; (b) 3D projection of a 3D-STED image reporting on immunolabelled RNA Pol I (isoform phosphorylated on SerP, green, RNPII-
ser2P) and DNA (magenta, Hoechst 580CP [26]), raw image; (c) Same image following deconvolution, nucleus contour segmentation
and masking; (d) Intensity-coded coloring mode (Fire) of the DNA channel and frames magnified in the insets showing examples of



density contours (Figure 1i). The mean intensity,
normalized per nucleus, of the DNA signal
shows that the average and range of chromatin
compaction in CC and nanoCC is largely simi-
lar, while nanoCC occasionally shows a higher
compaction (upper tail of the violin plot, Figure
1g). By contrast, and as expected for transcrip-
tionally active regions, chromatin is, on average,
2-3x less condensed in the RNPII-S2P clusters
(Figure 1g). Also, plotting the shortest distance
of each object to the nucleus surface (Figure 1g,
right plot: the negative values indicate distance
toward the nucleus interior), confirms the per-
ipheral localization of CC as already described
[24,25], an apparent enrichment of the nanoCC
toward the periphery (although less pronounced
than CC), and spreading of the RNPII-S2P clus-
ters from the periphery toward the nuclear inter-
ior (with an apparent decreasing occurrence
linked to the presence of the nucleolus).
Further, plotting the density distribution of
RNPII-S2P signals in the clusters (normalized
mean intensity) allows detecting different struc-
tures of the RNPII landscape between different
treatments (A and B in the example provided
Figure 1h). Finally, DataViz enables exploring
the relationship between two continuous vari-
ables using scatter plots, with or without density
contours. In the example provided Figure 1i, we
interrogated the relationship between the dis-
tance to the nucleus boundary and the mean
DNA intensity for each of the nuclear domains
segmented as CC, nanoCC and S2P clusters. The
plots suggested (i) two categories of CC distinc-
tive mostly by their intensity but slightly differ-
ent with regard to their peripheral position and
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that (ii) nanoCC and transcription clusters clo-
ser to the periphery are on average less compact
than their counterparts located more toward the
nuclear interior. These are only a few examples
of the numerous possible plots that collectively
contribute to data mining and discovery.

The segmentation process described in detail
in the supplemental material corresponds to
a user-supervised workflow. The input values
(threshold, smoothing factor, or filtering values)
are either software-defined values (and depend
on image attributes) or customized by the user
to best capture the biological objects. The para-
meters are then saved and re-applied for subse-
quent image replicate analyses. If the image
quality is highly reproducible, it is further possi-
ble to apply automated batch-segmentation (fol-
lowing the software provider’s instructions). For
a trained user, the workflow takes ca. 45 min per
image or less. Finally, this workflow can be
further applied for the analysis of other types of
nuclear signals showing punctate distribution
similar to that in our example.

Analysis of the spatial distribution of proteins
located at the nuclear periphery

To date, the distribution of nuclear envelope (NE)-
associated proteins is poorly documented in
plants. 3D microscopy-based observations may
provide new insights into the organization of chro-
matin domains at the nuclear periphery at the
single-cell level.

In this example, we developed a workflow to
quantify the spatial pattern of a protein hetero-
geneously distributed within the NE (Figure 2a).

chromocenters (CC, d1) and nanochromocenters (nanoCC, d2) in the original channel (left) and after segmentation and pseudo-
coloring (right); (e) Intensity-coded coloring mode (Fire) of the RNPIl-ser2P channel showing a dense distribution of clusters with
identifiable intensity peaks, enabling segmentation as adaptive spots (e1, e2), e1: single plane showing the spot contours; €2, 3D
segment of the image after segmentation, clusters pseudo-colored in green, DNA in magenta. (f) Fully segmented image containing
surface (nucleus, nucleolus, CC and nanoCC) and spot objects (RNPII-ser2P, abbreviated S2P). (g-i) Data exploration using DataViz
(github.com/barouxlab/DataViz, Supplemental File 1- Dataviz_guidelines). (g), Violin plots showing a similar DNA density distribution
in CC and nanoCC but much lower density in S2P clusters (intensity mean, DNA channel, normalized per image) and a sharp
peripheral location of CC as formerly described (Andrey et al., 2010; Fransz et al., 2002), contrasting with the more dispersed
distribution of nanoCC and S2P clusters (distance to nucleus surface (0) normalized using the nucleus center of mass as reference);.
(h) Example showing an application of the workflow, to compare the distribution of RNPII cluster intensities between two
treatments: A and B. (i) Another example illustrating one of the many analyses enabled by the workflow and DataViz, with density
scatter plots of DNA intensity means in RNPII clusters as a function of their distance to the nucleus surface. Scale bars: b-f, 2 pm;
insets, as indicated.
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a  Workflow 2 (overview)
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Figure 2. Analysis of the spatial distribution of a fluorescently tagged protein associated with the nuclear envelope. (a)
Overview of the Image analysis workflow. Details of the parameters are in supplements. (b) Raw image of NE-GFP (Nuclear
Envelope - associated protein fused to GFP) signal in a root nucleus; 3D rendering in gray levels suggests an enrichment of the
protein at the equatorial region of the nucleus (white arrow). (c) Same image (3D) as in (b) using a fire color scale for NE-GFP signal
intensities display (0-255), c1-c3 insets: cross sections at selected top, middle and bottom planes, respectively. (d) Result of the
segmentation of the NE-GFP signal domain as a surface (gray); a spot (yellow) is created at the surface’ center-of-mass. (e) a new XYZ
coordinate system (reference frame) is docked at the center-of-mass. (f) The NE-GFP signal is segmented as spots of adaptive size
(‘growing spots’) using the channel masked by the surface; spots are classified according to their axial (z) position, the equatorial
region is defined £2 um around the origin. Three spot classes are created located at the top, middle and bottom of the nucleus
(blue, magenta, green, respectively). f1, f2 insets: XY and XZ sections. (g) The intensity mean of the spots is plotted as a function of
their axial position (z) relative to the new reference frame for the image shown in (b-f). The colors indicate the ‘top’, ‘middle’ and
‘bottom’ classes, respectively. (h) The volume and normalized intensity mean of NE-GFP spots are plotted for each class, for n = 8
nuclei images segmented following this workflow. Kruskal-Wallis and Dunn’s multiple comparison tests with bottom vs middle and
top vs middle indicate statistically significant differences with P < 0.001 (***) for both variables. Scale bars: 2 pm.

We imaged Arabidopsis root nuclei expressing
a GFP-tagged protein associated with the NE
(NE-GFP, Tatout, Mermet, Boulaflous-Stevens,
unpublished) from 1 week old seedlings using
a confocal microscope equipped with an
Airyscan module [27] (Supplemental File 2-
Figure 2). The NE-GFP protein is located at
the NE and forms clusters of variable size;
these clusters appear to be asymmetrically dis-
tributed (arrow, Figure 2b). Intensity-based

coloring of the signal confirmed the enrichment
of NE-GFP at the equatorial plane of the
nucleus, in contrast to that at the top and bot-
tom poles (Figure 2c and insets). The first step
in our procedure was to segment the global
domain of NE-GFP signal using the ‘Surface’
function of Imaris (Figure 2d). Subsequently,
we created a spot at the center of mass of the
segmented NE-GFP surface (yellow spot,
Figure 2d) and used it to create a ‘Reference



frame’ object (Figure 2e). This new XYZ coordi-
nate system at the nucleus’ center allows to
classify the NE-GFP clusters at a later stage.
The NE-GFP clusters are segmented as spots of
adaptive size on the NE-GFP domain masked on
the surface created at step 1 (Step 3-4,
Supplemental File 2). Spots were classified into
three categories (top:blue, middle:magenta, bot-
tom:green) according to their axial position in
the coordinate system defined at step 2 (Step 5,
Figure 2f). The °‘middle’ class is defined by
a region encompassing the origin of this coordi-
nate system from -2 to +2 um along the z-axis.
The ‘top’ and ‘bottom’ classes capture the spots
above and below this equatorial region, respec-
tively. In addition, this step included curation of
the segmentation results to (i) keep spots strictly
located at the periphery (removing outliers
located internally due to surface invaginations)
and (ii) to select spots of biologically relevant
size (up to 600 nm diameter, ~1.1 um’; detailed
procedure in Supplemental File 2). A 2D-plot of
the mean intensity of segmented NE-GFP spots
according to their axial (x) position in this coor-
dinated system revealed higher signal intensity
among spots located at the equatorial plane
(‘middle’ class, Figure 2g). The segmentation of
multiple images supported this finding
(Figure 2h). Importantly, as fluorescence inten-
sities varied between images, the mean intensity
of each spot was normalized, following export,
using the mean intensity within the NE-GFP
surface for each image (Figure 2h). This analysis
revealed that both the volume and mean inten-
sity of NE-GFP clusters in the equatorial plane
(‘middle’ class) are significantly different from
that of the clusters located at the polar regions
(‘top” and ‘bottom’ classes; Figure 2h, Kruskal-
Wallis and Dunn’s multiple comparison test
with P < 0.0001 for all pairs).

In conclusion, this image analysis workflow
enables quantification of the spatial heterogene-
ity of proteins associated with the nuclear envel-
ope. In combination with mutant genetics, this
approach enables one to assess the quantitative
influence of candidate regulators and that of
intrinsic (protein) domains on spatial protein
localization.
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Analysis of protein distribution on meiotic
chromosomes

Meiosis is a special type of cell division occurring
during sexual reproduction and enabling genetic
recombination. During the first stage of meiosis,
prophase I, homologous chromosomes align along
their entire length by a protein structure called the
synaptonemal complex (SC). This process is essen-
tial for crossover (CO) formation in many eukar-
yotes. Prophase I is itself divided into five
substages — leptotene, zygotene, pachytene, diplo-
tene and diakinesis. Each stage can be monitored
by immunostaining specific proteins involved in
SC formation. The most common targets are ASY1
(ASYNAPTIC 1) and ZYP1 (ZIPPER-LIKE 1)
[28]. During prophase I, homologous recombina-
tion starts with the formation of SPOI11-
programmed DNA double-strand breaks (DSB)
[29]. These DSBs are subsequently processed and
recombinases such as DMC1 (DNA MEIOTIC
RECOMBINASE 1) mediate strand invasion,
essential for CO formation [30]. In barley, a large
number of DSBs are formed [31], but only 13-22
(depending on the cultivar and scoring method)
are repaired to crossover (CO), while the rest are
repaired as non-crossovers (NCO) [32,33]. What
controls the fate of DSB (CO vs NCO) is poorly
understood. A current hypothesis involves HEI10
(HUMAN ENHANCER OF INVASION 10),
a ZMM class-of-protein in the CO repair pathway,
as an early indicator [34].

To elucidate whether HEI10 also contributes
to DSB fate designation in barley, one approach
is to elucidate the dynamics of HEI10 foci along
prophase chromosomes at early, mid, and late
stages, and in relation to DMCI at early pro-
phase. This approach requires 3D imaging of
(immunostained) meiotic proteins on prophase
chromosomes and the scoring of HEI10 vs
DMCI1 foci in relation to the prophase stage.
We describe here a workflow to process 3D-
SIM images to enable the scoring and classifica-
tion of DMC1 and HEI10 foci depending on
their size and intensity.

The workflow (Figure 3a) is illustrated with two
images of barley male meiocytes labeled for com-
ponents of the SC (ASY1, ZYP1), processed DSBs
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a  Workflow 3 (overview)
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Figure 3. Analysis of crossover distribution in meiocytes. (a) Overview of the image analysis workflow in 5 steps illustrated
on two images marking the synaptonemal complex (SC) and crossovers (CO) with different components (provided in
Supplemental File 3): image 3a (b-g) represents a barley meiocyte at zygotene stage immunostained for DMC1, ZYP1 and
ASY1 and counterstained for DNA using DAPI. The image was acquired by confocal microscopy (ZEISS LSM 710) as described
(Colas et al., 2019). Image 3b (h-k) represents a barley meiocyte at the late pachytene stage immunostained for ASY1 (Ch = 2),
ZYP1 (Ch = 3) and HEIT0 (Ch = 4) and counterstained for DNA using DAPI (Ch = 1). The image was acquired by 3D-SIM as
described previously (Hesse et al., 2019). (b) Original image acquired by confocal imaging, the different labeling are indicated.



(DMC1) and recombination intermediates
(HEI10). The first image, shown in Figure 3b-g
and provided in Supplemental File 3 - Image 3a,
shows a zygotene stage nucleus labeled with ASY1
(white), ZYP1 (red), DMCI (green) and counter-
stained with DAPI (blue), was acquired on
a confocal microscope (Zeiss LSM 710) as per
Colas et al. [33]. The second image, shown in
Figure 3h-k and provided in Supplemental File
3 - Image 3b, shows a pachytene stage nucleus
labeled with ASY1 (white), ZYP1 (green), HEI10
(red) and counterstained with DAPI (blue), was
acquired using 3D-SIM similar as for rye [35]. The
aim of both images was to segment HEII0 or
DMC1 foci and to analyze their distribution rela-
tive to the SC, their size and their intensity. For
this, the chromosomes, SC complex and HEI10 or
DMC1 foci are segmented separately. The detailed
strategies used for filtering and classifying the
HEI10 or DMCI foci are explained in the detailed
workflow descriptions (Supplemental Files 3). In
brief, the image analysis followed the steps of
deconvolution (optional depending on the ima-
ging method), chromosome segmentation, SC seg-
mentation, CO  foci  segmentation and
classification before data export (Figure 3a).

The effect of deconvolution is shown for the
tirst image acquired by confocal microscopy to
reconstruct the image at optical resolution (com-
pare the panels Figure 3b and 3c). This step is
essential for properly estimating the CO dia-
meter later (Figure 3d, DMCI1 channel inset).
Next, the DNA (DAPI) staining was used to
generate a 3D surface of the chromosomes ser-
ving as a mask to remove signal noise in the
image (compare the panels Figure 3c and 3d).
Note that here, the aim was not to segment the
chromosomes very precisely, as the masking
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would result in the exclusion of ASY1, ZYP1 and
DMCI1 foci that do not entirely colocalize with
DNA at that meiotic stage. Hence, permissive
criteria were preferred in this case. Next, the
SC complex was segmented on both the ASY1
and ZYP1 channels, creating two distinct sur-
faces (Figure 3e, red: surface ZYP1, white: sur-
face ASY1). Finally, DMCI foci were segmented
as spot objects using an estimated seed size of
200 nm (Figure 3f). The algorithm detects all
possible foci with both low and high intensities.
Classical studies have so far focused on high-
intensity foci, whose abundance falls within
a few hundred [31,33]. By contrast, the workflow
described here enables one to capture all foci,
first, irrespective of their intensity, and to clas-
sify them according to intensity, during the crea-
tion process (Figure 3f, right panel). In this
example, three classes were created (Figure 3f
plot, yellow, magenta and cyan classes).
Alternatively, spots can be classified after data
export based on normalized signal intensity in
a third-party software application (for instance,
using DataViz, see Workflowl). In an intensity
sum-based classification, we scored 217 DMC1
spots with medium-to-high intensity (Figure 3f
plot, magenta and cyan classes) as previously
reported for a similar stage of meiosis [31,33].
The remaining low-intensity spots (Figure 3f
plot, yellow class) may correspond to either
immunolabeling noise or unbound proteins.
Next, we asked whether DMC1 localization was
correlated with the SC. Indeed, following the
classification of DMCI1 spots in two groups,
inside or outside the ZYPI surface, we found
a significant enrichment of DMC1 signal (based
on intensity mean) when foci colocalize with
ZYP1 (Figure 3g). This is one of the many

(c) image following deconvolution to resolve the SC and immunostained CO. (d) segmentation of the chromosomes as surface
and masking of the ZYP1, ASY1 and DMC1 channels to remove background signal. It allows resolving DMC1 foci at high
resolution (inset). (e) SC segmentation using the ZYP1 and ASY1 masked channels (f) DMC1 foci segmentation (left) and
classification according to their intensity (right and inset = intensity plot per category), (g) classification of DMC1 foci according
to their distance relative to the ZYP1 surface. (h) Original 3d SIM image (image 3b), (i) same image following ZYP1 and HEI10
segmentation, (j) HEI10 spots were classified according to their intensity (T1, T2, T3 on graph and inset); 20 foci were scored
(automatic) for the T1 class as described in earlier studies, (k) HEI10 classes differ by the DNA density. Scale bars: 5 um except
for the inset d, DMC1 channel (200 nm), Plots (f, g, j, k): Imaris Vantage.
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examples of correlative analyses that can be car-
ried-out in such segmented images.

The second image (Figure 3h) was analyzed
similarly, but deconvolution, chromosome seg-
mentation and masking were omitted in this
case. The ZYPI1 surface (Figure 3i, green) was
used to mask the HEI10 channel to specifically
focus on HEI10 foci (Figure 3i, red) colocalizing
with ZYP1. HEI10 spots objects were then classi-
tied according to their intensity, considering nota-
bly the first and next 2% quantile versus the rest to
create three classes, T1, T2 and T3, respectively
(Figure 3j). This approach was formerly described
to analyze CO distribution during meiosis in
a fungal species [36]. The surprisingly high num-
ber of low-intensity HEI10 foci (T3 class) detected
by the segmentation in this late pachytene-stage
nucleus suggests the need for further investigation
to understand their nature and possible function.
To further describe the properties of HEI10
classes, we investigated different relationships and
found that in most cells, typically high-intensity
HEI10 foci (T1) localize, on average, on chromo-
some regions with higher DNA compaction (DAPI
mean intensity) compared to low-intensity HEI10
foci (T3) (Figure 3k).

This image processing workflow facilitates the
scoring of class I CO and NCO foci across multi-
ple images, stages and genotypes, a task largely
done manually until now. In addition, segmenta-
tion is near-exhaustive and includes low-intensity
foci that were discarded from manual scoring in
former studies. This raises the question of the
dynamics of HEI10 and DMCI foci formation,
with possible intermediate stages represented by
low-intensity foci. In addition, it opens the possi-
bility to refine the analysis of CO/NCO spatial
organization and their fine-scale structure. For
instance, the localization of CO/NCO foci can be
measured relatively to the SC components as
a function of their intensity, and as a function of
local chromatin compaction.

Analysis of nuclear speckle distribution

A distinguishing feature of nuclear topography is
the ability to accommodate a variety of subnuc-
lear compartments including nuclear bodies.
Nuclear bodies are membraneless compartments

that spatially partition the nuclear environment
and are thought to facilitate enzymatic reactions
[37,38]. Similar to membrane-bound organelles,
they maintain an effective steady-state structure,
but likely by different mechanisms [39]. The first-
identified and best-characterized plant nuclear
bodies are the nucleolus and Cajal bodies.
Several other smaller structures have, however,
also been identified, including speckles, para-
speckles, coiled bodies and photobodies [40-42].
Unmasking the mechanisms by which cells
assemble, maintain and regulate nuclear bodies
and speckles, and the environmental and devel-
opmental factors contributing to the process, will
shed light on their biological functions. For
instance, splicing regulator (SR) proteins in
plants localize as speckles, the size and shape of
which are dependent on cell type, metabolic state
and transcriptional activity [41-43].

One way to elucidate the speckle dynamics of
nuclear bodies, which are not membrane-bound, is
through microscopy imaging and image analysis.
This approach enables the analysis of their spatial
distribution and their composition relative to
other nuclear components and DNA (chromatin)
density. In this example, we showcase a simple
image analysis workflow for analyzing the distri-
bution of nuclear speckles and bodies. We used
two images: Supplemental File 4 - image 4a
reports on the nuclear localization of a plant chro-
matin remodeler: a SWI/SNF subunit (called SSSU
here) forming nuclear speckles in leaf nuclei.
Supplemental File 4 - image 4b reports on the
nuclear localization of a mammalian chromatin
protein (here called CP) and of H3K27me3 form-
ing large nuclear bodies in nuclei of mouse naive
pluripotent embryonic stem cells [44]. CP is a Baz-
related subunit of the ISWI (Imitation SW1Itch)
family remodeling complex factor, interacting
with SNF2H, a SWI/SNF related remodeler [45]
(Santoro, Panatta, unpublished).

SSSU was found to interact with PWO1 and
CRWN1 (Kalyanikrishna, Jourdain, Schubert,
unpublished), a set of proteins involved in epige-
netic gene regulation and chromatin organization at
the nuclear periphery [46]. CRWN1 (CROWDED
NUCLEI 1), a nuclear lamina candidate in
Arabidopsis, interacts with PWO1 (PROLINE-
TRYPTOPHANE-TRYPTOPHANE-PROLINE
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Figure 4. Analysis of the spatial distribution of nuclear speckles and bodies. (a) Overview of the image analysis workflow,
details and training images are provided in Supplemental Files 4. The analysis of two images (Supplemental File 4 — image 4a and
4b) representing plant and animal nuclei are shown in (b-e) and (f-k), respectively. (b) Raw, STED image (3D projection) showing an
isolated leaf nucleus stained for DNA (magenta, Hoechst 580CP [26],) and immunostained for SSSU (green). (c) Segmentation result:
the nucleus, chromocenters (CC) and the nuclear speckles (SSSU) were segmented as surface objects (legend, right panel). (d) The
position of CC and SSSU speckles was plotted relative to the nucleus’ periphery defined by the surface’s boundary (0 = at the
boundary; negative values = toward the interior), n = 9 nuclei analyzed. (e) The relative enrichment of SSSU on chromatin was
plotted as the SSSU:DNA mean signal intensity ratio for different classes of speckles defined by their distance to CC (in pum). Plots
were generated using Dataviz (see Workflow 1) using data from n = 10 segmented nuclei. (f) Confocal image (3D projection) of
a nucleus from a mouse naive pluripotent embryonic stem cell stained for DNA (gray, DAPI), immunostained for the chromatin
protein under study (CP, green) and H3K27me3 (magenta) forming large nuclear bodies; the arrows show truncated nuclei in the
field of view undesirable for downstream analyses and eliminated upon masking at the next step. (g) Same image after 3D masking
using the nucleus surface created at step 1. (h) Results of image segmentation: the nucleus, chromocenters (CC) and the nuclear
bodies (CP and H3K27me3) were segmented as surface objects (legend, right panel). (i-k) Quantitative analysis of CC and nuclear
bodies: volume: (i) distance to the nucleus periphery (j) and overlapping volume ratios (k, left: CC and CP overlap, right: CP and
H3K27me3 overlap). Plots were generated using Imaris Vantage. Scale bar: (a-b), 2um; (f-h), 3 pm.
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INTERACTOR OF POLYCOMBSI), a plant-
specific protein associated with histones and PRC2
(POLYCOMBREPRESSIVE COMPLEX 2) [46].
Due to its possible interaction with CRWNI, we
asked whether SSSU is also located preferentially at
the nuclear periphery. To answer this question, we
tagged SSSU with YFP (YELLOW FLUORESCENT
PROTEIN) and imaged nuclei expressing SSSU-
YFP using STED microscopy. The image analysis
workflow consists of only a few steps (Figure 4a):
STED images reporting on the immunolabeled
SSSU-YFP and DNA counterstaining (Figure 4b)
were segmented for the nucleus, chromocenters
(CC) and SSSU-speckles, using the surface tool.
For segmentation of the nucleus, smooth, manual
contours were used, while for segmenting CCs,
automated, parameter-controlled settings were
applied. SSSU speckles were segmented as spot
objects of ca. 200 nm diameter. Segmentation data
of several images were exported and plotted using
DataViz (see workflow 1, Supplemental File 1 -
Dataviz_guidelines). SSSU-YFP speckles showed
a broad spatial distribution, with no clear preferen-
tial enrichment toward the periphery (Figure 4d), in
contrast to chromocenters as previously shown
[24,25]. We found, however, that SSSU speckles
are not uniform: they differ in their relative enrich-
ment (SSSU:DNA ratio), which correlates with the
proximity to CC (Figure 4e). Our analysis demon-
strates that the nuclear speckles formed by SSSU are
not preferentially enriched at the nuclear periphery
as would have been expected from their biochemical
interaction with CRWNI1. The analysis suggests
a differential enrichment depending on the proxi-
mity to other nuclear bodies, the CC, a relationship
whose functional relevance remains to be investi-
gated. This preliminary finding was unexpected and
was revealed thanks to the possibility to explore
multiple relationships between distance and inten-
sity measurements in DataViz using segmentation
data generated using this workflow.

