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1. Introduction

1.1. The cell cycle and meiosis: Divergent chromosome structure and function

1.1.1. The cell cycle

The concept of the eukaryotic cell cycle was first described in 1850 where it was shown
that cells originate by division of a pre-existing cell (Mayr, 1982). Since then, our
understanding of the mechanisms which regulate cell cycle progression and cell division
has greatly increased. Furthermore, progress in our understanding of the molecular
mechanisms regulating these processes revealed that the principal mechanisms of the
cell cycle are conserved among all eukaryotes (Dewitte & Murray, 2003). The mitotic cell
cycle encompasses four sequential ordered phases which temporally separate DNA
replication and subsequent segregation into two daughter cells. Replication, transcription,
and repair of the DNA (S phase) and segregation of the chromosomes into the two
daughter cells (M phase, mitosis) are interceded by gap phases (G1 and G2 phase
(Dewitte & Murray, 2003). During these phases, also termed interphase, chromatin is
hundred or thousand fold less compacted than during mitosis where chromosomes are
highly compacted (Lléres et al, 2009). It is therefore facilitated that the transcription
machinery can access genes, which supports the observation that most transcription
occurs during interphase (Schubert & Weisshart, 2015). To ensure proper cell division, it
is also important for cells to control that DNA replication was completed before entering
mitotic division. In this context, it was found that transitional stages (e.g. from G1 to S
phase and G2 to M phase) have emerged as important check points where the majority
of regulatory proteins operate (Van’t Hof, 1985).

1.1.2. Chromatin dynamics during interphase in plants

Interphase chromosomes are less compacted than mitotic and meiotic chromosomes.
However, a certain level of organisation is still maintained. In many eukaryotes, interphase
chromosomes are organised in distinct chromosome territories associated with several
features regulating transcription, silencing, DNA replication, and a distinct higher-order
chromatin structure (Cremer & Cremer, 2001, 2010). Although this is conserved in many

species, there are nevertheless some variations in interphase chromosome organisation.
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It was proposed by C. Rabl in 1885 that interphase chromosomes are organised in a way
that reflects their orientation during anaphase which results in centromeres and telomeres
being located at opposite poles (Rabl, 1885). In plants, Rabl-configuration was later
confirmed in monocotyledonous plants such as Triticum aestivum, Hordeum vulgare, and
Avena sativa as well as in dicotyledonous plants like Pisum sativum and Vicia faba (Dong
& Jiang, 1998; Rawlins & Shaw, 1990). Interestingly, there were others where no Rabl-
configuration was found, e.g. Zea mays, Sorghum bicolor, and Arabidopsis thaliana (Dong
& Jiang, 1998; Armstrong et al