In the second example, we were interested in
the CP protein localization relative to the
repressive nuclear compartments formed by
heterochromatin (chromocenters) and
H3K27me3 in nuclei of mouse naive pluripo-
tent embryonic stem cells. Nuclei stained for
DNA and immunostained for CP and

H3K27me3 were imaged at high resolution by
confocal microscopy (Figure 4f). To analyze the
distribution of CP bodies, we segmented the
nucleus, the chromocenters (CC), CP and
H3K27me3 nuclear bodies, as surfaces of adap-
tive size (Figure 4g-h). Volume measurements
show that CP bodies are smaller than CC but
larger than H3K27me3 bodies (Figure 4i, p <
0.001, Wilcoxon test) and are similarly distrib-
uted toward the periphery compared to CC and
H3K27me3 bodies (Figure 4j). The image shows
an intricate relationship between CP bodies, CC
and H3K27me3 bodies. Measuring the over-
lapped volume ratio is a useful approach to
quantify the fraction of spatially colocalizing
bodies (Figure 4k), revealing in our case
a frequent overlap of 50% or more of CP bodies
with H3K27me3 bodies. Conversely, the overlap
with CCs is less frequent and occurs to a lower
extent (<20%). This image analysis workflow
thus allows one to quantify features of the
nuclear body distribution that are otherwise
underappreciated with qualitative data alone.
Based on this simple workflow, further proces-
sing steps can be implemented that would con-
tribute to a refined analysis of the spatial
pattern of CP proteins relative to chromatin
density and H3K27me3 levels. This can include,
for instance, the creation of intensity-based
colocalization or ratio channels (not shown).

Analysis of the higher-order chromatin
organization in mitotic chromosomes

During mitosis, chromosomes reassemble into
compact bodies resulting from increased chroma-
tin fiber looping within the chromatids [47]. How
sister chromatids resolve into distinct structures
and which topological rearrangement contributes
to the final organization start being understood.
Yet, questions remain concerning the molecular
mechanisms and the regulation of this dynamic
process [47]. Also, whether the topological
arrangement in mitotic chromosomes is conserved
during evolution is not well known and is motivat-
ing for comparative investigations in less-well-
studied models [48].
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Figure 5. Analysis of the metaphase chromosome ultrastructure using volume measurement of oligo-FISH labeled regions.
(a) Overview of the image analysis workflow. (b) 3D-SIM raw image slice from a stack containing 30 slices at widefield resolution. (c)
3D-SIM processed image slice showing increased super-resolution. (d) Display adjustment to optimize the visualization of signals
with varying intensities. () Segmentation results: the chromosome is segmented using the DAPI channel and the generated 3D
surface is used as a mask to specifically retain chromosomal FISH signals and exclude the background. The segmentation is
presented sequentially for different FISH probe groups (e1-e3), and the result is shown in the merge (e4). e1, telomere, centromere,
and Stork probes; e2, Subtelomeres, Eagle, Rhea and Flamingo probes; e3, 45SrDNA (Nucleolus Organizing Region, NOR), Ostrich and
Moa probes. The Oligo-FISH probes label the bottom part of chromosome 5HL. (f) Side view of a 3D movie generated via the
‘Animation’ tool (Supplemental File 5 — video 1). (g) Volume data are read in the ‘Statistics'Tab for selected surfaces. (h) Data
visualization using the ‘Vantage’ tool for individual objects (top).

Oligo-FISH combined with spatial super-
resolution structured illumination microscopy (3D-
SIM) is a useful approach for resolving helical versus
non-helical arrangement of chromatin fibers in

chromatids. For instance, this method allowed us
to confirm that the chromatids of barley metaphase
chromosomes are formed by a helically wound
~400 nm chromatin fiber, the so-called
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chromonema [49]. Additionally, by measuring the
volume of oligo-FISH painted regions and based on
the DNA quantity used for the probes, it was possible
to calculate the chromatin compaction. With this
approach, different chromatin densities were found
along the barley chromosome arm 5 HL. Interstitial
arm regions were ~1.7 times more compact than
regions adjacent to the subtelomeres (34.1 vs. 19.5
Mb/ pm3, respectively) [49].

Workflow 5 describes the processing procedure
to segment an individual 5 H chromosome and the
different FISH signals to obtain quantitative mea-
surements on the degree of chromatin compaction
(Figure 5a; Supplemental File 5). In this example,
centromeres, 45SrDNA (NOR, nucleolus organizing
regions) telomeres, and subtelomeres of somatic
metaphase chromosomes were labeled with specific
FISH probes as described [49]. In addition, half-
and full helical turns of the chromonema were
painted by oligo-FISH at the long arm of chromo-
some 5H (Figure 5, probes were named according
to birds: Stork, Eagle, Ostrich, Rhea, Moa,
Flamingo) [49]. 3D-SIM raw data image stacks
(Figure 5b) were acquired using an Elyra PS.1
microscope system equipped with a 63x/1.4 Oil
Plan-Apochromat objective, processed with the
software ZENBlack (Carl Zeiss GmbH) (Figure 5c¢)
[50] and converted into an Imaris file. DAPI and
FISH signal intensities were adjusted for improving
the visualization using the ‘Display Adjustment’
tool (Figure 5d). The DAPI-labeled chromosome
was segmented using the surface tool, and the sur-
face was used to mask the image to remove the
background signal outside this region of interest.
Additional surfaces of the other, differently colored
FISH signals were generated (Figure 5e-f,
Supplemental File 5 — Video 1). The surface volume
data were established (Figure 5g), exported for
further analysis by compiling several images, and
used to calculate the volumetric density of the dif-
ferent FISH-labeled regions along the chromosome
[49]. An example plot for one chromosome is
shown in Figure 5h using Vantage.

Analysis of centromere and telomere positioning

Arabidopsis and barley are eukaryotic models
contrasting in their 3D interphase chromosome

organization. Arabidopsis has a small genome
of about 157 Mbp per haploid DNA content
(1C) packed into 5 chromosomes (2 n = 10),
whereas the barley genome is large, with
around 5.1 Gbp/1C divided into 7 chromo-
somes (2 n = 14) [51,52]. In Arabidopsis, cen-
tromeres are distributed relatively equally
around the nuclear periphery to which they
are attached, while telomeres are associated
with nucleoli and each chromosome occupies
a discrete territory within the nuclear space
[53]. In barley, interphase chromosomes are
organized in the so-called Rabl configuration
with the centromeres and telomeres clustered
at opposite nuclear poles [52]. While the Rabl
configuration has long been thought to be pre-
valent among monocot species, recent studies
show that it also occurs in dicot species and
that variations exist within the same phyloge-
netic group [54]. In addition, this peculiar
organization can occur in a tissue-specific man-
ner, as in rice [55]. To better characterize the
occurrence of Rabl vs. non-Rabl configurations
and their possible intermediates, in different
species and tissue types, there is a need to
define an image analysis workflow quantifying
telomere and centromere distribution in the
nuclear space. We present such a workflow
(overview Figure 6a) illustrated with two exam-
ples, corresponding to studies of chromosome
organization in a monocot species (barley,
Figure 6b-f) and in a dicot species
(Limnanthes  floccosa  subsp. bellingeriana,
Figure 6g-j). Details, parameters, and demo
images are available in Supplemental Files 6.

A first example is given for barley nuclei
(Figure 6b-f). Nuclei extracted from seeds
(Figure 6b) were flow-sorted as described [56]
and labeled by FISH using fluorescently labeled
oligoprobes (Cy3-labeled CEREBA-centromeric
repeat; [57] and Cy5-labeled Arabidopsis-type
telomeric repeats [58]). Z-stack images were
acquired with an epifluorescence microscope con-
nected with a spinning disk (Andor, Oxford
Instruments, UK). Centromeric and telomeric
FISH signals and the DNA counterstain (DAPI)
were pseudo-colored in magenta, yellow, and gray,
respectively. Two types of seed nuclei are shown
(Type I, Type II, Figure 6c). Images are first



a Workflow 6 (overview)

Centromeres and telomeres
segmentation
(Spots segmentation )

Raw image

Step 1

Type | nucleus

z
>

Telomeres

Type Il nucleus

f Measurements and data visualisation

-to-Telomeres
shortest distance

°
~

o
()

CEN-TEL distance
(relative*)

Typel Typell

(Surface)

Step 2 Step 3

Raw images TEL and spots

and Telomeres
shortest distances to nucleus surface

Distance to nucleus surface x
(relative**)

e

(3D rendering, clipping planes),

nucleus
surface

telomeric
signals

35S rDNA
signals

4
-
°
a
=
=
[}
o
k7]
o
<4
S
5}
c
0
L
®
o
c
i}
2
o

centromeric

signals

NUCLEUS (&) 291

Export Data analysis
measurements
Step 4 Step 5

~
[}
2
s
[
=

Nucleus Surface

Telomere-to- Telomere
Distance to nearest neighbors

o
IS

o
w

o
N

©
-

™

telomeres

/

2N e
Distance to nucleus surface

0

Distance to nucleus surface

centromeres

+ Clipping planes

TEL CEN
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segmented on the channels reporting on FISH
signals to create spot objects corresponding to
centromeres (CEN) and telomeres (TEL),
(Figure 6d) using the automated tool. The spot
diameter is adjusted to the average size of FISH
foci (ca 300 nm). The nuclear surface is rendered
using a low smoothing factor (Figure 6e). For
a better visualization of the spot distribution inside
the nucleus, the surface is set to transparent or can
be digitally sectioned using a clipping plane
(Figure 6e). This segmentation and 3D visualiza-
tion approach allowed us to realize that the seed
nuclei population was composed of two categories
of nuclei. In type I nuclei, centromeric and telo-
meric spots are grouped to opposite sides of the
nucleus, reflecting Rabl-like features. In type II
nuclei, they distribute in the whole 3D nuclear
space, which corresponds to a non-Rabl configura-
tion. To support this observation by quantitative
measurements, we exported three types of distance
measurements (Figure 6f): (i) shortest distance
between centromeric and telomeric spots
(Figure 6f;), (ii) shortest distance of centromeres
and telomeres to the surface, corresponding to the
nucleus border (Figure 6f,), and (iii) average dis-
tance to top five neighboring spots for each group
(centromeres, telomeres, Figure 6f;). Because dis-
tances depend on the nucleus size, we normalized
them using the nucleus diameter (graphs shown in
Figure 6f express relative distances). The quantita-
tive analysis shown in Figure 6f based on ca. 20
nuclei supported a contrasted spatial distribution
of telomeres and centromeres in the two cate-
gories, with notably clear segregation of telomere
and centromere groups in Type I nuclei (fl),
located closely to the nuclear surface (f2). We

also noticed a shorter distance between telomeres
and centromeres in Type II nuclei, which was
unexpected. Because this type of nuclei is fre-
quently highly endoreduplicated, this led us to
investigate further the relationship between ploidy
and chromosomal organization (Nowicka, Pecinka
et al., submitted).

A second example is shown using nuclei from
L. floccosa subsp. bellingeriana (Figure 6g-j).
Nuclei extraction from different types of tissue,
FISH protocol and imaging were previously
described by [54,59-61]. A similar procedure
was applied to segment the nucleus based on
DAPI staining (gray) and FISH signal reporting
on the telomeres (cyan), centromeres (magenta)
and 35S rDNA loci (yellow) (Figure 6h-i). In this
example, centromeres and telomeres clearly
showed clustering toward the nuclear periphery
as shown with a median distance of spots around
0.6 pum (TEL) to 1 um (CEN) in a nucleus of ca.
12 um diameter (Figure 6j). We used this work-
flow for the analysis of nuclear organization in
Crucifer genomes [54], in seven diploid species
with up to 26-fold variation in genome size. This
allowed to wunveil species-specific patterns in
nuclear organization [54].

For a trained user, the workflow takes approxi-
mately 20 minutes or less per image. This work-
flow can be used to compare the spatial
distribution of chromosomes at interphase using
centromeres and telomeres as references. Distance
measurements across image replicates offer the
possibility to detect quantitative differences invisi-
ble to the eye, between tissue types and cell types
and to characterize potential mutant phenotypes
in genetic analyses.

following segmentation, whole nuclei (left) or clipped (right), exposing the CEN and TEL signals in the interior of the nucleus. (f) The
distribution of telomeres and centromeres is described according to three measurements derived from spot-to-spot or spot-to-
surface statistics: shortest distance between centromeres and telomeres (f1), shortest distance of centromeres to the nucleus surface
and shortest distance of telomeres to the nucleus surface (f2), inter-centromere and inter-telomere distances computed as the
average distance to the nearest 5 neighbor spots of the same category (f3). In blue, schematic representation of the measured
distance. Distances were exported and normalized to the nucleus diameter (f1, f3) or nucleus volume (f2) and plotted using the
ggplot GUI online tool (https://shiny.gmw.rug.nl/ggplotgui/). The lower and upper hinges of the boxplots correspond to the first and
third quartiles of the data, respectively, the black lines within the boxes mark the median. Five to ten nuclei were used for each
measurement. Black spots beyond the whiskers represent outliers. (g-j) lllustration of the workflow on a Limnanthes leaf nucleus, (g)
Limnanthes floccosa subsp. bellingeriana, (h) Raw image (3D projection) of a nucleus stained for centromeric repeats (magenta),
telomeric repeats (cyan) and rDNA repeats (yellow) by FISH, counterstained for DNA (DAPI, gray), imaged by confocal laser scanning
microscopy, (i) 3D nucleus following segmentation of FISH signals and DNA as surfaces. (j) Distance of the different segmented
groups relative to the nucleus surface were plotted in Imaris Vantage; images showing a distance-coded coloring are shown for
centromeres (CEN) and telomeres (TEL).
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Figure 7. Division angle measurement using surface-rendered cellular structures in living barley root cells. (next page).
(a) Workflow overview showing the sequence of tasks to process a raw picture up to the setting of measurement lines within
the 3D cell space. (b) Confocal imaging of barley root tissue from a young seedling expressing CFP-H2B marking the
chromosomes (cyan) and RFP-CenH3 marking the centromeres (magenta). In addition, cell wall autofluorescence upon UV
excitation was used to mark the cell’s boundaries (cyan). The image is a partial projection from a z-stack. (c) 3D cropping of the
image to select a region of interest containing a dividing cell in mitotic anaphase (yellow frame). Orthogonal projections are
shown in xy, yz and xz. (d) The cropped image is rendered in 3D using the ‘blend” mode. (e) “‘Surface’ rendering of segmented
centromeres (magenta) and the cell wall (cyan). (f) Setting of ‘Measurement points’ and their connective lines. AB defines the
axis along which chromosomes are pulled (orthogonal to the chromosome plates), BC defines the cell’s elongation axis. (g)
Detailed visualization of the lower metaphase plate and angle formed between both axes defined by AB and BC measurement
lines. The angle is measured in 3D by Imaris. Scale bars: b-f, 5 um; g, 1 um.
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Analysis of mitotic chromosome orientation
during division

Mitosis is the process by which organisms
increase the number of cells. In plants, the
highest number of mitotically active cells can
be found in the root and shoot apical meristems
(RAM and SAM, respectively) [62]. We focused
the analysis on chromosome organization and
orientation in living barley roots. Both cell divi-
sion orientation and cell elongation contribute
to the oriented growth of the root. Changes in
the mitotic division orientation affect root
shape and anatomy [63]. In Vicia faba, chro-
mosome positioning correlates with the cell
division plane and ultimately cell shape [64].
Notably, it was speculated that cell size could
be a limiting factor forcing the spindle axis to
be tilted, deviating slightly from the main axis
of cell and organ elongation. Analyzing the
orientation of mitotic chromosomes during
cell division is thus relevant to understand this
intricate relationship.

We designed a 3D microscopic image analysis
workflow described in Figure 7a and detailed in
Supplemental Files 7 containing a protocol and
troubleshooting tips. We used barley chromatin
and centromere fluorescent marker lines (FMLs)
expressing translational fusions of histone H2B
with CYAN FLUORESCENT PROTEIN (CFP-
H2B) and -CENTROMERIC HISTONE H3 with
RED FLUORESCENT PROTEIN (RFP-CENH3),
respectively (Kaduchova, Pecinka et al., in pre-
paration). Z-stack images were acquired using
a Leica TCS SP8 STED3X confocal microscope
equipped with a Leica Application Suite X (LAS-
X) software version 3.5.5 with a Leica Lightning
module (Leica, Buffalo Grove, IL, USA) (Leica
Microsystems, Wetzlar, Germany). In addition,
we took advantage of the fact that barley cell
walls have an autofluorescence detectable in CFP
emission spectra [65], allowing simultaneous
visualization of chromosomes, centromeres, and
cell walls. Centromere signals were pseudo-
colored in magenta, chromatin with cell walls in
cyan. The raw image (Figure 7b) presenting several
cells in the root was cropped around one cell
showing chromosomes at anaphase (Figure 7c).
Centromeres were segmented with the ‘spots’ tool

(Figure 7d). Chromosomes and cell walls were
segmented using the ‘surface’ tool (Figure 7e).
Using the tool ‘Measurement point’, we created
spots (connected by a measurement line) at key
positions, providing information on the cell elon-
gation axis (A-B), on the pulling axis of the chro-
mosomes (A’-B) and a reference axis (B-C)
(Figure 7f, see Supplemental File 7 for detailed
explanation), which allowed for angle measure-
ments (Figure 7g).

For a trained user, the workflow takes approxi-
mately 30 min per image. This workflow will allow
one to measure the relationship between the orien-
tation of the spindle axis during division and cell
shape (elongation) and its variation between tissue
and cell types. In addition, the possibility to mea-
sure this relationship opens the possibility to
quantify the effect of genetic or environmental
factors with large or subtle effects on the cell divi-
sion axis.

Conclusive remarks

We present here a set of seven image analysis
workflows enabling the quantitative study of
the spatial organization of chromosomes and
chromatin components. The workflows cover
applications for studies at interphase (work-
flows 1, 2, 4, 6), mitosis (workflow 5, 7) or
meiosis (workflow 3). Workflows 1, 2 and 4
demonstrated the possibility to discover spatial
distribution patterns, taking as examples tran-
scription clusters, nuclear bodies and speckles
and nuclear envelope-associated proteins. Such
patterns were revealed thanks to the exploration
of possible relationships between distance and
intensity measurements among the different
objects of the segmented images. Workflow 6,
exploring genome organization at interphase,
illustrates the quantitative power of image seg-
mentation to precisely measure the spatial posi-
tioning in the nuclear space and the clustering
of telomeres and centromeres. These features
describe different types of 3D genome organi-
zation depending on cell type and species. The
interest in performing image analysis for chro-
mosome studies was further illustrated with
workflows 3 and 5 focusing on condensed



chromosomes at meiosis or mitosis, respec-
tively. Workflow 1 demonstrates the usefulness
of image segmentation for quantifying the
number and distribution of crossover compo-
nents on meiotic chromosomes and revealing
the possible enrichment in relation to the
synaptonemal complex and that of chromoso-
mal regions. Workflow 5 shows that volumetric
measurements of FISH signals enable determin-
ing chromatin density (compaction) in different
genomic regions. Finally, workflow 7 proposes
an approach to measure the angles between
chromosome and cell elongation axes and to
investigate the relationship between cell divi-
sion orientation and chromosomal positioning.

Image segmentation delivers a wealth of infor-
mation related to signal intensity, distribution
pattern (texture), shape, size and distance rela-
tionships between segmented objects [1]. Thus,
images become associated with many variables
and entry types, generating big data. Those can
either be explored in a non-hypothesis-driven
way using multidimensional data analysis
(Bagheri et al., 2022) or in a hypothesis-driven
manner following a careful choice of data for
export. Even when exporting a selective number
of image descriptors, the analysis of replicate
image datasets, in different conditions (treat-
ments or genotypes), labeled for multiple com-
ponents, quickly generates a large numerical
dataset. Versatile data visualization interfaces
become handy at this stage. Here, we provided
some examples among the numerous available
solutions. We developed a customized Shiny-
based (shiny.rstudio.com/) data visualization
interface, DataViz, for processing (normalizing,
filtering), exploring and plotting intensity, mor-
phology and distance measurement data
exported from segmented images. Normali-
zation of intensity or distance measurements
per image is important for considering varia-
tions that may arise between images during sam-
ple preparation, imaging or image acquisition
[1,12]. The examples provided here propose dif-
ferent strategies depending on the image analysis
question. Versatile data visualization greatly
facilitates the explorative work, which in turn
has the potential to seed discoveries, revealing
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unexpected patterns or relationships and driving
further analyses or experiments.

Although these workflows were developed to
analyze nuclei and chromosome organization
mostly in plant cells, these are conceptually applic-
able to nuclei of other species. An example is
shown in workflow 4 with the analysis of nuclear
bodies in mouse embryonic stem cells. In addition,
these image analysis workflows are expected to
inspire cell biologists beyond the study of the
nucleus and its constituents. For instance, trans-
posed at the cellular scale, workflow 1 or 4 could
be applied to analyze the spatial distribution of
vesicles or cytoplasmic bodies within a cell, using
cell segmentation modules to create the initial sur-
face object (see, for instance, but not exhaustive,
references [66-68]).

Finally, while based on a particular (commer-
cial) software piece, the concept of these work-
flows is expected to be transferable to other
concurrent software offering similar image analy-
sis tools (Supplementary File 8 — Table 1). One
example is the 3D Image] Suite [8,10] popularized
by the NEUBIAS COST action [8] which also
offers a set of Fiji-based plugins for analyzing the
spatial distribution of nuclear signals.

The increasing number of user-friendly plat-
forms and the growing performance of segmen-
tation algorithms greatly facilitate image
analysis. Yet, this progress should not elude
the need to reflect on the pertinence of the
segmentation applied relative to the image fea-
tures extracted by the process — and that will
ultimately be interpreted in a biological context.
Segmentation is influenced by the image qual-
ity, and specific metrics have been proposed to
control for it [69]. In addition, when establish-
ing a segmentation pipeline for the first time,
several thresholds relative, for instance, to sig-
nal intensity, contrast and seed size must be
adjusted that influence object detection. These
thresholds influence the results in terms of the
number, size, shape and texture of objects (dis-
cussed in [1,3]). In a semi-automated, user-
guided segmentation such as proposed here,
how to decide on a specific threshold or cutoff
values can be difficult (of note, this type of
decision is similar to those met in
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bioinformatics analyses to select sequencing
reads based on their quality, replication and
cutoff levels). Threshold values must be justi-
tied with sufficient criteria to be reproduced
and understood by peer users. Alternatively,
and when image quality is relatively homoge-
neous in a dataset, it is possible to use values
automatically proposed by the algorithm as
those are usually derived from image-based sta-
tistical parameters. We address this issue and
propose solutions for each workflow in their
detailed description (supplemental files 1-7).
Yet, the rapid emergence of machine-learning
(ML) Dbased segmentation algorithms is
expected to ease the application of optimal seg-
mentation parameters, although an initial
investment is required to train the algorithm
with ground-truth images (discussed in [1,12]).
Eventually, and perhaps most importantly, the
image analysis becomes only relevant when two
or more biological conditions are compared.
Sample preparation and image analysis done
in the same conditions and by the same user,
ideally in a blind analysis design, will average
possible technical and cognitive biases through-
out the datasets. This will, in turn, allow us to
draw relevant conclusions relative to the type
and the order of magnitude of changes corre-
lated with a treatment, a genotype or cell type,
for a given spatial pattern describing nuclear,
chromatin or chromosome organization.

The compendium of workflows presented
here, with its illustrations, training images and
detailed guidelines, aims at inspiring experimen-
talists in the field of chromatin, chromosome
and nucleus organization studies, with no or
little expertise in image processing. This effort
responds to the rapid development of micro-
scopy imaging techniques and the needs of
a wider community to have well documented
and conceptually accessible image analysis tools
[13]. Ultimately, this allows to exploit image
data to an unprecedented level of analysis.

Note

1. https://omero.bio.fsu.edu/webclient/userdata/?experi
menter=-1 folder IDP 3008_Randall-Baroux2022
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SUMMARY

Mitosis and cytokinesis are fundamental processes through which somatic cells increase their numbers and
allow plant growth and development. Here, we analyzed the organization and dynamics of mitotic chromo-
somes, nucleoli, and microtubules in living cells of barley root primary meristems using a series of newly
developed stable fluorescent protein translational fusion lines and time-lapse confocal microscopy. The
median duration of mitosis from prophase until the end of telophase was 65.2 and 78.2 min until the end of
cytokinesis. We showed that barley chromosomes frequently start condensation before mitotic pre-
prophase as defined by the organization of microtubules and maintain it even after entering into the new
interphase. Furthermore, we found that the process of chromosome condensation does not finish at meta-
phase, but gradually continues until the end of mitosis. In summary, our study features resources for in vivo
analysis of barley nuclei and chromosomes and their dynamics during mitotic cell cycle.

Keywords: Hordeum vulgare, barley, mitosis, 3D nuclear organization, chromosomes, chromatin, microtu-
bules, live imaging, confocal microscopy, crops.

Linked article: This paper is the subject of a Research Highlight article. To view this Research Highlight article
visit https://doi.org/10.1111/tpj.16392.

INTRODUCTION in plants is still limited. Mitosis in plants differs from that

Mitosis is the main process of cell division by which organ- in metazoa by some unique features due to the absence of

isms increase the number of cells and regulate their
growth and development. During the cell cycle, the cells
duplicate the majority of cellular components, genetic
material, organelles, and other macromolecules, which are
equally distributed into the newly emerging daughter cells
(Gutierrez, 2009). The mitotic cell division and its regula-
tion are studied in great detail in several fungal and meta-
zoan models, including humans (Kimata et al., 2020;
Kraikivski et al., 2015; Levine & Holland, 2018; Pintard &
Bowerman, 2019). However, the amount of information
about the kinetics and molecular control of mitotic division
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a centrosomes (Ambrose & Cyr, 2008), the formation of
phragmoplast, and the centrifugal emergence of new cell
wall between daughter cells (Gutierrez, 2009; Smertenko
et al., 2017). During the late G2 phase, cortical microtu-
bules reorganize to create a structure characteristic of
mitotic pre-prophase called pre-prophase band (PPB), indi-
cating the position and orientation of the future division
plane in plant cells (Ambrose & Cyr, 2008; Rasmussen &
Bellinger, 2018). Microtubular PPB remains through pro-
phase until it rearranges in prometaphase to give rise to
the bipolar mitotic spindle composed mainly of
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microtubules, microtubule-associated proteins, and kine-
sins (Ambrose & Cyr, 2008; Liu & Lee, 2022; Smertenko
et al., 2017; Zhang & Dawe, 2011). Mitotic spindle kineto-
chore microtubules attach chromosomes by interaction
with their kinetochore structures and migrate them to form
the metaphase band which helps to separate chromatids
of individual chromosomes equally into the daughter cells
by pulling them to the opposite cell poles in anaphase.
Daughter cells are then separated by another plant-specific
structure, phragmoplast (Smertenko et al., 2017). Phragmo-
plast is formed by a bipolar array of microtubules and actin
filaments together with cytokinetic vesicles creating a cell
plate that will separate sister cells during cytokinesis
(Donaldson, 2020; Smertenko et al., 2017). In parallel to
microtubule dynamics, specific changes occur in the cell
nucleus. The chromosome organization and dynamics are
controlled by the activity of structural maintenance of chro-
mosomes (SMC) complexes. The chromosomes condense
by the activity of Condensin | and Il complexes into the
rodlike structures with sister chromatids being held
together along the arms and particularly in centromeric
regions by the Cohesin complex (Fomproix et al., 1998;
Gibcus et al., 2018; Hernandez-Verdun, 2011). Nucleoli dis-
perse at the beginning of mitosis and reemerge in course
of telophase around 45S rDNA loci (Hernandez-
Verdun, 2011; Perutka et al., 2021).

Knowledge of the molecular mechanisms governing
plant mitosis is based mostly on model species Arabidop-
sis thaliana where a broad range of genetic and molecular
tools is available (Echevarria et al., 2021; Gutierrez, 2009;
Liu & Qu, 2008; Noir et al., 2015). Despite many advantages
of Arabidopsis, the small size of its chromosomes may hin-
der the resolution of specific chromosomal structures dur-
ing mitosis. Moreover, Arabidopsis chromosomes enter
mitosis from a rather unique rosette-like interphase organi-
zation. Most importantly, whether the observations made
in Arabidopsis mitosis are representative also for phyloge-
netically distant plant species with a different genome
structure and 3D organization remains unclear, for instance
in important crops from the Triticeae tribe such as Hor-
deum vulgare (barley) or Triticum aestivum (bread wheat).
In these species, interphase chromosomes occupy the Rabl
configuration (Rabl, 1885) with centromeres and telomeres
grouping at opposite nuclear poles. Chromosomes in Rabl
configuration can possibly be condensed in early mitosis
and can interact with kinetochores directly after the nuclear
envelope breakdown in early prometaphase (Rosa &
Shaw, 2013; Zhang & Dawe, 2011). This may simplify the
formation of the mitotic spindle and speed up cell division.
Until now, the knowledge about mitotic dynamics and the
proportion of cells in different cell cycle stages in Triticeae
is based on the combination of replication-coupled chro-
mosome labeling with modified nucleotides and flow sort-
ing which enabled to set length of the different cell cycle

© 2023 The Authors.
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stages (Baiza et al., 1989; Demchenko & Demchenko, 2001;
Mickelson-Young et al., 2016). The flow sorting technique
of interphase nuclei or metaphase chromosomes in combi-
nation with fluorescence in situ hybridization (FISH) and
immunostaining extended knowledge about their structure
and organization (Fuchs et al., 2006; Jasencakova et al.,
2001). Nuclei, chromosomes, and microtubules were also
studied using microtubular drugs such as taxol, oryzalin,
and colchicine combined with cytochemical staining of
nuclei and chromosomes or with tubulin immunolocaliza-
tion (Baluska et al.,, 1997). However, these techniques
based on fixed samples cannot provide information about
the kinetics of chromatin, nucleoli, and microtubules and
the duration of mitotic stages.

In this study, we present a unique analysis of the
nuclear organization and dynamics of mitosis in root meri-
stematic cells of living barley plants. We provide a compre-
hensive overview of the organization of several nuclear
domains and microtubules and show that chromosome
condensation precedes and outlasts mitosis in some cells
and that multiple factors need to be considered for the cor-
rect estimation of each cell cycle stage. In addition, we esti-
mated the duration of individual mitotic phases and show
that chromosome condensation gradually continues
throughout the entire mitosis in barley.

RESULTS

Development of fluorescent marker lines (FMLs) for in vivo
analysis of mitosis, nuclear, and microtubule organization
in barley

We selected the barley homologs of HISTONE H2B (H2B),
TUBULIN ALPHA 3 (TUAS3), and FIBRILLARIN 1 (FIB1) as
candidates for the development of barley fluorescent
marker lines (FLMs) (Boisnard-Lorig et al., 2001; Ludwig
et al., 1987; Reichow et al., 2007). These proteins were N-
terminally and translationally fused with different variants
of fluorescent proteins resulting in CYAN FLUORESCENT
PROTEIN-H2B (CFP-H2B), ENHANCED YELLOW FLUORES-
CENT PROTEIN-H2B (EYFP-H2B), mCHERRY-TUA3, and
EYFP-FIB1 under the control of maize UBIQUITIN 1
(ZmUBI1) promoter. The signals of fluorescent proteins
and their subcellular localization were monitored using
confocal microscopy in barley root apical meristems (Fig-
ure 1). To minimize tissue damage by the excitation laser,
we focused primarily on the epidermal and outer cortex
cell layers and kept the laser intensity at moderately low
level (<46% of the possible maximum intensity). Only dip-
loid plants with fluorescent signals in chromatin (CFP-H2B
and EYFP-H2B), microtubules (mCHERRY-TUA3), and
nucleolus (EYFP-FIB1) were used for the experiments. Fur-
thermore, the single FMLs were crossed to obtain com-
bined FMLs with two or three fluorescently labeled
compartments (Figure 1). The list of all FMLs used in this
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CFP-H2B EYFP-H2B EYFP-FIB1 mCHERRY-TUA3
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MCHERRY-TUA3
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EYFP-FIB1 mCHERRY-TUA3 mCHERRY-TUA3

Figure 1. Overview of barley fluorescent marker lines developed and used in this study.
Representative confocal microscopy optical longitudinal sections of roots from single, double, and triple fluorescent marker lines. Multimarker lines were gener-
ated by crossing single lines. The squares indicate selected magnified regions that are shown below each root. Scale bars = 20 um.

study is provided in Table S1. The constitutive overexpres-
sion of the translational fusion proteins might negatively
affect various cellular processes and cause reduced plant
fitness. To exclude such effects, we monitored single and
combined FMLs at approximately Z70-Z90 Zadoks scale
stages corresponding to maturing plants (Zadoks, 1985)
and also looked at their dry grains (Figure S1). The only
line that showed a phenotypic difference relative to the
non-transgenic plants was CFP-H2B mCHERRY-TUA3 dou-
ble FML with slightly shorter stems and fewer tillers
(Figure S1). However, the localization of the fluorescent
fusion proteins was the same as in the single FMLs. Hence,
we successfully established a series of barley single and
multiple FMLs for in planta detection of chromatin, micro-
tubules, and nucleoli.

Analysis of nuclear and mitotic chromosome organization
using FMLs

At first, we determined individual stages of the cell cycle
using parameters such as the nucleus size, condensation
and compaction of chromatin, morphology of nucleoli,
arrangement of microtubules, and cell shapes (Figure 2).
The cells in early G1 were observed typically shortly after
the cytokinesis and were prominent by their still partially
condensed chromosomes, resembling a relaxed telophase
figure. The mitotic microtubule network persisted around
newly reconstructed nuclei but dispersed homogenously

through the cytoplasm from mid-G1 to late G2. Afterward,
the microtubules became prominently visible in the cyto-
plasm, later arranged themselves around the nucleus
periphery, and finally formed a pre-prophase band (PPB).
Another typical sign of G1 cells was a prominent shape
visualized using autofluorescence in the CFP emission
spectrum (Donaldson, 2020). The cell walls of G1 cells par-
allel with the main root axis (x white lines; Figure 3a) were
distinctly shorter compared with those perpendicular to
the main root axis (y red lines; Figure 3a), reaching signifi-
cantly differentiated mean x/y ratios of 0.62 (G1 cells) and
1.3 (G2 cells) (one-way ANOVA and Tukey HSD signifi-
cance test, P <0.01; Figure 3b). The number and structure
of nucleoli were other dynamic parameters (Figure 3c-e). A
typical early G1 nucleus contained three to four small and
dense nucleoli, the latter indicated by the intense and uni-
form EYFP-FIB1 signals that progressively fused into one
or two nucleoli in late G2 (Figure 3d). We also noted a sig-
nificant increase (one-way ANOVA and Tukey HSD signifi-
cance test, P<0.05) in nucleoli total volume from
102.93 pm?® in early G1 to 188.56 ym® (+83.2%) in late G2
nuclei (Figure 3d). This might reflect an increased ribo-
some synthesis initiated during the S phase and continu-
ing in the G2 phase (Hernandez-Verdun, 2011; Lockhead
et al., 2020). After the S phase, G2 cell nuclei increased sig-
nificantly (one-way ANOVA and Tukey HSD significance
test, P < 0.05) their volume from 286.74 um3 (early G1) to

Figure 2. Localization of fluorescent marker proteins in different cell cycle phases.

The rows represent images of typical barley epidermal cells corresponding to individual cell cycle phases. The columns show signals of individual marker pro-
teins: CFP-H2B for chromosomes (cyan), mCHERRY-TUA3 for microtubules (red), EYFP-FIB1 for nucleolus (yellow), and their combination (merge). Non-nuclear/
chromosomal signals in the first column correspond to cell walls that are visible due to cell wall autofluorescence in the CFP emission spectrum. Scale

bars =5 um.
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493.08 ym® (late G2; +71.9%) and/or area from 49.19 pm?
(early G1) to 71.29 pum? (late G2; +44.9%) (Figure 3F,G). The
phases from mid-G1 to mid-G2 could not be unambigu-
ously distinguished with our FMLs due to the absence of
stage-specific structures formed by the selected marker
proteins.

Next, we focused on mitotically dividing root cells
(Figure 2). A typical mitotic pre-prophase was hallmarked
by the presence of PPB surrounding the nucleus. The band
appeared on single confocal optical sections as two bright
spots of mMCHERRY-TUA3 at the opposite sides of the
nucleus. The pre-prophase nuclei were characterized by
the presence of one or two large nucleoli undergoing
relaxation as the cell progressed through mitosis. To our
surprise, the chromatin structure of pre-prophase cells (as
defined by the PPB) was not uniform. Around 40% of the
pre-prophase cells contained at least partially condensed
chromosomes with visible chromatin folds and loops,
especially when examined using the EYFP-H2B line with a
strong signal (Figure 4A,B). This suggests that the chroma-
tin condensation is initiated already during mitotic pre-
prophase and/or that the chromosome condensation is
maintained during the interphase in some barley cells.
During prophase, the microtubules formed a prominent
spherical structure around the whole nucleus on single
confocal optical sections, which was persistent until the
nuclear envelope breakdown (inferred indirectly based on
the relocalization of microtubules) at the start of prometa-
phase. Chromatin condensation progressed in prophase
cells and the sister chromatids became even more promi-
nent. At this stage, the nucleolus rapidly changed its struc-
ture from a weakly relaxed sphere in pre-prophase and
relaxed conformation in prophase to a diffuse EYFP-FIB1
signal in prometaphase. At the end of prometaphase, a
weak EYFP-FIB1 signal was distributed equally throughout
the whole cell. After the nuclear envelope breakdown,
mCHERRY-TUA3-tagged microtubules formed a mitotic
spindle in the central part of the cell and connected with
the chromosomes at the region of centromeric constric-
tions (Video S1, 4 min; left mitotic cell). Subsequently, the
chromosomes moved into the central part of the cell to
form a typical metaphase band, and even the sister chro-
matids of individual chromosomes were distinguishable
(Figure 2). The sister chromatids were aligned alongside
each other, suggesting their persisting cohesion. Besides
the random EYFP-FIB1 localization in the cytoplasm, the
protein was enriched on the surface of the condensed
chromosomes from metaphase until the telophase. In ana-
phase, the chromosomes were pulled to the opposite poles
of the mitotic spindle. Interestingly, we found that the
chromosome condensation did not stop at metaphase but
gradually continued until the end of mitosis (Figure 2). The
approximate average chromosome arm length significantly
shortened from 8.05 um in prophase to 5.76 um in

metaphase, 4.71 um in anaphase, and reached a minimal
length of 4.25 uym in telophase, corresponding to a 47%
reduction from the beginning till the end of karyokinesis
(P <0.05, one-way ANOVA; Figure 4c). During the transi-
tion from anaphase to telophase (Figure 2), the mitotic
spindle was assembled by a set of polar microtubules. In
addition, the microtubules assembled in the central part of
cell division plane, where the early phragmoplast was initi-
ated. The phragmoplast was visible by using molecular
marker mCHERRY-TUA3, and forming cell plate was
detectable in the CFP emission spectrum owing to the
autofluorescence of cell wall components. From mid-
telophase, the chromosome structure became gradually
relaxed and the nuclear envelope was formed, thus recon-
stituting the daughter cell nuclei. However, the individual
chromosome arms were distinguishable and maintained
the same orientation as in the anaphase stage. In parallel,
microtubules reorganized to support an extension and for-
mation of late phragmoplast visible during the telophase
as a double-layered disk along a cell division plane visual-
ized by the mCHERRY-TUA3 marker. At the cytokinesis, the
phragmoplast gradually decomposed from the centre to
the periphery during progressive extension. In parallel, the
EYFP-FIB1 signals disappeared from the chromosomes and
nucleoli started to form (Figure 2). Each of the daughter
cells contained typically three to four nucleoli (Figure 3b).
Two nucleoli signals were larger and persisted in the
nuclei almost through the whole interphase until the late
G2 where they eventually fused into a single large one.

Determining the duration of barley mitotic stages

The time of mitosis defines the speed of cell division.
Therefore, we analyzed the time of individual mitotic
stages based on live imaging of 131 dividing cells
(Figure 4d). Time-lapse recordings of cells undergoing
mitotic division are captured in supplementary video files
(EYFP-H2B mCHERRY-TUA3; Video S1; EYFP-FIB1
mCHERRY-TUA3, Video S2; CFP-H2B EYFP-FIB1, Video S3).
We defined the start and the end of individual stages
based on the configuration of marker proteins (Figure 2).
We started the measurements at the beginning of pro-
phase when microtubules formed bright PPB surrounding
the nucleus. The prophase had a median duration of
32.6 min and was relatively variable in length as the short-
est one took 19.5 min while the longest was 41.6 min. Pro-
metaphase started with the breakdown of the nuclear
envelope, which was visible as a loss of perinuclear spheri-
cal microtubule signal and spreading of the FIB1 signal
through the cellular space and ended with microtubules
forming a mitotic spindle with individually distinguishable
chromosomes located in the central part of the cell. This
stage had a median length of 7.2 min, and it varied from
3.4 min to 15.9 min (with some outliers up to 17 min). The
median metaphase length was 9 min, and the shortest
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Figure 3. Nuclear and nucleolar parameters of barley G1 and G2 cells.

(a) Representative images of early G1 and late G2 cells expressing nucleolar
(EYFP-FIB1; yellow) and nuclear (CFP-H2B; cyan) fluorescent markers; auto-
fluorescent cell walls are visible in cyan channel. The white lines (x) show
cell walls linear, and red lines (y) show cell walls perpendicular with the
main root growth axis.

(b) The box plots show the cumulative cell wall ratio of x/y. The black lines
within the boxes mark the median, whiskers mark 10 and 90 percent inter-
vals. The lower and upper hinges of the boxplots correspond to the first
and third quartiles of the data. A total of 50 nuclei were measured for G1
(n=25) and G2 cells (n= 25). Different letters indicate significant differ-
ences (P < 0.01, one-way ANOVA, factor 1 = cell walls ratio), and grouping
was done using the Tukey and Fisher methods. Scale bars =5 um.

(c) 3D projection of cells in early G1 and late G2 expressing nucleolar
(EYFP-FIB1; yellow) and microtubular (mCHERRY-TUAS3; red) fluorescent
markers before and after 3D surface rendering made in IMARIS bitplane
software (rendering parameters: surface detail 0.149 pum; absolute intensity
thresholding; 89% voxels above 10). Scale bars = 5 pm.

(d) Number of nucleoli per cell in early G1 and late G2 phases. A total of
100 nuclei were measured for G1 (n = 50) and G2 nuclei (n = 50). The box-
plot design and statistics are the same as in (b).

(e) Nucleoli total volume per cell in early G1 and late G2 phases. A total of
90 nuclei were measured for G1 (n = 45) and G2 nuclei (n = 45). The boxplot
design and statistics is the same as in (b).

(f) Nuclei volume per cell in early G1 and late G2 phases. A total of 100
nuclei were measured for G1 (n=50) and G2 (n = 50) nuclei. The boxplot
design and statistics is the same as in (b).

(g) Nuclei area per cell in early G1 and late G2 phases. A total of 48 nuclei
were measured for G1 (n = 27) and G2 (n = 21). The boxplot design and sta-
tistics are the same as in (b).

observed metaphase lasted only 4.1 min, while the longest
was 18.8 min (outliers from 20.9 min to 47.3 min). Rarely,
we observed entire chromosomes or chromatin fragments
lagging behind and not being aligned at the metaphase
band. These defects occasionally transformed into pro-
longed cohesion of sister chromatids. Such cells had
slower progress into the anaphase but mostly were able to
finish the whole mitotic division (Figure 4e). The onset of
telophase was marked by a termination of chromosome
movement to the opposite cell poles and by a translocation
of the mCHERRY-TUAS3 signals from the spindle and cell
poles to the cell central plane. The end of telophase was
defined by the establishment of compact nucleoli as indi-
cated by the EYFP-FIB1 signals. The median duration of
telophase was 10.3 min and varied from 6.6 min to
17.6 min (outliers from 19.5 min to 29.3 min). The cytoki-
nesis started by the mCHERRY-TUA3 signals forming two
parallel lines, each on one side of the emerging early
phragmoplast, at the cell central plane (phragmoplast
microtubules were oriented perpendicularly to the cell divi-
sion plane), and ended when late phragmoplast connected
to the mother cell walls and mCHERRY-TUAS3 signals dis-
appeared from the cell central plane. The typical cytokine-
sis lasted 13 min, but its time was relatively variable (4.5 to
27 min).

All measurements were used to calculate the total
length of mitosis in barley root meristematic cells
(Figure 4d). It has to be emphasized that only three mitoses
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could be monitored from the beginning of prophase until
the end of cytokinesis. In most cases (n = 128), the live
imaging started during or terminated before the end of the
given mitotic division. Therefore, we performed the calcu-
lations based on the median length of each mitotic phase,
and a typical mitosis of barley root apical meristem cell
takes 65.2 min from prophase to the end of telophase or
78.2 min until the end of cytokinesis under our experimen-
tal conditions.

DISCUSSION

Mitosis represents the most common way how plants
increase their cell number and biomass. Here, we analyzed
the organization of chromosomes, microtubules, and
nucleoli and measured the duration of mitotic division
stages in barley root apical meristem cells.

The large size of chromosomes makes barley a favor-
ite model for analyzing chromosome organization, dynam-
ics, and epigenetic regulation during mitosis (Rotasperti
et al., 2020). Barley chromosomes show (i) Rabl organiza-
tion during interphase; (ii) replication initiated on rDNA
genes, followed by euchromatin, centromeres, and peri-
centromeres; (iii) unique and conserved features compared
with other plants (Jasencakova et al., 2001; Kuznetsova
et al., 2017; Wako et al., 2005). However, the published data
are based on fixed roots or isolated nuclei/chromosomes.
Therefore, our aim was to explore in vivo dynamics of cell
division in living barley roots. To this end, we developed a
series of FMLs designed to visualize chromatin, nucleolus,
and microtubules (Table S1). The presence of single
recombinant proteins did not affect plant growth and
development, but ThemCherry-TUA3 CFP-H2B double
reporter line showed a weakly reduced growth. Neverthe-
less, marker protein localization was not affected in this
line. Hence, the series of our marker lines represents a
unique robust tool for in vivo analysis of specific cellular
components in barley.

With the set of barley FMLs, we defined the organiza-
tion of chromatin, nucleolus, and microtubules at

individual cell cycle and mitotic stages (Figure 5). The most
dynamic structure were the microtubules whose organiza-
tion and dynamics was generally described earlier in plants
(Bajer & Allen, 1966; Hamada, 2014; Marc, 1997; Mirabet
et al., 2018; Rasmussen, 2016). Long-term live cell imaging
using light-sheet fluorescence microscopy confirmed
dynamic properties of mitotic microtubules in dividing root
meristematic cells of crop, Medicago sativa (Vyplelova
et al., 2017), and leaf meristems of maize (Zea mays) (Ras-
mussen, 2016). We observed unexpected dynamics for the
nucleolar marker FIB1. Early G1 nuclei showed mostly four
nucleoli that fused into one-to-two large nucleoli in late G2
cells, and the volume of nucleoli increased from the early
G1 to the late G2 phase, which might reflect an increased
ribosome activity initiated during the S phase and partly
continuing until the end of the G2 phase (Hernandez-
Verdun, 2011; Lockhead et al., 2020). Alternatively, the
larger volume of nucleoli could represent their relaxation
in preparation for mitotic pre-prophase (Kalinina
et al., 2018). From prometaphase on, nucleoli were no lon-
ger visible as shape-defined structures, but the EYFP-FIB1
signal was detected weakly in the cytoplasm and enriched
on the surface of chromosomes from anaphase until cyto-
kinesis as we demonstrated recently (Perutka et al., 2021).
This is consistent with the observations of the peri-
chromosomal layer in human and animal cells where some
proteins involved in nucleolus-associated processes (e.g.,
rRNA biogenesis) localize on the surface of mitotic chro-
mosomes and are equally distributed into newly formed
daughter cells (Gautier et al., 1992; Perutka et al., 2021; Van
Hooser et al., 2005).

Almost 40% of pre-prophase nuclei (defined by micro-
tubule organization) contained condensed chromosomes
contradicting the general assumption that intense conden-
sation starts during the mitotic prophase (Feitoza
et al., 2017). Nevertheless, our observation is supported by
an earlier study where signals for mitosis-specific histone
H3 modifications H3T3p, H3T11p, and H3S10p were found
in pre-mitotic nuclei of barley (Houben et al., 1999; Wilkins

Figure 4. Chromosomes condensation and duration of mitosis in barley root cells.

(a) Confocal microscopy-based 3D projection of pre-prophase nuclei (Z-stack) with condensed (left) and non-condensed (right) chromatin visualized by EYFP-
H2B (yellow) and microtubules with mCHERRY-TUA3 (red). The next rows show surface rendering of whole nuclei and detail of a region indicated by red square,
in Imaris bitplane (rendering parameters: surface detail 0.4 pm; absolute intensity thresholding; 90% voxels above 10). Scale bars of whole nuclei =5 pm and
insets = 2 um.

(b) Percentage of pre-prophase cells (n = 78) with condensed and non-condensed chromosomes.

(c) Average chromosome arm length in different mitotic phases. The lower and upper hinges of the boxplots correspond to the first and third quartiles of the
data, respectively, and the thick black line within the boxes marks the median. The lower and the upper whiskers mark 10 and 90 percent intervals, respectively.
A total of n = 138 chromosomes were measured: prophase n = 34, metaphase n = 32, anaphase n = 45, and telophase n = 27. Different letters indicate signifi-
cant differences (P < 0.05, one-way ANOVA, factor 1 = nucleoli number), and grouping was done using Tukey’s and Fisher’s exact methods. Scale bars = 5 um.
(d) Duration of individual mitotic stages. A total of n = 337 phase lengths were measured: prophase n = 10, prometaphase = 47, metaphase n = 50, anaphase
n = 88, telophase n = 86, cytokinesis n = 56. The boxplot design and statistics are the same as in (c).

(e) Examples of defective mitosis using EYFP-H2B (yellow) and mCHERRY-TUA3 (red) fluorescent marker lines. The defects are marked by white arrowheads.
From left: abnormal chromosome condensation and prometaphase-metaphase alignment, lagging chromosome, prolonged cohesion between sister chroma-
tids. Scale bars = 5 um.
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Figure 5. An atlas of barley cell cycle as visualized using fluorescent marker lines described in this study.
Chromatin and cell walls = light blue, microtubules = red, and nucleolus = yellow. The time indicates median duration of individual mitotic stages and whole

mitosis, > symbol indicates non-defined start of prophase.

et al., 2014). This suggests that chromosomes are spira-
lized before the dissolution of the nuclear envelope in
many barley nuclei, likely by the activity of nuclear Con-
densin Il (Hirota et al., 2004). Importantly, this indicates
that chromosome condensation and microtubule organiza-
tion are at least partially asynchronous and chromosome
condensation starts well ahead of nuclear envelope disso-
lution in barley. We found condensed chromosomes also
in nuclei of GO/G1 cells suggesting delayed decondensa-
tion. Speculatively, some fast-cycling barley nuclei might
even undergo interphase with semi-condensed chromo-
somes. However, testing this possibility will require devel-
oping new interphase-specific FLMs.

The dissolution of the nuclear envelope allows the
translocation of Condensin | from the cytoplasm to chro-
mosomes and the establishment of compact metaphase
chromosome structure (Ono et al., 2004). Measurements of
chromosome arm length over different mitotic stages
revealed that their condensation did not stop at metaphase
but continued in other stages, and the chromosomes were
shortest at telophase. This extends the findings in mam-
malian cells, where chromosomes reached maximum com-
paction at anaphase (Mora-Bermudez et al., 2007). The
post-metaphase chromosome compaction is controlled by
the Aurora kinase in a Condensin-independent manner
(Neurohr et al., 2011; Wilkins et al., 2014). The progressive
chromosome compaction might help establishing a bal-
anced mitotic spindle (Neurohr et al., 2011, Wilkins
et al., 2014) and/or to prevent a cleavage of the long chro-
mosome arms and/or lagging chromosomes by newly

emerging furrow in animals or phragmoplast in plants
(Hudakova et al., 2002; Mora-Bermudez et al., 2007; Schu-
bert & Oud, 1997).

Previous studies estimated the duration of the whole
barley cell cycle, by immunolabeling of tagged base ana-
logs incorporated into the genomic DNA, to be 8.5 to 15 h
(Kwasniewska & Jaskowiak, 2016; Schwammenhoferova &
Ondrej, 1978). The G1 took from 1.3 to 4.5 h, S phase from
3.5t06.5 h, G2 from 3to 5 h, and mitosis 1to 2 h. Individual
mitotic phases were estimated as follows: prophase 48 min,
metaphase 23.4 min, anaphase 12.6 min, and telophase
21 min, corresponding to a total of 105 min (= 1.75 h). We
measured average mitosis from prophase to telophase to
be 65.2 min, making it 39.8 min (38%) shorter compared
with previous data (Benneth & Finch, 1972). The differences
included all stages, but were greater for the last ones
(reduction relative to Benneth & Finch, 1972 in parenthe-
ses): prophase 32.6 min (32%), prometaphase + metaphase
16.2 min (31%), anaphase 6 min (52%), and telophase
10.3 min (51%). Except for technology advancements, this
may arise from the use of various methodologies with dif-
ferent sensitivities toward determining the start and end of
mitosis, growth conditions (mainly temperature differ-
ences), and genotypes (Brown, 1951; Kwasniewska & Jasko-
wiak, 2016; Schwammenhoferova & Ondrej, 1978).

In conclusion, we developed a unique set of barley
reporter lines that allowed generating the most detailed
atlas of barley mitosis and cytokinesis up to date by live
cell imaging and estimating the duration of individual
mitotic stages. Altogether, our results set up a solid
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platform for future studies of chromosome and microtu-
bule dynamics in the context of barley development and
stress responses.

EXPERIMENTAL PROCEDURES
Plant growth and embryo dissection

Two-row spring-type H. vulgare L. cv. Golden Promise (GP) was
used in this study. For germination, seeds were soaked in tap
water on wet filter paper, stratified in the dark at 4°C for 48 h, and
then transferred to 24°C for 48 h. The germinating plantlets were
put into coconut fiber pots (Rosteto) filled with a mixture of sub-
strate (Klasmann) and sand (3:1 v/v) and were grown in a phyto-
chamber with 12-h day (200 pmol~" m? sec™', 15°C)/12-h night
(0 pmol~'m2sec™", 13°C) and 70% relative humidity regime. Two
weeks later, the plants were replanted into 3-liter pots. After the
emergence of the fourth leaf, plants were fertilized with 12 g of
grass fertilizer (Compo), grown for another 6 weeks, and then fer-
tilized with 100 mL 2% (w/v) Hakaphos ROT fertilizer (Compo)
once per week until seed maturation. Crosses between the FMLs
were done according to Thomas et al. (2019). The mature F1
hybrid seeds were surface sterilized as described (Marthe
et al., 2015) and soaked in sterile water at 4°C overnight, and the
embryos were manually extracted under a binocular microscope
using tweezers in sterile conditions. Dissected embryos were
placed on sterile plates with Murashige-Skoog (/2 MS) medium
with 0.6% agar (w/v). The plates were sealed and cultivated under
16-h light (30 pmol~" m? sec™")/8-h dark cycles at 21°C in the Per-
cival chamber for 7 days.

Nucleic acids isolation and cDNA synthesis

The plant tissues were flash-frozen in liquid nitrogen and kept at
—80°C until use. Genomic DNA was isolated with a NucleoSpin®
Plant Il isolation kit (Macherey-Nagel) according to the manufac-
turer’s instructions or via the protocol of Edwards (Edwards
et al., 1991). Total RNA from roots and immature flowers was iso-
lated using the RNeasy isolation kit (Qiagen) with additional on-
column DNAse | digestion. Isolated RNA was stored at —80°C until
c¢DNA synthesis. The cDNA was obtained by reverse transcription
(Transcriptor High Fidelity ¢cDNA Synthesis Kit; Roche) using
anchored-oligo(dT)g primers and standard reaction conditions.

Cloning reporter constructs and barley transformation

Primers used in this study are listed in Table S2. The development
of the ZmProUBI1:EYFP-HVFIBRILLARIN1:T35S  (EYFP-FIB1)
reporter line was described earlier (Perutka et al., 2021). The
fusion construct ZmUBI1:CFP-HvH2B:T35S (CFP-H2B) was gener-
ated in a procedure analogous to EYFP-FIB1. CDS sequence of GP
HISTONE 2B (HvH2B; HORVU.MOREX.r3.3HG0252240) was ampli-
fied from cDNA with the primers H2B_fwd and H2B_rev including
stop codon, reamplified with specific primers containing attb sites
and cloned into the pDONRP2r-P3 by BP reaction. The final CFP-
H2B expression cassette was created by LR multisite reaction sub-
cloning three entry vectors pEN-L4-UBIL-R1 (ZmUBI1), pEN-L1-C-
L2 with CFP sequence, and pDONR-P2r-P3 containing HvH2B CDS
into the pH7m34GW destination vector. The cloning of the
ZmUBI1:EYFP-HvH2B: T35S fusion construct (EYFP-H2B) followed
the strategy for CFP-H2B, using pEN-L1-Y-L2 coding EYFP instead
of pEN-L1-C-L2.

The mCHERRY TUBULIN ALPHA CHAIN 3 (HvTUA3; HORVU.-
MOREX.r3.4HG0338800) fragment was synthesized by the Gen-
eArt® Gene Synthesis (Thermo Fisher Scientific) and cloned into

© 2023 The Authors.

Dynamics of barley mitosis 611

the vector pMK-RQ (AmpR) (GeneArt, Thermo Fischer Scientific,
Waltham, USA) and subcloned into the Gateway™ Entry Vector
PENTR1A, through specific restriction sites presented in the syn-
thesized fragment. The resulting entry clone was subcloned into
the pBRACT 214 vector (provided by John Innes Centre, Norwich,
UK), downstream of the ZmUBI1 promoter via Gateway LR recom-
bination reaction. The final cassette contains ZmUBI1:mCHERRY-
TUA3:TNos (mCherry-TUA3) and the hpt gene driven by the
CaMV35Spro.

All final constructs were verified by Sanger sequencing using
a commercial service (SeqMe, Czech Republic) and transformed
into Agrobacterium tumefaciens strain AGL1 (together with the
helper vector pSoup for the construct mCHERRY-TUA3). After
transformation, the plasmids were isolated from AGL1, their integ-
rity was verified by enzymatic restriction, and the AGL1 cultures
were mixed 1:1 v/v with 100% glycerol and stored at —80°C until
use.

Immature embryos were dissected approximately 14 days
after pollination and transformed according to the previously
described protocols (Harwood et al., 2009; Marthe et al., 2015).
After the transformation, 25 embryos were placed on a 10 -cm-
diameter Petri dish with selection media containing 1 mL/L hygro-
mycin (50 mg/mL; Roche) and 0.6% (w/v) Phytoagar (Duchefa Bio-
chemie) for 2 weeks, then young embryonic calli were transferred
onto the fresh Petri dishes containing the same media (16 calli per
dish) and then after 2 weeks, the calli were transferred onto Petri
dishes with regeneration media containing 500 pL/L hygromycin
(50 mg/mL) and 0.6% (w/v) Phytoagar (10 calli per dish). After
another 2 weeks, calli with emerging shoots were transferred onto
fresh regeneration media until roots were visible. Young plantlets
with roots were transferred into the sterile PTC containers (Duch-
efa Biochemie) containing regeneration media without hygromy-
cin or directly into the coconut fiber pots (Rosteto). All
regenerated plants were genotyped for the presence of the hpt
resistance gene, and the negative plants were excluded.

Genotyping of transgenic plants

Regenerated plants were genotyped for the presence of Hyg selec-
tion marker by PCR with primer pairs Hyg_fwd/Hyg_rev (EYFP-
FIB1, CFP-H2B, and EYFP-H2B lines) or Hyg2 fwd/Hyg2 rev
(mCHERRY-TUAS3 line). Plants of individual FMLs were additionally
PCR genotyped for the presence of the respective fluorescent pro-
tein gene using primer pairs YFP_fwd/YFP_rev, CFP_fwd/CFP_rev,
and mCHERRY_fwd/mCHERRY _rev for detection of YFP, CFP, and
mCHERRY, respectively. PCR amplification was done using
DreamTaq Polymerase (Thermo Fisher Scientific, Waltham, USA)
and standard reaction conditions. The amplification products were
monitored on 1% agarose gels stained with ethidium bromide
0.5 ug ml~". The primers used in this study are provided in
Table S2.

Ploidy measurements

Around 2-cm-long leaf samples were cut off each of the selected
FMLs and used for the nuclei isolation as described in Dolezel
et al. (1994) with modifications. The ploidy was analyzed on Partec
PAS | flow cytometer with the use of cv. Golden Promise as a dip-
loid standard. DNA was stained with the #4',6-diamidino-2-
phenylindole (DAPI).

Microscopy

For the time-lapse analysis, seeds of FMLs were surface sterilized
as described (Marthe et al., 2015), soaked in sterile water at 4°C
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for 48 h, and placed on the wet filter paper at 24°C for 48 h to ger-
minate. To increase the seed germination of F1 crosses, embryos
of sterilized and cold-stratified seeds were dissected under a bin-
ocular microscope with pinnets and put on the plates with % MS
medium in sterile conditions. Plates were placed into the Percival
chamber (16 h light 30 pmol™" m? sec™") at 21°C for 48 h. Small
plantlets were put on a slide with a chamber made by both-sided
tape into a water drop and covered with a cover slip.

Microscopic images were acquired using a Leica TCS SP8
STED3X confocal microscope (Leica Microsystems, Wetzlar, Ger-
many), equipped with an HC PL APO CS2 20x/0.75 DRY objective,
HC PL APO CS2 63x/1.40 Qil objective, hybrid detectors (HyD), and
the Leica Application Suite X (LAS-X) software version 3.5.5 with the
Leica Lightning module (Leica, Buffalo Grove, IL, USA). Time-lapse
confocal Z-stack images of approximately 20-30 um width were cap-
tured in line (EYFP-FIB1 mCHERRY-TUA3 and EYFP-H2B mCHERRY-
TUA3 double lines) or sequential (CFP-H2B mCHERRY-TUA3, CFP-
H2B EYFP-FIB1 double lines, and EYFP-FIB1 CFP-H2B mCHERRY-
TUAS triple line) scanning modes depending on the specific combi-
nation of detected fluorophores. We used 508 nm (EYFP), 405 nm
(CFP), and 514 nm (mCHERRY or EYFP-FIB1) laser lines for excita-
tion and appropriate emission spectrum. Individual Z-stack scans
were done every 30-sec or 45-sec intervals. Images were processed
in Adobe pre-hybridize shop version 12.0 (Adobe Systems), Imaris
version 9.7.2 (Oxford Instruments), ImageJ Fiji version 1.53¢ (Schin-
delin et al., 2012), and Inkscape (Inkscape project).

The average chromosome arm length was estimated by mea-
suring individually distinguishable arms from end to the primary
constriction (Ramesh & Singh, 1996).
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Main Conclusions
We describe a user-optimized sample holder EasyClick for medium-sized plants that reduces

root side movements and thus greatly extends the duration of live cell confocal microscopy.
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Abstract

Preparation and mounting of the samples are key factors for successful live cell microscopy.
To acquire biologically relevant data, it is necessary to minimize stress and avoid physical
damage to plant tissues during the installation of the sample into the microscope. This is
challenging, particularly when the whole plant is mounted as the living sample needs to be
properly anchored in the microscopic system to obtain high-quality and high-resolution data.
Here, we present a user-optimized sample holder EasyClick for live cell inverted confocal
microscopic analysis of plant roots with diameters from 0.3 to 0.7 mm. The EasyClick holder
was tested on an inverted confocal microscope using germinating plants of several cereals.
Nevertheless, it can be directly used on other types of inverted microscopes from various
producers and on different plant species. The EasyClick holder effectively restricts root lateral
and vertical movements. This greatly improves the conditions for time-lapse microscopy of the

samples of interest.

Introduction

High-quality live cell microscopy is essential for understanding the principles of plant cell
biology (Nagy et al. 2012; Hamant et al. 2019). At the confocal (180 nm lateral and 500 nm
axial) resolution, mutual cell-cell, cell-molecule and/or molecule-molecule interactions can be
explored (Fouquet et al. 2015; Elliott 2020). Compared to confocal in vivo analysis of animal
cell cultures or early developmental stages of small-to-middle sized animal models (e.g.
Drosophila melanogaster, Danio rerio), plant researchers are facing a variety of difficulties
when setting experiments, including strong autofluorescence of chlorophyll and secondary
metabolites, interference of the cell walls and plant growth affected by gravitropism. The
gravity-directed growth controls both the upward growth of the shoot and leaves and the
downward growth of roots, enabling the proper uptake of water and ions required for plant
development (Chen et al. 1999). Due to gravitropism, plants placed in a non-vertical direction
can quickly react and point their growth in the vertical direction again. As amyloplasts are not
fixed in the root cap cells, they sprinkle frequently during growth which makes the root rotate
and twist along the elongation axis (Rahni and Birnbaum 2019). In standard confocal
microscopes, the sample is placed horizontally during the scanning. When the living plant is
set between glass slides, the root immediately reacts to rotate. These moves regularly reach
a growth rate 120 - 800 ym-h" in various model plants, e.g. 120 - 150 um-h"' in Arabidopsis

thaliana, ~700 ym-h"' in barley (Hordeum vulgare) or ~800 um-h in rice (Oryza sativa)
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(Yazdanbakhsh and Fisahn 2010; Higuchi et al. 2017). Taken together, the stochastic root

movements make live cell microscopy of the root apical meristems challenging.

There are several approaches how to prevent or restrict excessive root movements on a
microscopic slide. Root movements in the x-y axis leading to root twisting were previously
decreased by placing the plant between two nylon strings fixed on a slide or into the
microscopic slide chambers used for cell culture chemical treatments (Grossmann et al. 2011;
Rahni and Birnbaum 2019). The movement in the z-axis is normally restricted by covering the
sample with a coverslip but sometimes this limitation is not enough, especially when the roots
with a wider diameter are analyzed. In some setups, the coverslip can be replaced by the
agarose block placed on the top of the lying root which pushes it equally down onto a slide
surface (Rahni and Birnbaum 2019).

Even though all these approaches improved plant root microscopy quality, the preparation of
the plant sample itself is time-consuming and not user-friendly in these systems. To increase
sample preparation effectiveness and enable long-term microscopy scanning, we co-
developed a custom-optimized microscopy holder EasyClick facilitating plant root analysis.
The tested version of the holder is primarily designed for the microscopy of plants with a root
diameter from 0.3 to 0.7 mm, which includes e.g. several cereal crops such as barley, wheat,

or rye.

Materials and methods
Rapid movements of barley roots in a standard microscopy setup

Recently, we established a series of barley fluorescent marker lines for monitoring nuclear
compartments and microtubules (Kaduchova et al. 2023). During this analysis, we noted rapid
movements of barley root apices in the frontal, lateral, and vertical directions. This had a major
negative impact on the duration of individual scanning windows and the identification of the
cells (Fig. 1A). Due to these movements, a cell or mitotic division of interest frequently
appeared out of the focus or even the scanned area. To mitigate this issue, we tested a
prototype of a microscopy holder named EasyClick (Pragolab s.r.0., Praha, Czech Republic;
catalog numbers of individual parts: VIV0O004, VIV0013, T220007, T220008, T220009) that
was designed to reduce root movements by defining the growth direction and decreasing the

probability of root damage during the mounting.

Preparation of the plant sample
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The initial optimization was done using the wild-type two-row spring barley (Hordeum vulgare
L.) cultivar Golden Promise (Pl 343079; from the National small grains collection of the national
plant germplasm system of the United states department of agriculture-agricultural research
service) and fluorescent marker line ENHANCED YELLOW FLUORESCENT PROTEIN -
HISTONE 2B (EYFP-H2B) in Golden Promise background (Kaduchova et al. 2023). Dry barley
seeds were stratified on the wet filter paper soaked in tap water at 4°C for 48 h in the dark and

then transferred to 24 °C for 48 h to germinate in the dark.

Mounting of the sample into the EasyClick microscopy holder

The principle of the EasyClick microscopy holder components and their assembly are shown
in Figs. 1B-D. The EasyClick consists of a three dimensional (3D)-printed plastic holder matrix
(PA11 material, powder laser sintering SLS) with embedded magnets on both sides, a stainless
steel metal plate (food and gastronomy industry use, 0.5 mm thickness) with 37 mm long
growth channels of different widths, a 0.5 mm thick polymethyl methacrylate plastic seal, and
a large coverslip (60 x 45 mm; Karl Hecht, Sondheim vor der Rhén, Némecko) (Figs. 1B-D).
3D printed holder matrix was permanently fixed with the plastic seal (quick drying glue; Kavan,
Pardubice, Czech Republic). The remaining parts (metal plate, coverslip) are removable and

fixed via magnets (Fig. 1D).

During the fixation of the sample, the metal plate was put on the back side of the 3D-printed
matrix on the plastic seal where it was held with magnets. In the second step, a few drops of
liquid growth media were dripped on the metal surface. After covering the metal plate with a
large coverslip, the liquid media filled the metal plate channels. The large cover slip was
afterwards fixed on the metal plate with magnets. Subsequently, the plant sample was placed
into one of two positions bordered by raised holder edges making small 18 x 41 x 6 mm plant
containers (Fig. 1D). The construction of the EasyClick metal plate with ground edges allowed
for easy penetration of the root into the selected channel. After setting plants in proper
positions, the containers were filled with liquid growth media, alternatively, containers can be
covered with a wet tissue to reduce transpiration. A liquid was refilled with a Pasteur pipette
during the time-lapse experiments without any plant growth disruption and microscopy stage
movements. The EasyClick holder is easily fitted into the universal microscope stage mounting
system (Fig. 1E). Microscopic images were acquired using a Leica TCS SP8 STED3X confocal
microscope (Leica Microsystems, Wetzlar, Germany), equipped with an HC PL APO CS2
20x/0.75 DRY and HC PL APO CS2 639/1.40 Qil objective, hybrid detectors (HyD), and the
Leica Application Suite X (LAS-X) software version 3.5.5 with the Leica Lightning module
(Leica, Buffalo Grove, IL, USA). Time-lapse confocal Z-stack images of EYFP-H2B of
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approximately 20-30 um width were captured using 508 nm laser excitation line and
appropriate emission spectrum in 4-min intervals. Single time-lapse scans of roots in
transmission light were captured in 1-min intervals. Images were processed in Adobe pre-
hybridize shop version 12.0 (Adobe Systems), Imaris version 9.7.2 (Oxford Instruments), and

Inkscape (Inkscape project).

Three different custom-optimized variants of the metal plates (Type 1-3), differing in the growth
channel widths (0.4 mm; 0.5 mm, and 0.7 mm), were used depending on the size of the roots
of the analyzed plant (Fig. 1D). For each metal plate, up to two roots of two different plant
samples were installed and analyzed in short time intervals (four roots per metal plate in total).
More than 4 cm length of the channels enables the time-lapse scanning theoretically of more
than 48 h (counted for root growth rate of 600 um-h"' when 1 cm long root is placed into 4 cm
channel). However, we recommend to use young (one or two days old) seedlings with roots
approximately 1-2 cm long for the microscopy analysis. Such roots can be easily placed into
the holder channel without a risk of damage caused by their length and can use the whole
channel length for growth. Due to the non-transparent material of the metal plate, we
recommend first navigating the root tip in the channel directly to the light path of the objective

and only then focusing at the Z-axis.

Results

During the microscopy analysis, the root movements in the y-axis (axis perpendicular to the
root growth axis) are limited by channel walls. Channel width should be selected so that it leads
the root straight while providing enough space for its growth (Figs. 1B-D). A test 28 min
scanning revealed that the root grew out of the analysis field under standard settings
(microscopy slide without any root restrictions) nevertheless the root placed in the EasyClick
microscopy holder remained in the scanning field and could still be analysed even after this

scanning time (Fig. 2, red arrowheads).

Similarly, the EasyClick channels reduce root twisting in the z-axis due to the thickness of the
metal plate (500 um), roughly corresponds to the diameter of wider barley roots. This enables
root growth in the proximity of the coverslip in a limited space. Despite the optimized channel
z-axis height, it is still challenging to precisely set a root cell layer for detailed microscopy
analysis where the focal plane and vertical position of the object of interest will not change in
time. Furthermore, the conically shaped meristematic zone represents the most problematic
part of the root in our microscopy analysis. As the root grows, the cells in this region are pushed
into the higher scanning layers due to the production of new cells via mitotic divisions (Figs.

2C,D; cyan arrowheads). This may even lead to a change of the focus plane from epidermal

5
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cell layer (Fig. 2D, 0 - 12 min) to the first cortex cell layer (Fig. 2D, 16 - 28 min). The holder
cannot solve completely this problem but reduces it by stabilizing the samples in several

directions.

Finally, we assessed whether the EasyClick holder affects barley root growth along its main
growth axis (Fig. 3A). We compared the root growth rate of unrestricted roots placed on a
microscopy slide (without holder) and roots placed in a microscopy holder during the 32-minute
time-lapse scanning. For better clarity, we calculated the root growth rate for a reference time
of 1 h. There was a greater variability as to the root growth rate in unrestricted conditions on
the microscopy slide, but the median growth rate was almost the same (P = 0.801) for both
conditions (in holder 604.1 um-h"'; without holder on slide 573.7 um-h"). Afterward, we
measured the growth rate of roots after 24 h in the holder and on a microscopy slide. Although
the median root growth rate of samples from the holder (167.3 um-h"') and on a microscopy
slide (302.8 um-h™") differed by 1.8-fold, it was not significant (P = 0.187), possibly due to a
relatively large variation between individual roots (Fig. 3A). When comparing the growth rate
between 1 h and 24 h setups, the reduction was not significant for the free growing roots (P =
0.077), but opposite was true for the roots in holder (P = 0.001; Fig. 3A).

Finally, we tested the versatility of the EasyClick holder for root microscopy of different
crops (Fig. 3B). The Type 1 metal plate (0.4 mm channel width) fitted for the rye (Secale
cereale), and Type 2 metal plate (0.5 mm channel width) for the barley, wheat (Triticum
aestivum), and oat (Avena sativa). The Type 3 metal plate (0.7 mm channel width) was ideal
for some of the oat and wheat roots with a wider diameter. We also attempted to test the
germinating roots of several other crops such as faba bean (Vicia faba), garden pea (Pisum
sativum) and maize (Zea mays), but their roots were too thick even for the Type 3 plate (not

shown).

Discussion

Several systems for monitoring the growth of living plant roots in microscopes were already
described and can improve imaging of various plants as demonstrated for e.g. Arabidopsis
thaliana and Medicago truncatula (Grossmann et al. 2011; Ovecka et al. 2015; Berthet and
Maizel 2016; von Wangenheim et al. 2017). Specialized systems have been engineered to
explore interactions between plant roots and microbes or worms (Parashar and Pandey 2011;
Vernet et al. 2022).

The systems can be divided into two main groups based on the direction of plant root

cultivation: (i) vertical and (ii) horizontal. The vertical systems frequently utilize either light sheet
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microscopy technology and the samples are mounted in different types of capillaries (Ovecka
et al. 2015; Vernet et al. 2022) or less often also confocal microscopy (von Wangenheim et al.
2017). The vertical confocal systems are typically based on microscopes that are turned 90°
to bring the slides with samples in a vertical position (von Wangenheim et al. 2017). The
advantage of these systems is that the roots can growth more-or-less straight towards the
center of gravity as typical for many plants (Chen et al. 1999; Migliaccio et al. 2013). The other
main direction of systems forces plants to grow in a horizontal position. These systems are
explored for various complex setups combining microscopy with microfluidic systems
(Grossmann et al. 2011; Parashar and Pandey 2011) or simply when the access to vertical
systems is not available (Rahni and Birnbaum 2019). The EasyClick system represents the
latter setup and is so far the only system that was tested and successfully used to on temperate

cereals (Kaduchova et al. 2023).

The horizontal growth of the plants is an obvious limitation for studies where root
gravitropism is essential for understanding given processes. It also has to be noted that not all
roots under natural conditions grow straight down and that soil contains various objects (e.g.
stones) that can cause roots to grow horizontally for some time until the object can be
bypassed. Therefore, the tendency of the root to bend towards the center of gravity might
represent a rather technical than biological problem. For applications where vertical growth is
needed, the EasyClick system could possibly be adapted for mounting into a 90° turned
confocal microscope (von Wangenheim et al. 2017). Alternatively, an add-on on horizontal
microscopes allowing observations in a vertical manner such as GraviKit could be applied
(Feldhaus et al. 2021).

The forward and to some extent also side movements of the conically shaped root tips
represents a major challenge for live cell microscopy analysis because the cells of interest
dynamically change their position in all directions. Therefore, it is essential to precisely fix the
living sample in space for a certain time while simulating more-or-less natural conditions for its
growth. Our initial trials to lead barley roots between two stretched fishing strings fixed on a
microscopy glass as described (Rahni and Birnbaum 2019), or covering the root with a block
of agar did not work well due to its thickness. Therefore, we tested the EasyClick microscopy
holder, which guides roots through narrow channels without disturbing their growth. There
were no significant differences in the rate of root growth freely on the microscopic slide versus
EasyClick at 1 h and then after 24 h. However, this parameter is relatively highly variable
between individual roots which could mask some subtle trends. While there were no significant
differences between mounting methods, there was a clear reduction in the root growth rate
after 24 h for both approaches and the difference was even statistically significant for the

holder. The cause of this is unknown and we could not find data for barley root growth rate in
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specific types of soil. We hypothesize that barley roots might grow slower in soil than in free

space on microscopic slides and that they also naturally reduce their growth rate over time.

The great advantage of this system is a quick and easy assembly minimizing plant
damage and reducing stress. As the EasyClick holder permits plants to be grown for several
hours or even days, it is possible to firstly set two plants into the holder, let them grow for a
distinct time to overcome potential manipulation stress, and then apply some highly-sensitive
analyses like microtubule or chromosome dynamics (Kaduchova et al. 2023). Using of different
growth media will also allow for assessing mid- and long-term effects of specific nutrients,
treatments, or stresses. However, the growth compartments on the tested EasyClick model
were not separated by a watertight wall which means that only one type of growth media can
be applied at the time. The system can be used practically for germinating plants of a wide
range of species with root diameters below 0.7 mm. We demonstrated it by using EasyClick in
combination with different cereal species. However, the current set of metal plates might be
exclusive for species with larger roots such as e.g. garden pea, faba bean or maize. Their roots

were too thick even for the Type 3 metal plate.

One limitation noted in our analyses was the conical shape of the root tip. When
focused on a rhizodermal layer close to the tip, the frontal proliferation of the root and its
thickening caused a switch of the focus to cortex cell layer(s) and the disappearance of the
initially monitored cells. There are several possible solutions. First, using a lower magnification
with a greater focal depth. Second, extending the size of the z-stack. However, this might lead
to longer scanning times and exposure of plant cells to the laser. Finally, the microscopy could
focus on a position more distal from the root tip that already underwent the expansion and will

not change much anymore.

In conclusion, the tested 3D-printed EasyClick microscopy holder is a useful addition
to the microscopy toolbox for live cell confocal imaging within the roots of plants with root
diameter from 0.3 to 0.7 mm. The holder can help plant researchers perform precise confocal
microscopy analysis in a user-friendly manner. Moreover, this microscopy holder enables a
high-quality analysis on a wide range of confocal microscopes, where the sample is placed
horizontally during the scanning in the majority of cases. We envision future development of
the upright version of the EasyClick holder that will extend its use also to non-inverted confocal

microscopes.
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Fig. legends

Fig. 1. Barley root movements during time-lapse scanning and description of the microscopy
EasyClick holder. A Time-lapse of barley free root growth on a microscopy slide using
transmission light microscopy. Total scanning time 29 min. Scale bar = 200 um. B 3D model
of individual EasyClick parts. C Three types of the metal plate differing in the growth channel
widths (0.4, 0.5 and 0.7 mm). D Detailed view of germinating barley plants in the holder. Scale

bars = 1 cm. E Installation of the EasyClick holder in the inverted microscope.

Fig. 2. Live cell confocal microscopy (CLSM) imaging of root apical meristems without and

with EasyClick holder. A Representative free growth of a root from two days old barley plant
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without holder. Nuclei and chromosomes were visualized with the chromatin marker eYFP-
H2B. Scanning time = 28 min. Scale bar = 100 ym. B Channel-directed root movement with
EasyClick holder using the same fluorescent marker line as in (B). Scale bar = 100 um. C
Detailed time-lapse single-cell layer scanning of root growing on a microscopy slide without
the holder. Note the shifts in both the horizontal (red arrowhead) and vertical (cyan arrowhead)
directions. Arrowheads of the same colour mark particular cell tracked in time. Scale bar = 10
pum. D Situation as in C with improved parameters due to EasyClick holder use. Arrowheads

of the same colour mark particular cell tracked in time. Scale bar = 10 ym.

Fig. 3. Root growth rate and mounting of roots from various cereals. A Roots growth rate from
two days old barley plants grown freely on a microscopic slide (Without holder 1 h; n = 9 roots),
shortly after introduction into the EasyClick (Holder 1 h; n = 9 roots), after 24 h of freely growing
on a microscopy slide (Without holder 24h; n = 9), and after 24 h in the EasyClick (Holder 24
h; n = 9). The total recording time of 32 min and the values were transformed to 1 h of total
growth time. The horizontal black lines within the boxes mark the median, the lower and upper
hinges of the boxplots correspond to the first and third quartiles of the data, and the whiskers
mark 10 and 90 % intervals. Asterisks above the boxes indicate statistically significant
differences. The significance level = 0.05, Kruskal-Wallis test with post-hoc Dunn’s test, P =
0.002. Scale bar = 0.2 mm. B Examples of roots of other cereals introduced into the EasyClick
system. For the roots of wheat and oat plants we used Type 2 metal plate (0.5 mm channels)

and for the roots of rye we used Type 1 plate (0.4 mm channels).
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Proteins play a major role in the three-dimensional organization of nuclear genome and
its function. While histones arrange DNA into a nucleosome fiber, other proteins contribute
to higher-order chromatin structures in interphase nuclei, and mitotic/meiotic chromosomes.
Despite the key role of proteins in maintaining genome integrity and transferring hereditary
information to daughter cells and progenies, the knowledge about their function remains
fragmentary. This is particularly true for the proteins of condensed chromosomes and, in
particular, chromosomes of plants. Here, we purified barley mitotic metaphase
chromosomes by a flow cytometric sorting and characterized their proteins. Peptides
from tryptic protein digests were fractionated either on a cation exchanger or reversed-
phase microgradient system before liquid chromatography coupled to tandem mass
spectrometry. Chromosomal proteins comprising almost 900 identifications were classified
based on a combination of software prediction, available database localization information,
sequence homology, and domain representation. A biological context evaluation indicated
the presence of several groups of abundant proteins including histones, topoisomerase
2, POLYMERASE 2, condensin subunits, and many proteins with chromatin-related
functions. Proteins involved in processes related to DNA replication, transcription, and
repair as well as nucleolar proteins were found. We have experimentally validated the
presence of FIBRILLARIN 1, one of the nucleolar proteins, on metaphase chromosomes,
suggesting that plant chromosomes are coated with proteins during mitosis, similar to
those of human and animals. These results improve significantly the knowledge of plant
chromosomal proteins and provide a basis for their functional characterization and
comparative phylogenetic analyses.

Keywords: barley, chromatin, FIBRILLARIN 1, flow cytometric sorting, mass spectrometry, mitotic chromosome,
perichromosomal layer, protein prediction

INTRODUCTION

Nuclear DNA in eukaryotes is tightly associated with various proteins to form chromatin
(Fierz and Poirer, 2019). The nucleoprotein complex not only participates in DNA packaging
so that it fits the small nuclear volume, but also plays an important role in functional organization
of DNA in the three-dimensional nuclear space, DNA damage repair, and regulation of gene
expression. It also facilitates replication and faithful transmission of hereditary information to
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daughter cells during mitosis, and the production of functional
gametes in meiosis, which are intricate, highly dynamic and
strictly controlled processes. At the beginning of mitosis and
meiosis, the interphase chromatin undergoes a series of structural
changes that lead to the formation of condensed chromosomes
(Antonin and Neumann, 2016).

The organization of condensed chromosomes and their function
is determined by a variety of proteins. Structural maintenance
of chromosome (SMC) family complexes, including condensin,
cohesin, and SMC5/6, modulate the chromosome structure and
impact their function during mitosis (Skibbens, 2019). Replicated
sister chromatids are tethered together by cohesins. In prophase,
condensin II binds DNA and extrudes large initial scaffolding
loops (Ganji et al., 2018). In prometaphase, after nuclear envelope
breakdown, condensin I binds to chromatin and forms smaller
loops for a further compaction, which are nested within the
large loops produced by condensin II. Additional proteins were
described as condensation factors including topoisomerase II
and in mammals also chromosome-associated kinesin KIF4.
Moreover, the condensation of chromosomes is facilitated by
histone modifications, including phosphorylation and deacetylation
(Antonin and Neumann, 2016).

Chromosome condensation was expected to be accompanied
by the eviction of proteins involved in the regulation of gene
expression, chromatin state, and accessibility (Martinez-Balbas
et al., 1995). This was confirmed in the case of epigenetic
modifiers that promote transcription (Ginno et al., 2018) and
for a majority of polymerase II transcription elongation complexes
(Parsons and Spencer, 1997; Ginno et al., 2018). However,
repressive modifiers, some polymerase II ternary complexes,
and a majority of transcription factors are retained, including
core promoter-binding proteins (Parsons and Spencer, 1997;
Ginno et al, 2018; Djeghloul et al, 2020). These proteins,
collectively called mitotic bookmarking factors, ensure the
transfer of gene regulatory information to daughter cells (Festuccia
et al., 2016; Raccaud and Suter, 2018; Zaidi et al., 2018). As
the accessibility of chromatin to regulatory proteins is not
dramatically changed during chromosome condensation (Hsiung
et al, 2015; Blythe and Wieschaus, 2016), many genes can
be expressed during mitosis (Palozola et al., 2017), implying
the association of various proteins and RNAs with the chromatin
of condensed chromosomes.

In mammalian models, it has been shown that a
perichromosomal layer covering the whole chromosome is

Abbreviations: ACN, acetonitrile; ARATH, Arabidopsis thaliana; CCAN, centromere-
associated network; DAPI, 4',6-diamidine-2'-phenylindole; DTT, dithiothreitol;
ESI, electrospray ionization; EYFP, enhanced yellow fluorescent protein; FDR,
false discovery rate; FoA, formic acid; GFP, green fluorescent protein; GO, gene
ontology; HMG, high mobility group; HORVU, Hordeum vulgare; HyD, hybrid
detectors; ID, identification; KMN, Knll, Mis12, and Ndc80 network; nLC, nanoflow
liquid chromatography; MALDI, matrix-assisted laser desorption/ionization; MCM,
minichromosome maintenance; MG, microgradient; MGE, Mascot generic format;
MS, mass spectrometry; MS/MS, tandem mass spectrometry; NSAE normalized
spectral abundance factor; NWC, NOL11, WDR43, and Cirhin complex; PMSE
phenylmethylsulfonyl fluoride; RAF-BT, raffinose-modified bovine trypsin; SDS-
PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis; SCX, strong
cation exchange; SMC, Structural maintenance of chromosome; TCEP, tris(2-
carboxyethyl)phosphine; TFA, trifluoroacetic acid; WT, wild type.

established simultaneously with the chromosome condensation
except for the centromeric region where the kinetochore complex
is formed. This layer represents at least 33% of the protein
mass of mitotic chromosomes (Booth et al., 2016) and consists
of pre-rRNA and proteins originating mostly from nucleoli,
which disassemble during prophase. Stenstrom et al. (2020)
identified 65 nucleolar proteins at the chromosome periphery.
This recruitment was temporary as some of the proteins relocated
during prometaphase, and the remaining ones were recruited
only after metaphase. The proteins transferred during
prometaphase included the Ki-67 protein, which has been
shown the main organizer of the perichromosomal layer in
human and animals (Booth et al.,, 2014). A series of studies
revealed multiple roles of the layer, which include the formation
and maintenance of chromosome architecture (Takagi et al.,
2016), prevention of chromosome clumping (Cuylen et al,
2016), displacement of cytoplasmic components before nuclear
envelope assembly (Cuylen-Haering et al., 2020), and transport
of proteins and RNAs and their distribution to daughter nuclei
(Sirri et al,, 2016). The key role of the perichromosomal layer
in chromosome function is reflected by its highly ordered
structure (Hayashi et al., 2017), which excludes the formation
of this domain by a random attachment of nuclear and
cytoplasmic components.

Centromeric regions are the sites for the assembly of
kinetochores - large protein complexes that attach chromosomes
to spindle microtubules during cell division (Cheeseman, 2014).
In vertebrates, the kinetochore consists of over a 100 proteins
and comprises two major interaction networks (Pesenti et al.,
2018). The constitutive centromere-associated network (CCAN)
has 16 subunits and remains associated with centromeric
chromatin throughout the cell cycle. The Knll, Misl2, and
Ndc80 network with 10 subunit super-complexes binds to
CCAN at early prophase and remains attached during the
whole mitosis (Hara and Fukagawa, 2020). Interestingly, the
correct function of kinetochore depends on the translocation
of the NOL11, WDR43, and Cirhin complex from the nucleoli
to the perichromosomal layer. This is required for the centromeric
enrichment of Aurora B and the subsequent phosphorylation
of histone H3 (Fujimura et al., 2020) and underlines the key
role of nucleolar proteins in the function of mitotic chromosomes.

Despite the great progress achieved during the past two
decades in identifying and cataloging chromosomal proteins
and unraveling their function, many proteins have an unknown
function and many may remain to be discovered. The pioneering
studies on human cell lines reported a relatively low number
of chromosomal proteins, ranging from 60 to 250 (Morrison
et al, 2002; Gassmann et al., 2005; Uchiyama et al., 2005;
Takata et al., 2007). The first detailed survey by Ohta et al.
(2010) revealed approximately 4,000 individual proteins and
introduced a bioinformatics approach for statistical analysis to
prove the authenticity of protein localization. A combination
of six different classifiers by machine learning turned out to
be crucial because only 19% of the total identified proteins
could be annotated as truly chromosomal. This approach was
further developed to detect protein complexes and their relation
to chromosome structure and segregation (Ohta et al., 2016a;
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Montafno-Gutierrez et al., 2017), mitosis-specific chromosome
phosphorylation events (Ohta et al., 2016b), and components
of the chromosomal scaffold (Ohta et al., 2019).

Most of the advances were made by analyzing human and
animal chromosomes and very little is known about chromosomal
proteins in plants. To date, proteomics studies in plants focused
on interphase nuclei (Tan et al., 2007; Bigeard et al., 2014;
Petrovska et al, 2014; Zeng and Jiang, 2016; Blavet et al.,
2017). One of the reasons for the absence of studies on plant
mitotic chromosomes may be a difficulty to obtain highly
synchronized plant cell populations in mitosis. Ideally, the
studies should be done on purified mitotic chromosomes as
this helps to discriminate the “genuine” and functionally
significant chromosomal proteins from those isolated from
interphase nuclei, which escaped synchronization, and
cytoplasmic proteins. However, any preparation of pure fractions
of mitotic chromosomes is challenging in plants
(Dolezel et al., 2012; Zwyrtkova et al., 2020).

Here, we report on identification of a large number of
proteins from condensed plant mitotic chromosomes. Our
interdisciplinary approach comprised the induction of high
degree of mitotic synchrony in meristem root-tip cells,
purification of chromosomes by flow cytometric sorting,
in-solution DNA and protein digestion, liquid chromatography
of peptides, high-resolution MS/MS, and adapted multi-classifier
data analysis.

MATERIALS AND METHODS

Chemicals

Benzonase® (Cat. No. E1014), DNase I (Cat. No. AMPD1),
SOLu-trypsin (Cat. No. EMS0004), dithiothreitol (DTT),
iodoacetamide, and tris(2-carboxyethyl)phosphine (TCEP) were
from Sigma-Aldrich (Steinheim, Germany), and NEBNext®
dsDNA Fragmentase® was from New England Biolabs (Ipswich,
MA, United States). Raffinose-modified bovine trypsin (RAF-BT)
was prepared as described (Sebela et al., 2006). Chromatography
solvents were of LC-MS grade. All other chemicals were from
commercial sources and were of analytical purity grade if not
stated otherwise.

Flow Cytometric Chromosome Sorting for
Proteomic Analysis

Suspensions of intact mitotic metaphase chromosomes were
prepared as described by Lysdk et al. (1999) with modifications.
Briefly, root-tip meristem cells of young seedlings of barley
[Hordeum vulgare (HORVU) L.] cv. Morex were accumulated
in metaphase after treatments with 2 mM hydroxyurea for
18 h, 2.5 pM amiprophos-methyl for 2 h, and ice water
(overnight). Synchronized root tips were fixed in 2% (v/v)
formaldehyde at 5°C for 15 min and homogenized using a
Polytron PT1300D (Kinematica AG, Littau, Switzerland) at
15,000 rpm for 13 s in LBO1-P buffer (Petrovska et al., 2014).
The resulting chromosome suspension was stained with
2 pg mL™" 4',6-diamidino-2-phenylindole (DAPI) and analyzed

at a rate of ~5,000 particles per second using a FACSAria
SORP flow cytometer (Becton Dickinson, San José, United States).
Sort windows were set on a dot plot of fluorescence pulse
area versus fluorescence pulse width to select all seven
chromosomes of barley. For proteomic analyses, samples were
prepared by sorting a total of 10-11 x 10° chromosomes into
15-mL Falcon tubes containing 1 mL LBO1-P buffer supplemented
with 5 mM phenylmethylsulfonyl fluoride. Flow-sorted
chromosomes were pelleted at 2,500 rpm and 4°C for 30 min,
and resuspended in ddH,O.

Protein Extraction Procedure No. 1

The pellets of flow-sorted barley chromosomes were decrosslinked
by incubation in 50 pL of 50 mM Tris-HCI, pH 8.0, containing
2 mM MgCl,, at 70°C for 9 h. This was followed by adding
50 pL of the same buffer supplemented with 8 M urea and
10 mM DTT. After adding Benzonase (250 units), DNA was
digested at 25°C for 24 h. Similarly, DNase I (20 units) was
applied for DNA digestion. In parallel, Fragmentase alone
(20 pL) or in a combination with Benzonase (as above) was
used. The digestion buffer for Fragmentase was 50 mM Tris-
HCI, pH 8.0, containing 15 mM MgCl,, and 50 mM NaCl
(pipetted in an amount of 50 pL to the chromosomal pellet).
The DNA digestion with Fragmentase proceeded at 37°C for
24 h. The released proteins were recovered by precipitation
with chilled acetone (1:4, v/v) at —20°C for 24 h.

Gel Electrophoresis

Protein precipitate from the extraction step (procedure no. 1)
was dissolved in 25 pL of Laemmli sample buffer and kept at
60°C for 30 min. Sodium dodecylsulfate polyacrylamide gel
electrophoresis (SDS-PAGE) was performed with 10% T/3.3% C
resolving and 4% T/3.3% C stacking 1-mM thick vertical gels
following a standard protocol (Laemmli, 1970) and using a Mini-
Protean II apparatus (Bio-Rad, Hercules, CA, United States). %T
stands for the total monomer concentration (in g per 100 mL)
and %C stands for weight percentage of crosslinker (N,N-
methylenebisacrylamide). The whole protein sample (25 pL) was
applied to a sample well at the top of the stacking gel. Electrophoresis
was run at 110 V until the marker dye reached the bottom of
the resolving gel. Gel staining employed a standard protocol
with 0.025% w/v Coomassie Brilliant Blue G-250 in 40% v/v
methanol-10% v/v acetic acid (background destaining by 5%
v/v methanol-7% v/v acetic acid). Gel images were obtained
using an ImageScanner device and Lab Scan 5.0 software
(Amersham Biosciences, Uppsala, Sweden).

In-Gel Digestion of Proteins

The sample lane was cut horizontally into 17 sections representing
protein fractions (12 stained bands and 5 less stained larger
areas) of a different molecular mass. After destaining using
50 mM NH,HCO; in 50% v/v acetonitrile (ACN) for 45 min,
proteins were in-gel reduced by 10 mM DTT in 100 mM
NH,HCO; and then alkylated by 55 mM iodoacetamide in
100 mM NH,HCO; (Shevchenko et al., 2006). In-gel digestion
was performed using RAF-BT (Sebela et al., 2006). Peptides were
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extracted from the digests with 5% v/v formic acid (FoA)/
ACN, 1:2, v/v (Shevchenko et al., 2006), recovered in test
tubes after solvent evaporation in a vacuum centrifuge, and
finally purified using C18-StageTips (Rappsilber et al.,, 2007).

In-Solution Digestion of Proteins No. 1

The entire precipitate from extraction procedure no. 1 was
dissolved in 40 pL of 100 mM triethylammonium bicarbonate,
pH 8.0, containing 6 M urea and 2 M thiourea. The protein
content was then assayed by the bicinchoninic acid method
(Smith et al., 1985) after a sample aliquot dilution to decrease
the urea concentration to 3 M. Proteins were reduced by TCEP
(5 mM, 23°C, 45 min) and alkylated using iodoacetamide
(50 mM, 23°C, 30 min). In-solution digestion with RAF-BT
was subsequently done using a protein-to-trypsin molar ratio
of 20:1.

In-solution digests were fractionated using the StageTips
(Rappsilber et al, 2007) containing Empore™ Cation
Exchange-SR extraction disks 2251 (3 M Bioanalytical
Technologies, St. Paul, MN, United States) or by reversed-phase
chromatography in a microgradient (MG) device (Franc et al,,
2013a,b). The cation-exchange separation was performed using
a stepwise concentration gradient of ammonium acetate (25 mM,
50 mM, 75 mM, 125 mM, and 200 mM) when the total
elution was achieved by 5% v/v NH,OH in 80% v/v ACN.
The separate peptide fractions were then recovered in test
tubes after solvent evaporation in a vacuum centrifuge and
purified using the StageTips with Empore™ C18 extraction
disks 2215 (3 M Technologies).

Protein Extraction and In-Solution
Digestion Procedure No. 2

A suspension containing 10 x 10° flow-sorted barley chromosomes
was repeatedly mixed with 150 pL of mass spectrometry
(MS)-quality water for washings. The solid material was collected
by a brief centrifugation. Next, the pellet was suspended in
40 pL of 50 mM Tris-HCI, pH 8.0, containing 2 mM MgCl,
and kept at 70°C and 850 rpm for 5 h. Proteins were denatured
by the addition of 20 pL of the same buffer containing 8 M
urea and 10 mM DTT. The mixture was incubated at 23°C
for 1 h before adding 1 pL (250 units) of Benzonase and kept
at 23°C without shaking for 18 h. Disulfide reduction was
achieved by the addition of 15 pL of 5 mM TCEP and incubation
at 23°C for 45 min. This was followed by alkylation of cysteine
thiols by adding 15 pL of 50 mM iodoacetamide in 50 mM
Tris-HCI, pH 8.0, and incubating at 23°C for 30 min. Protein
digestion was performed using 1 pg of SOLu-trypsin in an
overall volume of 240 pL of the 50 mM Tris-HCI buffer, pH
8.0, containing MgCl, at 37°C and 350 rpm for 18 h. The
digestion was stopped by adding 2 pL of 50% v/v FoA.

The second sample was the original root-tip homogenate
containing chromosomes as used for chromosome flow sorting,
and the third sample was a chromosome-depleted fraction (i.e.,
a homogenate from which chromosomes were removed by
flow cytometric sorting). Cell lyzate proteins were obtained
from 1 mL of the extract in a 5-mL tube using acetone

precipitation (1:4, v/v) at —20°C for 24 h and centrifugation
at 20,000 g and 4°C for 15 min. The pellet was then suspended
in 1 mL of fresh acetone, transferred into a 1.5-mL tube, and
collected by centrifugation as above. Further processing of the
additional samples followed the protocol for chromosomes with
the initial washing step omitted in case of the original
root-tip homogenate.

Peptide Quantification Assay

The acidified peptide mixture from procedure no. 2 was spun
down at 10,000 g for 15 min and the supernatant was transferred
into a new tube. Then, the tryptophan content in the peptides
was determined using a microarray fluorescence reader Synergy
MX (BioTek Instruments, United States) as published by
Wisniewski and Gaugaz (2015). Samples of 200 pL were loaded
into microtitration plate wells. The instrument parameters were
as follows: excitation wavelength of 295 nm and bandwidth
of 9.0 nm; emission wavelength of 350 nm and bandwidth of
20.0 nm; gain of 75 units, 10 reads; 20°C; and integration
time of 50 ps. The calibration solutions contained
0.01-5.0 pg pL™' tryptophan in the sample buffer with urea.
Peptide amounts in the assayed samples were calculated using
the assumption that HORVU proteins contain on average 1.95%
tryptophan by mass (derived from the UniProt barley protein
database, see below for details).

Microgradient Separation of Peptides

Tryptic peptides from the digests were first chromatographed
using a MG device (Franc et al., 2013a,b). The peptides in
an amount of 4 pg were loaded into an equilibrated microcolumn
(250 pm id. x 30 mM) made of Kinetex EVO C18 2.6 pm
core-shell particles (Phenomenex, 00G-4,725-E0) and desalted
by washing with 25 pL of 0.1% v/v TFA. Then, the retained
peptides were eluted by a stepwise gradient of 8, 12, 16, 20,
24, 28, 36, and 48% v/v ACN in 20 mM NH,HCO; aspirated
into the gas-tight syringe. The eluate was collected in seven
consecutive 4-pL fractions. Each fraction was then diluted by
21 pL of 5% v/v FoA for the subsequent MS analysis.

Mass Spectrometry of Peptides

Nanoflow liquid chromatography-tandem mass spectrometry
(nLC-MS/MS) analyses were performed on a maXis UHR-Q-TOF
mass spectrometer equipped with a nanoelectrospray ion source
(Bruker Daltonik) and connected to a Dionex UltiMate3000
RSLCnano liquid chromatograph (Thermo Fisher Scientific,
Germering, Germany). Each sample was measured in two runs
and the data were pooled. The experimental setup including
the reversed-phase analytical column, pre-column, composition
of mobile phases, flow rates, gradient programming, and other
automated MS and MS/MS data acquisition parameters was
the same as described previously (Chamrad et al., 2014).

Data Analysis and Annotation

Raw data were converted into Mascot generic format-formatted
files and processed for database searches using PEAKS Studio
10 (Bioinformatics Solutions, Waterloo, ON, Canada). The search
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parameters were as follows: mass tolerance for precursor ions
and fragments — 50 ppm and 0.05 Da, respectively; enzyme —
trypsin (semispecific); the number of missed cleavages — 2;
allowed modifications per peptide - up to 3; variable peptide
modifications — Met oxidation, Asn/Gln deamidation, protein
N-terminal acetylation; and fixed peptide modification — Cys
carbamidomethylation. The sequence databases used were barley
(HORVU) proteome database downloaded from the UniProtKB
(https://www.uniprot.org, 11/10/2020, Proteome ID
UP000011116, 189,799 entries; International Barley Genome
Sequencing Consortium et al., 2012) and cRAP contaminant
database (downloaded from https://www.thegpm.org/crap/ on
11/10/2020). The false discovery rate was set at 1% as a positivity
threshold for the peptide-spectrum match plus peptide and
protein sequence matches. At least one unique peptide was
required for positive protein identification and only the first
identification (ID) with the highest —logP score for each protein
group was used for the subsequent data evaluation.

The obtained list of IDs matching the set of barley protein
sequences was then searched against the UniProtKB/Swiss-Prot
database to find Arabidopsis thaliana (ARATH) homologs by
blastp (protein-protein BLAST; Altschul et al., 2005). Then, the
available information on the cellular localization, related gene
ontology (GO) terms, molecular mass, and sequence length
for each Arabidopsis protein accession was acquired via UniProtKB
Retrieve/ID mapping tool. A limit of 70% sequence homology
was set up for the further search on UniProtKB protein localization
information for Arabidopsis homologs. The whole protein FASTA-
formatted file was reduced into partial files of 400 IDs for the
application of other bioinformatics tools, such as NucPred
(Brameier et al., 2007), Localizer (Sperschneider et al., 2017),
CELLO2GO (Yu et al, 2014), and WegoLoc (Chi and Nam,
2012). In Localizer, the input was specified as “full plant
sequences.” The plant BaCelLo dataset and default settings were
used in WegoLoc. In CELLO2GO search parameters, the
eukaryotic organism option was selected. Also, matching GO
terms and other information were obtained by searches using
DAVID Functional Annotation Tool (Huang et al., 2009).

Evaluation of Nuclear or Chromosomal
Localization

All data obtained from the databases and bioinformatics tools
were merged using Perseus v.1.6.10.45 (Tyanova et al, 2016)
and further processed in Microsoft Excel 2016. Six groups
reflecting the prediction results and UniProtKB information
were established to categorize the identified proteins (Search
S1). Protein IDs yielding information on a nuclear/chromosomal
localization in more than two prediction tools, which possessed
a positive record on their nuclear origin in UniProtKB, were
marked as “NUCLEAR?” Those IDs with more than two nuclear
prediction hits and lacking any UniProtKB information on
nuclear localization were grouped as “PREDICTED NUCLEAR”
Proteins labeled as nuclear/chromosomal by two prediction tools
with a reliable record in UniProtKB were classified as “POSSIBLY
NUCLEAR? The group “DISCREPANCY UNIPROT” contained
IDs with non-nuclear UniProtKB localization information and

more than two positive nuclear/chromosomal localization hits
from the prediction tools. The group “DISCREPANCY
PREDICTION” refers to protein IDs labeled as nuclear in
UniProtKB and yielding less than two positive hits from the
prediction tools. Finally, proteins classified in the “CYTOSOLIC”
group were assigned according to information available on their
subcellular localization in UniProtKB for HORVU or the
corresponding ARATH protein accessions by searching with
tags “cytos,” “cytop,” “mitoch,” “memb,” and “recept” One positive
hit for nuclear localization was a maximum for this group.
The following criteria were used to filter out positive nuclear/
chromosomal localizations: Localizer - predicted nuclear
localization; NucPred - prediction score > 0.50; WegoLoc -
predicted localization contains the tag “nucl”; and CELLO2GO -
the predicted localization (CP) result contains the tag “nucl”
or “chromo” The UniProtKkB HORVU IDs and their ARATH
homologs were searched for the tags “chromos;” “chromat,” and”
“nucl” in the “Subcellular location (CC)” information provided
in the database entry. Information on protein domains was
obtained using CD-Search (Marchler-Bauer and Bryant, 2004;
default settings) and barley FASTA sequences.

Each protein containing at least one functional domain was
scored using an in-house made database of domains (inspired
by Ohta et al, 2010) based on experiments following the
in-solution digestion procedure 2 and MG peptide separation.
Finally, it contained 869 domains. Those domains bound to
the protein ID groups “NUCLEAR,” “PREDICTED NUCLEAR,”
and “POSSIBLY NUCLEAR” were attributed as nuclear. Domains
related to “CYTOSOLIC” proteins were considered false. Each
domain for a protein ID was then scored for these attributes.
Domains not included in the database were marked as unknown.
Comprehensive data combining nuclear prediction hits,
information on protein localization in the UniProtKB, and the
domain score were re-evaluated (Search S2). Protein IDs with
more than three nuclear prediction hits plus the existing nuclear
localization information in UniProtKB (barley accessions) and
true domain attribute were “NUCLEAR” The same score but
the existing nuclear localization information in UniProtKB for
ARATH homolog only resulted in “NUCLEAR (BLAST)”
classification. Proteins lacking any domain information were
classified in the group “UNSUFFICIENT CD INFO” Those
with less than three nuclear prediction hits were denoted as
“POSSIBLY NUCLEAR.” Missing or non-nuclear localizations
found for barley and ARATH accessions in the corresponding
UniProtKB/Swiss-Prot entries evaluated as
“DISCREPANCY UNIPROT?

were

Generating Barley EYFP-FIB1 Reporter
Line

The CDS sequence of barley FIBRILLARIN 1 (FIBI;
HORVU6Hr1G091860), cultivar Golden Promise, was amplified
to generate the ZmUBII::EYFP-FIBRILLARINI::T35S fusion
construct. The amplification was achieved with cDNA obtained
by a reverse transcription (Transcriptor High Fidelity cDNA
Synthesis Kit; Roche) using total RNA isolated from roots
(RNeasy kit; Qiagen) with the following primer pair:
5'-ATGAGGGCTCCCATGAGAGG-3' and 5-CTTTTGCTTC
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TTGGGCATCCTGT-3, including the stop codon. FIBI CDS
was then reamplified with another primer pair 5- GGGGACA
ACTTTGTATAATAAAGTTGTTCACTTTTGCTTCTTGGGC
ATCC-3" and 5- GGGGACAGCTTTCTTGTACAAAGTGGT
AATGAGGGCTCCCATGAGAGG-3' containing the attB sites
and cloned via BP reaction into a pDONR-P2r-P3 vector by
Gateway cloning strategy (Gateway™). The final expression
cassette, including ZmUBII promoter, EYFP-FIBI, and T35S
terminator, was subcloned by multisite LR reaction combining
three entry vectors pEN-L4-UBIL-RI, pEN-LI-Y-L2, and
PpDONR-P2r-P3 with FIBI CDS into the pH7m34GW destination
vector. All constructs assemblies were verified by
Sanger sequencing.

The full construct in pH7m34GW vector was transformed
into Agrobacterium tumefaciens strain AGLI1. For barley
transformation, immature embryos of the cultivar Golden
Promise were dissected and transformed according to the
previously described protocol (Marthe et al., 2015). Regenerated
plants were genotyped for the presence of hptIl gene, conferring
resistance to hygromycin, by PCR with primer pair
5-GACGTCTGTCGAGAAGTTTCTG-3" and 5-CGAGTACTT
CTACACAGCCATC-3". The presence of EYFP-FIB1 fusion
protein in planta was confirmed by the confocal microscopy
using a Leica TCS SP8 STED3X microscope (Leica Microsystems,
Wetzlar, Germany), equipped with an HC PL APO CS2 20 x/0.75
DRY objective, hybrid detectors (HyD), and the Leica Application
Suite X (LAS-X) software version 3.5.5 with the Leica Lightning
module (Leica, Buffalo Grove, IL, United States).

Isolation of Mitotic Chromosomes for
Microscopic Analyses

Preparation of suspensions of mitotic metaphase chromosomes
and flow cytometric chromosome sorting was done as described
above for the proteomic analyses. However, chromosome
suspensions were prepared in LBO1 buffer (Dolezel et al., 1989)
from barley cv. Golden Promise and EYFP-FIBI1 transgenic
plants, and 10° chromosomes were flow sorted into 25 pL of
LBO1 buffer. 10 pL of the flow-sorted chromosome suspension
was pipetted into a 10-uL drop of P5 buffer (Kubaldkova et al.,
1997) on poly-lysine coated microscopic slides (Thermo
Scientific™), air dried for up to 15 min, and stored at —20°C
until use. To evaluate the effect of RNA removal, RNase A
(Sigma Aldrich) was added to 100 pL aliquots of the flow-
sorted chromosome suspensions in LBO1 to a final concentration
of 0.01 ng pL™" and incubated for 30 min at 16°C prior to
pipetting into microscopic slides.

Isolation of Interphase Nuclei for
Microscopic Analyses

For the isolation of root-tip meristem cell nuclei, both Golden
Promise and EYFP-FIBI1 transgenic seeds were surface sterilized
as described (Marthe et al., 2015), cold stratified for 2 days
at 4°C on a wet paper towel, and germinated for 2 days at
24°C in dark. Suspensions of cell nuclei were prepared following
a previous protocol (Dolezel et al., 1992) with modifications.
Briefly, roots of the young seedlings were fixed in 3% (v/v)

formaldehyde in 10 mM Tris buffer with additives (pH 7.5;
Dolezel et al., 2011) for 15 min on ice plus 5 min on ice/
vacuum (500 mBa). Then, they were washed twice in the same
buffer for 10 min on ice. About 30 root tips were cut with
a razor blade and homogenized in 500 pL P5 buffer (Kubalakova
et al,, 1997) using Polytron PT1300D homogenizer (Kinematica
AG) at 15,000 rpm for 13 s. The homogenate was filtered
through a 30 pm nylon mesh and centrifuged at 2,000 g and
4°C for 10 min. The supernatant was removed and the pellet
containing nuclei was resuspended in 100 pL of the P5 buffer.
About 10 pL of the suspension was pipetted into poly-lysine
coated slides (Thermo Scientific™), air dried for up to 15 min,
and stored at —20°C.

Immunostaining and Microscopy

The immunostaining was performed as described (Jasencdkova
etal, 2001). EYFP-FIB1 was detected with primary mouse antisera
against FIB1 (1:100; ab4566; Abcam) and secondary antibodies
goat anti-mouse-Cy5 (Alexa Fluor® 647; 1:300; A21235; Invitrogen)
or with a goat anti-mouse-Cy3 (Alexa Fluor® 546; 1:300; A-11003;
Invitrogen) for nuclei or metaphase chromosomes, respectively.
Alternatively, EYFP-FIB1 on metaphase chromosomes was detected
with rabbit antisera against GFP (1,100; ab290; Abcam) recognizing
also EYFP and secondary antibodies goat anti-rabbit-Cy3 (Alexa
Fluor® 647; 1:300; A-11010; Invitrogen) for metaphase
chromosomes. Nuclei and chromosomes were counterstained with
DAPI dihydrochloride (1 pg mL™) in a Vectashield medium
(Vector Laboratories).

Microscopic images were acquired using a Leica TCS SP8
STED3X confocal microscope (Leica Microsystems, Wetzlar,
Germany), equipped with an HC PL APO CS2 63 x/1.40 Oil
objective, hybrid detectors, and the LAS-X software version
3.5.5 with the Leica Lightning module (Leica, Buffalo Grove,
IL, United States). Confocal images were captured separately
in sequential scans, to avoid spectral mixing, using 405 nm
(DAPI), 508 nm (EYFP), 557 nm (Alexa Fluor® 546), and
594 nm (Alexa Fluor® 647) laser lines for excitation and
appropriate emission spectrum. Pictures were processed in
Adobe Photoshop version 12.0 (Adobe Systems).

RESULTS

Gel-Based Identification of Barley
Chromosomal Proteins

Our initial experiments followed the protocol used by Petrovska
et al. (2014) and Chamrdad et al. (2018) to characterize the
proteome of barley interphase nuclei. Their procedure included
a heat-treatment, nuclease-assisted protein extraction, SDS-PAGE,
in-gel proteolytic digestion, and MS/MS-based protein
identification. The protein extraction step was facilitated by
heat-induced disruption of formaldehyde cross-links to dissociate
nuclear/chromosomal proteins from their complexes with DNA.
The protocol vyielded only 63 barley protein IDs
(Supplementary Table S1) using 11 million chromosomes.
Even though this number was much lower than expected, the
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electrophoretic pattern (Figure 1) was typical for chromosomal/
nuclear preparations with distinct histone bands (Ohta et al.,
2010; Petrovska et al, 2014). A majority of the identified
proteins had a nuclear/chromosomal localization and related
functions. This group included histones and also ribosomal
proteins (assigned mostly as non-classified as well as cytosolic
proteins according to their localization) and a few DNA/
RNA-binding proteins. Other protein IDs included, e.g., abundant
enzymes representing components of energy metabolism
pathways (glycolysis and oxidative phosphorylation).

Gel-Free Approaches Including
Fractionations of Peptide Mixtures

We suspected that the low yield of protein IDs was related
to a low protein input (10 million barley chromosomes
provided an average protein mass of 4.4 pg). Therefore, the
gel-based procedure was replaced by a gel-free protocol.
Moreover, DNA digestion was performed differently using
a set of nucleases comprising DNase I, Benzonase, and
Fragmentase, the latter two were also combined in a single
reaction mixture. The recovered proteins were then subjected
to tryptic proteolysis and the resulting peptides were fractioned
on a strong cation exchanger prior to nanoflow liquid
chromatography (nLC)-electrospray ionization (ESI)-MS/MS.
Table 1 shows an overview of all experiments, which are
documented in Supplementary Table S2. The best results
with regard to the number of protein IDs in a single
experiment were obtained with the protocol using Benzonase
(1169-1531 proteins). This enzyme was employed in all
subsequent experiments.

Figure 2 shows the predicted nuclear or non-nuclear
localization of all identified proteins attributed in the two-round
search approach referred to as S1 and S2 here. Database searches
provided an overall number of 4139 protein IDs by combining
individual datasets (Supplementary Table S3). A total of 674
proteins might be considered nuclear/chromosomal utilizing
predictors based on data from gene ontology prediction tools,
UniProtKB database annotations, and conserved domain searches.
The more stringent search approach S2, which additionally
considered information on the presence of a verified nuclear
domain in the sequence of each identified protein, clearly
confirmed 228 nuclear/chromosomal hits (143 + 62 + 23) and
additional 485 entries (428 + 18 + 39) were found less plausible
for classification in this category. Some of the latter IDs could
not be verified by nuclear domain in S2 search (18 items) or
consistent results in both S1 and S2 search (39 items). The
reason resides, namely, in a discrepancy found for their
localization in the UniProtKB database (i.e., they are not denoted
as nuclear - 428 items).

The Panther GO (gene ontology) classification tool was
applied to evaluate the identified 674 nuclear/chromosomal
barley proteins (including those with the localization annotation
discrepancy in UniProtKB) as regards to the attributed protein
class name. Arabidopsis homologs (636 in total) were reduced
to 293 unique Arabidopsis database entries for the GO
classification search referring to 405 original barley proteins
IDs (Supplementary Table S3). Almost two-thirds of the
evaluated IDs belonged to nucleic acids-binding proteins
including histones, replication factors, and various DNA/RNA
processing enzymes, such as helicases, ligases, methyltransferases,

NUCLEAR S1 and S2

A B
kDa Categorization of protein IDs after analysis including
250 ~ SDS-PAGE and in-gel digestion
150 #ow -
100 senw E
NON-NUCLEAR
75
H ......................... POSSIBLY NUCLEAR 52 S1and S2
50 - D DISCREPANCY UNIPROT S2

NUCLEAR S2 /
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FIGURE 1 | Evaluation of the origin of proteins from mitotic chromosomes identified by GeLC-ESI-Q-TOF MS/MS. (A) SDS-PAGE of extracted barley chromosomal
proteins (Coomassie Brilliant Blue staining). The separation was achieved in a 10% T/3.3% C resolving polyacrylamide gel. Left lane, protein marker 10-250 kDa
(Kaleidoscope Standards, Bio-Rad); right lane, chromosomal proteins. The excised gel fractions and bands are labeled by capital letters A-E and numbers 1-12,
respectively; this labeling is used in Supplementary Table S1 for reference. (B) The nested pie chart shows information on the possible nuclear or non-nuclear
localization of all identified proteins and their distribution into categories reflecting results of a two-round search approach (S1 and S2) utilizing predictors based on
data from gene ontology prediction tools, UniProtKB database annotations and conserved domain searches (NCBI CDD database). The principle of S1 and S2
sorting is elucidated in Materials and Methods. The inner ring shows combined results of the two data search and evaluation procedures. The area labeled
“NUCLEAR S1 and S2” refers to the consistently obtained attributes NUCLEAR, PREDICTED NUCLEAR/DISCREPANCY UNIPROT, and POSSIBLY NUCLEAR. The
outer ring shows a protein distribution based on the procedure S2 plus an additional non-overlapping hit obtained using S1 (“NUCLEAR S1 EXTRA”). The label
“NON-NUCLEAR (REDUCED No.)” refers to subtraction of the non-overlapping hit from the total number of non-nuclear identification.
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Benzonase and in-sol digestion

47
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19.8 7577

50659
24609

Benzonase and in-sol digestion®

3.2

46

1.3

18

1436

4885

6873

18.2

Benzonase and in-sol digestion

(no precipitation)

2.7

42

1.2

18

0.8

13

1531

5387

7186

15

58019

Benzonase and in-sol digestion
(no precipitation)®

Overall

62 1.5 143 3.5

0.7
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aNuclear localization in data search S2 as attributed to protein IDs using predictors (see Materials and Methods and Supplementary Table S2).

bExtraction of chromosomes was performed at pH 9 otherwise it was pH 7.

topoisomerases, chromatin-remodeling complex ATPase,
DNA-directed RNA polymerase subunits, and others. SMC
proteins (including cohesins and condensins) were represented
by 13 items. Approximately 15% of the IDs were ribosomal
proteins, ribosome biogenesis regulators, and translation factors.
Chromatin proteins and gene-specific transcription regulators
represented roughly 5%. Other attributed nuclear/chromosomal
proteins were, e.g., kinetochore proteins, nucleosome assembly
proteins, importin, ubiquitin, and ubiquitin-related enzymes.

Another set of experiments involved peptide fractionation
using a CI18 reversed-phase MG device (Moravcova et al,
2009). This approach has repeatedly been shown very helpful
and efficient for a pre-separation of peptides from digests prior
to nanoLC-matrix-assisted laser desorption/ionization-MS/MS
or nanoLC-ESI-MS/MS analysis (Franc et al., 2013a,b). In that
case, each analyzed peptide sample was first separated into
seven fractions that were individually subjected to nanoLC-
ESI-MS/MS. The obtained results are summarized in Figure 3.
The total number of unique barley protein IDs was 2941
(Supplementary Table S4), from which 398 might be considered
nuclear/chromosomal based on the bioinformatics data processing
S1 + S2 as already mentioned above using UniProtKB database
and prediction tools referring to the appropriate conserved
protein domains and attributed gene ontology terms. The search
approach S2 confirmed 155 nuclear/chromosomal hits
(92 + 43 + 20). Additional 299 entries (243 + 56) were found
less plausible for classification in this category, from which
the number 56 were inconsistently retrieved results in both
S1 and S2 search. A repeated application of the MG separation
showed 1193 reproducible protein IDs. They were present in
at least two biological replicates, see below, from which 144
were classified as nuclear/chromosomal.

The consensual number of 398 barley protein IDs provided
371 Arabidopsis homologs, which were reduced to 263 unique
Arabidopsis database entries for the GO classification search
referring  to 252  original  barley  protein = IDs
(Supplementary Table S4). Again, a majority of the evaluated
IDs (54%) belonged to nucleic acids-binding proteins including
histones, replication/transcription/splicing factors, and various
DNA/RNA processing enzymes, such as helicases, ligases,
methyltransferases, topoisomerases, —chromatin-remodeling
complex ATPase, DNA-directed RNA polymerase subunits, and
others. SMC proteins were represented by six items. About
16% were ribosomal proteins and translation factors. Chromatin
proteins and gene-specific transcription regulators represented
roughly 4%. Other attributed nuclear/chromosomal proteins
included nucleosome assembly proteins, a kinetochore protein,
transporters, and ubiquitin-related enzymes.

Enrichment of Nuclear/Chromosomal
Proteins

The experimental workflow with MG pre-separation of peptides
was applied to three different sample types: (1) flow-sorted
barley chromosomes, (2) original root-tip homogenate as a
control, and (3) chromosome-depleted homogenate
(chromosomes were removed by flow cytometric sorting).
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Every sample type was analyzed in three biological replicates
and each of them in two technical replicates. The results
are summarized in Figure 4. Our analyses considered only
proteins which were identified in at least two biological
replicates. Normalized spectral abundance factor values were
chosen as a quantitative measure (Zybailov et al., 2006) for
comparison. Proteins verified in S1 + S2 search and categorized
as nuclear (and accordingly considered chromosomal)
represented 30% of all repetitive IDs for the flow-sorted
chromosomes. This was significantly more than ~10% obtained
for the control (i.e., the original root-tip homogenate) and
the chromosome-depleted fraction. Data analysis confirmed
the expected enrichment of nuclear/chromosomal proteins
in chromosomes as the percentages for individual search
categories were rather similar for all three sample types
when comparing the numbers of protein IDs (Figure 4).
Non-nuclear proteins always represented more than 80% of
IDs, and almost 90% were identified in the chromosome-
depleted fraction. The category NUCLEAR S2 was the most
enriched one and contained histones categorized according
to Arabidopsis homology as histones and their variants: H2
(13 IDs), H1 (six IDs), and H3 (three IDs). Next, four
DNA helicases were found although three of them are
classified as DNA replication licensing factor or
minichromosome maintenance (MCM) proteins. Single SMC
protein and DNA (cytosine-5)-methyltransferase
CHROMOMETHYLASE 3 (CMT3; EC 2.1.1.37) were found
in this category, which may reflect the under-representation
of characterized barley representatives in the database.
Additionally, three chromatin handling proteins, chromatin-
remodeling ATPase (2 IDs) and facilitates chromatin
transcription complex subunit SSRP1 protein, confirm the
presence of predominantly well-characterized DNA-binding
proteins or enzymes in this group.

Altogether, a combination of the strong cation exchange
(SCX) and MG-related analyses provided a list of 837 unique
IDs, which may be considered nuclear/chromosomal based on
the applied bioinformatics processing (Supplementary Table S5).
This group of identified proteins was compared with the content
of the UNcleProt barley nuclear protein database (Blavet et al.,
2017). Only 311 out of the 837 proteins had matches in the
database. Table 2 shows that a majority of them, categorized
by searches according to their names and functional annotations,
were DNA-associated proteins (including histones) and
RNA-associated proteins as well as proteins attributed to
ribosomes. Numerous matched IDs were uncharacterized proteins
in the barley proteome but could be assigned by homology to
their Arabidopsis counterparts. Many novel protein IDs outside
the UNcleProt belonged to the same categories but above that
the others were typically chromosomal (e.g., condensin, cohesin,
and kinetochore components) or mitosis-related (kinesins).

Localization of FIB1 on Mitotic
Chromosomes

Besides the known chromatin proteins, the SCX and MG
identified a high number of chromosomal proteins that are
not associated with chromatin. A prominent group was
represented by nucleolar proteins, including abundant peptides
from FIB1. FIB1 is a marker of nucleoli that forms foci of
various densities. We have confirmed the localization of FIB1 in
nucleoli of barley interphase nuclei by immunostaining and
also by constructing a barley reporter line constitutively expressing
a translational fusion of EYFP-FIB1 (Figures 5A,B). To confirm
FIB1 localization on mitotic chromosomes as suggested by the
proteomic analysis, we flow-sorted metaphase chromosomes
of wild-type and EYFP-FIBI reporter line into microscopic
slides and observed them either directly (EYFP-FIB1) or after
immunodetection with the antibodies against FIB1 and/or GFP
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(recognizes also EYFP). In all cases, a signal was observed
confirming the presence of FIB1 (native or fusion) protein,
which was not the case for negative controls when chromosomes
were incubated only with a secondary antibody (Figures 5C-F).
The chromosomes were covered entirely with foci of higher
signal intensity. On some chromosomes, we observed even
FIB1 localization in the kinetochore-binding region (Figure 5D).
This observation confirmed that nucleolar protein FIB1 is
associated with plant mitotic chromosomes during cell division.

FIB1 is an RNA methyltransferase that functions in complex
with other proteins and RNA molecules. Therefore, we asked
whether FIBI is localized on chromosomes as an isolated
protein or in complex with RNA. To test this, we treated flow-
sorted chromosomes by RNase (Figure 6). In both cases,
immunolocalized native FIB1 and EYFP-FIB1 fusion protein,
RNase A treatment led to the loss of FIB1 signals, suggesting
that the entire FIBI complex including RNA molecules is
associated with barley mitotic chromosomes.

DISCUSSION

Flow Cytometry as a Critical Step in Plant
Chromosomal Proteomics

We have identified the largest set to date of proteins associated
with plant mitotic chromosomes. Barley was chosen as a model
plant because its reference genome is available (Mascher et al.,
2017) as well as a plethora of transcriptome data (Kintlova
et al., 2017; Rapazote-Flores et al., 2019). Its nuclear proteome
has been characterized as well (Petrovska et al., 2014; Blavet
et al.,, 2017). Importantly, a well-established method is available
for the preparation of suspensions of intact mitotic metaphase
chromosomes and their purification by flow cytometric sorting
(Lysdk et al., 1999). This allowed us to prepare samples enriched
for proteins from mitotic metaphase chromosomes.

Vertebrate chromosomes, on the other hand, are commonly
prepared by a density gradient centrifugation, for example, by
applying sucrose and Percoll gradients (Samejima and Earnshaw,
2018). While highly synchronized mitotic cell populations have
been used to characterize the proteome of human and animal
chromosomes, such a synchrony is hardly reachable with
plant tissues.

As chromosomes are released into the cytoplasm during
mitosis, it is critical to ensure that the chromosomal protein
content is not contaminated by cytoplasmic proteins. As such
a contamination cannot be a priori avoided, we have identified
chromosomal proteins by comparing the results of protein
identification in: (1) the original homogenate containing
chromosomes plus cellular and tissue debris, (2) chromosomes
purified by flow sorting, and (3) chromosome-depleted
homogenate containing only cellular and tissue debris. Given
that the protocol for preparation of chromosome suspensions
(Lysdk et al., 1999) includes mild formaldehyde fixation, there
is a risk of crosslinking cytoplasmic proteins with those forming
the perichromosomal layer. As this should be a random process,
it should result in protein clusters of varying size irregularly
associated with the chromosome surface. However, only highly
regular structures were observed on the surface of flow-sorted
barley chromosomes using environmental scanning electron
microscopy (V. Nedé¢la, personal communication). Based on
this observation and our experimental design, we consider the
results obtained in this work as well supported. We categorized
all proteins identified in flow-sorted chromosomes using the
information obtained from the relevant UniProtKB database
records and related DAVID search data, and compared with
a previous proteomics analysis of avian chromosomes (Ohta
et al., 2010). The comparison showed a good overall agreement
as the majority of proteins was classified as nuclear or
chromosomal, while uncharacterized proteins represented
consistently about 20-25% (Figure 7).
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TABLE 2 | Attributes assigned to the 837 identified barley chromosomal proteins
(NUCLEAR S1 + S2).

Searched text Novel IDs in Matched nuclear IDs
string chromosomes

HORVU? ARATHP HORVU? ARATH®
Chromosome 11 20 3 13
Chromatin 2 22 2 8
DNA 17 41 17 35
Kinetochor 0 3 0 1
Histon 52 61 62 76
Replicat 6 iRl 2 11
Mitotic 0 1 0 2
Kinesin 10 12 0 0
Condensin 5 4 0 0
Cohesin 0 4 0 2
Transcript 0 18 3 13
RNA 11 54 7 36
Ribosome 16 35 19 34
Uncharacterized 185 1 88 2

The text strings provided in the first column were applied as “keywords” for searching in
the names of barley or homologous Arabidopsis proteins (see Supplementary

Table S5). Only 311 out of the 837 proteins matched the original dataset of the barley
nuclear protein database UNcleProt (Blavet et al., 2017). The others were thus
considered novel IDs.

HORVU, Hordeum vulgare.

bARATH, Arabidopsis thaliana.

To assess barley chromosomal proteome from a biological
point of view, we considered a semi-quantitative nature of our
methods and looked at the most relevant proteins and complexes
identified. These proteins were classified as nuclear/chromosomal

and were ordered decreasingly according to the number of
unique identified peptides and analyzed as regards to their
biological role based on the existing annotation and homology
to Arabidopsis.

Pre-separations of Peptides Prior to
nLC-MS/MS to Increase the Protein
Identification Rate
In-gel digestion yielded only 63 proteins with 16 classified as
nuclear/chromosomal. These proteins comprised almost
exclusively histone proteins (H1 to H4) specific to both
euchromatin (H3.3, H2A.XB, and H2A.Z) and heterochromatin
(H3.1, H2A.W, and H1.2). The heterochromatic variants were
generally more frequent, which may correspond to the high
proportion of repetitive DNA in the barley genome (Baker
et al,, 2015). The GTP-binding protein RAN3 (Hv: MOUFI4;
At: Q8H156/AT5G55190) was the only non-histone case likely
responsible for nucleocytoplasmic protein transport. However,
RANS3 most likely does not have a direct DNA-binding activity
and the analysis in Arabidopsis identified it as interactor of
METHYL-BINDING PROTEIN 5, which is one of four
Arabidopsis  MBDs  binding to  5-methyl  cytosine
(Yano et al.,, 2006). In summary, the in-gel digestion method
revealed practically only nucleosomal subunits, suggesting a
loss of a majority of chromosomal proteins and/or a failure
to detect them when using this approach.

The other two methods used, i.e., the SCX and C18 reversed-
phase MG, were based on the in-solution isolated chromosomal
proteins and differed in the principle of pre-separation of peptide

Frontiers in Plant Science | www.frontiersin.org

11

August 2021 | Volume 12 | Article 723674


https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Perutka et al. Proteome of Barley Mitotic Chromosomes

FIB1 signal Merge

Mouse a-FIB1
o mouse-Cy5

DAPI

WT

Pro ZmUBI
EYFP-FIB1

o
WT

Negative control

Mouse a-FIB1
a mouse-Cy3

WT

EYFP-FIB1

Pro ZmUBI:
EYFP-FIB1

Rabbit a-GFP
o rabbit-Cy3

Pro ZmUBI
EYFP-FIB1

FIGURE 5 | (Continued)

Frontiers in Plant Science | www.frontiersin.org 12 August 2021 | Volume 12 | Article 723674


https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Perutka et al.

Proteome of Barley Mitotic Chromosomes

FIGURE 5 | Detection of barley FIB1 in interphase nuclei and on metaphase chromosomes. All nuclei and chromosomes were counterstained with DAPI. Unstained
regions within interphase nuclei correspond to nucleoli. (A) Wild-type (WT) interphase nucleus with FIB1 detected via immunolocalization with a specific antibody
against FIB1 and secondary fluorochrome-coupled antibody. (B) The interphase nucleus of the barley reporter line expressing a translational fusion of the
EYFP-FIB1. (C) Metaphase chromosome without immunostaining serving as a negative control for autofluorescence in Cy3 channel. (D) WT metaphase
chromosome with FIB1 detected as described in (A). (E) Reporter line metaphase chromosome with direct EYPF-FIB1 signal. (F) Reporter line chromosome with
EYFP-FIB1 signal enhanced via immunolocalization with anti-GFP-Cy3 antibody (recognizing also EYFP). Scale bars = 2 pm.

mixtures. Consistently, around 15% of the obtained protein IDs
were classified as nuclear/chromosomal. The lists of the most
abundant proteins were very similar for both methods
(Supplementary Tables 3 and 4). The four most common
proteins/complexes (Group 1) were TOPOISOMERASE 2 (TOP2),
POLY(ADP-RIBOSE) POLYMERASE 2 (PARP2), various histone
proteins, and condensin complex subunits. At the fifth to the
seventh position (Group 2), we found inner nuclear envelope
protein CROWDED NUCLEI 1 (CRWNI1), nucleolar proteins
(e.g., FIB1), and subunits of the replication licensing complex
MCM MCM2 to MCM?7. The remaining positions (Group 3)
were more variable between the methods and represented a
mix of proteins with various chromatin-related functions. They
included chromatin-remodeling ISWI complex factor (CHR11);
FACT complex factors (SPT16 and SSRP1 subunits); high mobility
group proteins; histone chaperone NAP1,2; DNA repair proteins
ZINC 4 FINGER DNA 3’-PHOSPHOESTERASE (ZDP), LIGASE
1 (LIG1) and KU80; and transcriptional gene silencing factors
CHG DNA  methyltransferase =~ CMT3, CG  DNA
METHYLTRANSFERASE 1 (MET1), or ARGONAUTE 4.

Based on the spectra of the most abundant chromosomal
proteins, we can draw a picture of barley metaphase mitotic
chromosome proteins. Using all three methods, we obtained
abundant histone proteins, which are the expected component
of the highly compact metaphase chromosomes. The frequent
presence of histone H1.2 agrees with the transcriptionally inactive
chromatin of condensed chromosomes. From the condensin
complex, we found mainly the core subunits STRUCTURAL
MAINTENANCE OF CHROMOSOMES 2 and 4 (SMC2 and
SMC4) and there was only one hit for the cohesin complex,
suggesting that the latter is less abundant. To our surprise, the
most abundant peptides in both SXC and MG methods originated
from TOP2. Although the TOP1 was present, it was less abundant.
This indicates frequent sister chromatid intertwinings and/or
supercoils that need to be mitigated primarily by the TOP2
and to a lesser extent by the TOP1 activities. The candidates
from the Group 2 are intriguing as they represent typical
interphase nuclear proteins. CRWNI is an inner nuclear envelope
(NE) protein that interacts with other chromatin-binding proteins
and thus mediates chromatin and chromosome organization
(Meier et al, 2016; Mikulski et al, 2019). It is tempting to
speculate that the complex remains bound to the surface of
the chromosome also during mitosis, helping to anchor the
centromeric region to the NE. This could, on the one hand,
accelerate the kinetics of the division and, on the other hand,
help maintaining Rabl chromosome organization found in barley
nuclei (Tiang et al, 2012).

A surprising observation concerned the numerous peptides
derived from the maintenance complex 2 to 7 (MCM2-7). This
complex is typical for DNA replication initiation and elongation

during the S-phase of the cell cycle (Tuteja et al., 2011). Currently,
no data support a direct role of the MCM2-7 complex during
mitosis. Therefore, the MCM2-7 proteins may represent a
contamination from the cytoplasm. However, the presence of
some other (Group 3) proteins, such as DNA replication coupled
maintenance DNA methyltransferases MET1 and CMT?3, indicates
that some replication-related processes appear during mitosis,
possibly at specific DNA repair sites. Furthermore, there is a
specific report of MCM function in late mitosis. Other members
of Group 3 indicate active transcription (FACT and ISWI complex
subunits) and DNA repair. From the DNA repair enzymes,
we detected KU80, which acts as a heterodimer with KU70
and stabilizes free DNA ends. In addition, we found ZDP and
LIG1, both acting in the excision repair pathways. This indicates
a repair of DNA double and single-strand breaks that could
arise from the tension during chromosome condensation and/
or topoisomerase activity.

Validation of Perichromosomal Location of
FIB1

Abundant nucleolar proteins bind to chromosomes after nucleoli
disassemble at the onset of mitosis. Several studies have
demonstrated the presence of nucleolar proteins over the entire
mitosis and their important role in reconstituting a new nucleolus
after the mitosis is completed (reviewed in Kalinina et al., 2018).
Our proteomic data confirm the idea that at least part of these
nucleolar proteins is physically attached to plant mitotic
chromosomes, where they presumably contribute to the formation
of a perichromosomal layer. We have experimentally validated
this localization for the large nucleolar protein FIB1 using multiple
approaches. FIB1 is a part of small nuclear ribonucleoprotein
complexes involved in the first steps of RNA splicing and
processing pre-ribosomal (r)RNAs (Reichow et al., 2007). Sirri
et al. (2016) demonstrated that precursor rRNAs associate with
the perichromosomal layer of human chromosomes where they
serve as binding sites for various nucleolar proteins. In our
work, the treatment of barley chromosomes with RNase A
resulted in a strong reduction of FIB1 signal. This observation
supports the critical role of RNAs in the assembly of
perichromosomal layer also in plants and confirms the specific
binding of FIB1. The marker of proliferation Ki67 is another
nucleolar protein associating with perichromosomal layer in
human (Takagi et al., 1999). According to Hayashi et al. (2017),
Ki67 functions as a binding scaffold for pre-RNAs to which
nucleolar proteins bind. Given the critical role of Ki67 in human,
it is surprising that our analyses did not identify Ki67 in the
proteome of barley chromosomes. Given the large evolutionary
distance between animals and plants, it is possible that a similar
role is played by a different and not yet described protein.
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FIGURE 6 | FIB1 is removed from chromosomes by RNase A treatment. All chromosomes were counterstained with DAPI. (A) WT flow-sorted chromosome with
immunolocalized FIB1. (B) Representative chromosome prepared in the same way with additional RNAse A treatment. (C) Chromosome from a transgenic reporter
line expressing EYFP-FIB1 fusion protein. (D) Chromosome from the same material as in (C) with additional RNAse A treatment. Scale bars = 2 pm.

CONCLUSION

Our results provide valuable insights into the protein composition
of condensed barley chromosomes and support a multi-layer model
suggested for human mitotic chromosome (Uchiyama et al., 2005;
Takata et al., 2007). This model categorized the identified proteins
into separate groups: (1) coating cytoplasmic proteins on
chromosome surfaces, (2) a perichromosomal layer comprising
RNAs and nucleolar proteins, and (3) chromosome structural and
fibrous proteins deeper in the chromosome core. Indeed, we detected
the presence of many cytoplasmic proteins in the sorted mitotic
barley chromosomes. However, these were excluded by our multi-
classifier data analysis as random cellular hitchhikers with no
essential functions during mitosis. On the other hand, a large
group of nucleolar proteins was assigned as truly chromosomal
and this finding, together with an important organizational role

of RNA, was further confirmed by immunolocalization experiments.
Finally, we included into the list a variety of proteins contributing
to the processes of chromosome organization and maintenance.
Generally, there were attempts to assign the identified barley
proteins to their counterparts in Arabidopsis. In some cases,
we could find a high homology for relevant hits supported by
experimental data in the literature. Examples are SWITCH/
SUCROSE NONFERMENTING (SWI/SNF) chromatin-remodeling
complex proteins. Barley SNF protein, UniProtKB access. no.
A0A287IBES5, shows 75% sequence similarity to its ARATH homolog
Q9FMT4. Barley SWI3C subunit (access. no. AOA287QVR1) is
identical at 46%. The possible regulatory function of Arabidopsis
SWI3C resides in affecting plant development as its mutations
led to lower fertility (Sarnowski et al, 2005). Barley
PROLIFERATING CELL NUCLEAR ANTIGEN 2 (PCNA2), access.
no. A0A287FZQ3, is largely homologous (sequence similarities
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(this work). The categorization for barley is derived from information provided in the respective protein names and retrieved by searching in UniProt GO-CC, UniProt
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above 80%) to Arabidopsis (Q9ZW35) and human PCNAs
(Q6FHF5). This protein is an auxiliary component for DNA
polymerase delta and is involved in the replication control. Its
interaction partner REPLICATION FACTOR C PROTEIN
SUBUNIT 1, which participates in meiotic recombination and
crossover formation process (Liu et al, 2013), was identified in
several forms in the present proteomics dataset. As exemplified
by the missing counterpart of human Ki67, many chromosome-
associated proteins that play key roles in plant mitotic pathways
remain elusive. Thus, our dataset may serve as a valuable resource
for functional characterization of plant chromosomal proteins,
their comparative phylogenetic analyses, and ultimately, the
development of the next-generation models for the hierarchical
organization of plant chromosomes.
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The organization of chromatin in cell nuclei is dynamic and undergoes changes during cell cycle and cell tissue differentiation. This is necessary for
correct segregation of genetic information, regulation of gene expression or DNA replication. While there is growing information about in vivo dynamics
of nuclear domains in plant species with small genomes, such data are limited in plants with large and complex genomes.

We are presenting our efforts in developing a series of cultivated barley Hordeum vulgare (2n = 2x = 14; 5 Gbp/1C) marker lines carrying fluorescently
labelled fusion proteins indicative of specific chromosome and nuclear domains such as centromere, telomere and nucleolus. Production of
multi-marker lines will enable comprehensive analysis of chromatin dynamics in both wild type and mutant plants under various conditions.
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study 3D in vivo dynamics of nuclear domains.

This set of FMLs will help in better understanding of chromatin organization and dynamics in cereals with large
genomes in tissue specific manner.
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1 Introduction

The organization of the nuclear genome undergoes dynamic changes
during the cell cycle. Primarily, it is determined by the cell and tissue type and
the developmental requirements of the organism. In response to environmental
conditions and stress stimuli, cells modify the organization of the genome to
adjust gene transcription levels, facilitate repair processes, or modify
accessibility for DNA binding proteins (reviewed in Schubert and Shaw, 2011,
Rosa and Shaw, 2013, Dogan and Liu, 2018). The most notable alterations in
the nuclear and cellular organization occur during mitotic division, a dynamical
process that ensures even distribution of genetic information into emerging
daughter cells (reviewed in Tiang et al., 2012, Liu and Lee, 2022).

Despite the commonalities in the nuclear organization among higher
plants, significant differences have been observed between individual plant
species with varying genome composition. These observations have led to the
presumption that their nuclear and cellular dynamics may also differ. Currently,
most knowledge in this field is based on the relatively small and repeat-poor
genome of the model plant Arabidopsis thaliana (2n = 2x = 10; 119 Mbp/1C).
However, our understanding of the dynamics of large plant genomes, found in
certain agriculturally significant species such as cereal crops, remains limited.
Expanding the knowledge about how genome organization changes in these
plants could aid in selecting cultivars adapted to changing climatic conditions.

Barley (Hordeum vulgare) is a temperate cereal crop with a diploid
genome (2n = 2x = 14; 4.88 Gbp/1C) organized in a Rabl conformation with
centromeres and telomeres positioned at opposite nuclear poles (Rabl, 1885).
Thanks to its low number of large chromosomes, barley has become a favorable

model for cytogenetic and molecular studies, enabling detailed exploration of
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its organization at a high-resolution level (Kwasniewska et al., 2018, Kubalova
et al., 2023). However, the dynamics of barley chromosomes within a cell has
yet to be investigated due to the absence of available in vivo tools, such as
fluorescent marker lines frequently used for dynamical studies in Arabidopsis.
The development of such tools would not only help the plant research
community in expanding the knowledge of cereal crops' genome organization

dynamics but also provide valuable resources for future studies in this field.



2 Aims of the thesis

| Development of translational fusion fluorescent marker lines for

in vivo nuclear and cellular dynamics studies in barley

The first aim of the thesis was to develop a collection of translational
fusion fluorescent marker lines (FMLs) of barley for in vivo study of nuclear
and cellular processes in living plants with large genomes.

1 Optimization of the time-lapse in planta microscopy analysis of

fluorescent marker lines

The second aim of the thesis was to improve and optimize the in planta
time-lapse analysis of cell dynamics in growing barley roots. The microscopy
and the mounting of the growing root samples were simplified by designing the
microscopy holder for the in vivo analysis of cereal crops’ roots.

1l Understanding the spatial organization and dynamics of

chromosomes and microtubules during barley mitosis

The third aim of the thesis was to analyze the mitotic division in barley

roots using the developed FMLs.



3 Materials and methods

Plant material, crossing, and embryo dissection

Two cultivars of two-row spring-type H. vulgare L. cv. Golden
Promise (GP) and cv. Morex were used. A barley GP cultivar was used for the
Agrobacterium tumefaciens mediated embryo transformation.

Crosses between the FMLs were done according to (Thomas et al.,
2019). The mature F1 hybrid seeds were surface sterilized as described (Marthe
et al., 2015), soaked in sterile water, and cold stratified. Embryos were
manually extracted under a binocular microscope and germinated on sterile
plates with 2 Murashige-Skoog agar media.

Molecular cloning of reporter constructs

For cloning, Gateway™ vector cloning set was used. For all
constructs, the CDS of the marker gene was amplified from synthesized cDNA
with primers prolonged by corresponding attb sites (on 5’ primer end) and then
subcloned into a selected donor vector. For C’-ter translational fusion
constructs, CDS of the marker gene and fluorescent tag sequence were
amplified with primers overlapping gene and fluorescent tag gene fusion site.
Afterward, these PCR products were hybridized, used as a template for
amplification with attb-containing primers, and then subcloned into donor
vector as previously. All final constructs were verified by Sanger sequencing.
Verified entry vectors were subcloned into binary vectors optimized for

transformation on Monocotyledonous species.



Agrobacterium tumefaciens mediated transformation of immature barley

embryos

Preparation of Agrobacterium tumefaciens inoculums and immature
embryos transformation was done according to the previously described
protocols (Harwood, 2009, Marthe et al., 2015).

Genotyping of transgenic plants, ploidy measurement, copy number
determination

Regenerated plants were genotyped for the presence of a
HYGROMYCIN selection gene by PCR amplification and the specific
fluorescent signal presence under the microscope.

Ploidy measurement was done according to the previously described
protocol (Dolezel et al., 1994) with modifications. The ploidy was analyzed on
a Partec PAS | flow cytometer using GP as a diploid standard. DNA was stained
with the 4',6-diamidin-2-fenylindol (DAPI).

The estimation of HYGROMYCIN PHOSPHATASE copies was
performed by segregation analysis and digital droplet PCR (ddPCR) using
ddPCR™ Supermix for Probes (no dUTP) (Bio-Rad, Hercules, CA, USA)
according to the manufacturer’s instructions with a 60 °C annealing/extension
phase and 40 ng of HindllI-HF digested DNA for each sample. Primers and
TagMan® probes for HYGROMYCIN PHOSPHATASE (VIC fluorescent dye)
and reference gene CONSTANCE-LIKE CO2 (FAM fluorescent dye) were used
accordingly to (Strejckova et al., 2024; unpublished).

Isolation of interphase nuclei and chromosome sorting, RNAase treatment

Preparation of samples for chromosome sorting from root-tip

meristem cell nuclei was done as described previously (Dolezel et al., 1992)
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with modifications. Root tips were homogenized using Polytron PT1300D
homogenizer (Kinematica AG).

Suspensions of intact mitotic metaphase chromosomes were prepared
as described by (Lysak et al., 1999). The resulting chromosome suspension was
analyzed at a rate of ~5,000 particles per second using a FACSAria SORP flow
cytometer (Becton Dickinson, San José, United States). Sort windows were set
on a dot plot of fluorescence pulse area versus fluorescence pulse width to
select all seven barley chromosomes.

RNase A was done in the flow-sorted chromosome suspensions before

pipetting onto microscopic slides.

Immunostaining of sorted nuclei and metaphase chromosomes

The immunostaining was performed as described (Jasencakova et al.,
2001). EYFP-FIB1 was detected with primary mouse antisera against FIB1
(ab4566; Abcam) and secondary antibodies goat anti-mouse-Cy5 (Alexa
Fluor® 647; A21235; Invitrogen) or with a goat anti-mouse-Cy3 (Alexa
Fluor® 546; A-11003; Invitrogen) for nuclei or metaphase chromosomes,
respectively. Alternatively, EYFP-FIB1 on metaphase chromosomes was
detected with rabbit antisera against GFP (ab290; Abcam), recognizing also
EYFP and secondary antibodies goat anti-rabbit-Cy3 (Alexa Fluor® 647; A-

11010; Invitrogen) for metaphase chromosomes.

Microscopy

All confocal microscopic images were acquired using a Leica TCS
SP8 STED3X confocal microscope (Leica Microsystems, Wetzlar, Germany)
equipped with an HC PL APO CS2 20x/0,75 DRY objective, HC PL APO CS2
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63x%/1.40 Oil objective, hybrid detectors (HyD), and the Leica Application
Suite X (LAS-X) software version 3.5.5 with the Leica Lightning module
(Leica, Buffalo Grove, IL, USA).

Microscopic images were captured separately in sequential scans for
immunologically stained nuclei and chromosomes to avoid spectral mixing in
fluorophore-fitting excitation and emission spectra.

For the time-lapse analysis, 2 days after germination FML plantlets
were used. Root samples were mounted on the microscopy slide with home-
made microscopy chamber or in the EasyClick microscopy sample holder.
During the time-lapse analysis of mitosis, confocal Z-stack images of

approximately 20-30 um width were captured in 1 min scanning windows.
Microscopy data post-processing

Images were processed in Adobe Photoshop version 12.0 (Adobe
Systems), ImageJ Fiji version 1.53c (Schindelin et al., 2012), Inkscape

(Inkscape project), and Imaris version 9.7.2 (Oxford Instruments).
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4 Summary of results

| Development of translational fusion fluorescent marker lines for

in vivo nuclear and cellular dynamics studies in barley

Different FML variants for chromatin, nucleolus, and centromeres
were developed and crossed together with the microtubular FML to create
multi-FMLs. These lines became a valuable material for in vivo studies of

nuclear and cellular dynamics of barley and large cereal crops’ genomes.

1 Optimization of the time-lapse in planta microscopy analysis of

fluorescent marker lines

The in planta time-lapse analysis of nuclear and cellular dynamics in
growing barley roots was optimized and subsequently improved by designing
and implementing the EasyClick microscopy holder optimized for in vivo

analysis of cereal crop roots on the cellular level.

1l Understanding the spatial organization and dynamics of

chromosomes and microtubules during barley mitosis

In vivo analysis of multi-FMLs uncovered both conserved and unigque
features of the barley root cells’ mitosis. It revealed that mitotic chromosome
spiralization starts before the prometaphase and continues until the telophase.
They showed that barley mitotic chromosomes are coated by the layer of RNAs
a protein molecules. Moreover, they revealed that anaphase chromosomes are

pulled to the opposite cell corners instead of the opposite cell wall’s centers.
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Finally, they helped to measure durations of individual mitotic phases in barley
root cells and mitosis itself. These findings will enable the detailed study of in

vivo cellular and nuclear dynamics under different growth conditions.
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5 Summary

This thesis focuses on developing tools for analyzing the nuclear
genome dynamics and organization in agronomically important cereal crop
barley (Hordeum vulgare). Investigating these processes in living cells
significantly helps to understand their cellular regulation and complete
information obtained by studies done on fixed samples.

The thesis describes the procedure of developing translational fusion
fluorescent marker (FMLs) lines for the analyzis of living cells in barley.
Individual lines for chromatin, nucleolus, centromeres, and microtubules were
crossed to originate multi-marker lines, which were used to study mitotic
division in barley root cells. They enabled identifying and characterizing
individual mitotic phases and measuring their durations using time-lapse in
vivo microscopy. Medians of particular phase‘s durations were used to set the
average mitosis duration in barley root cells.

Developed FMLs also helped to bring new insights into barley
mitosis. It was proved that in some cells, chromosome spiralization is initiated
before the prophase and reaches the maximum not in metaphase but in
telophase in all cells. Moreover, it was observed that in anaphase, chromosome
pulling axis is tilted from the cell division axis orientation more into the cell
walls corners. For measurement of the tilting angle in the 3D nuclear space, the
detailed workflow was created in Imaris bitplane software. Furthermore,
obtained indicated that metaphase chromosomes are covered by the layer of
RNAs protein molecules, which resembles features of the perichromosomal
layer found on human chromosomes. Using developed FMLs, durations of

mitosis and its individual phases in barley root cells were estimated.
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In the scope of this thesis, the microscopy sample holder for time-
lapse microscopy of the nuclear dynamics in root cells was designed and
optimized. It significantly simplifies detailed microscopy of growing roots of
wider diameter, as found in most cereal crops.

Developed barley FMLs will enable us to better understand
mechanisms influencing large genomes dynamics, facilitating the agronomical
breeding of cereal crops cultivars adapted to the changing environmental

conditions.
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8 Souhrn (Summary in Czech)

Nazev prace: Analyza dynamiky a 3D organizace jaderného

genomu u je¢mene setého (Hordeum vulgare)

Predkladana prace se zaméfuje na vyvoj nastrojti pro studium analyzy
dynamiky a organizace jaderného genomu u hospodaisky vyznamné plodiny
je¢mene setého (Hordeum vulgare). Sledovani zminénych procesu v zijicich
rostlinach umoznuje 1épe porozumét jejich regulaci a napomaha doplnit
informace ziskané ze studia fixovanych vzorkd.

Dizertaéni prace obsahuje postup vyvoje translaéné fuznich
fluorescencnich markerovych linii je¢mene, pomoci kterych je mozné
charakterizovat dynamické zmény odehravajici se v zivych bunkach.
Jednotlivé markerové linie vytvofené pro studium organizace chromatinu,
jadérka, centromer a mikrotubull byly postupné vzajemné skiizeny za vzniku
multi-markerovych linii, a pouZity pro studium mitotického déleni v butikach
kotene. Pomoci téchto linii se podafilo identifikovat a charakterizovat
jednotliva stadia mitdézy je€mene, a zméfit délku jejich trvani za pouziti time-
lapse in vivo mikroskopie. Z mediant jednotlivych mitotickych fazi byla
nasledné stanovena prumérna délka mitézy v kofenovych buiikach je¢mene.

Vytvorené linie rovnéz napomohly odhalit nové poznatky rozsifujici
znama fakta tykajici se mitézy jeEmene. Bylo prokazano, ze spiralizace
chromatinu je u ¢asti bunék iniciovana jiz pied mitotickou profazi, a u vSech
bun¢k dosahuje maxima ne v metafazi, ale béhem telofaze. Déle bylo
pozorovano, Zze béhem anafaze je osa déleni chromozomui vychylena od osy
bunécného déleni smérem do rohti bunécnych stén. Pro stanoveni uhlu
odchylky v 3D bunééném prostoru byl vytvoren navodny postup pro rendrovaci

platformu Imaris bitplane. Data ziskana z analyzy mitotickych chromozomu
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rovnéz naznacuji jejich pokryti vrstvou RNA molekul a proteint, podobajici se
perichromozomalni vrstvé detekované u lidskych chromozomi.

V ramci prace byl rovnéz navrzen a zoptimalizovan drzak vzorkt pro
time-lapse mikroskopii jaderné dynamiky v kofenovych buiitkach, ktery
vyznamné zjednodusuje detailni mikroskopii u rychle rostoucich kotent
vétsiho priméru, mezi néz patii vétsina obilovin.

Vytvotené markerové linie jeCmene umozni Iépe porozumét
mechanismim ovliviiujicim dynamiku velkych rostlinych genomt, coz v
budoucnu usnadni $lechténi odrid obilovin Iépe adaptovaych na ménici se

klimatické podminky.
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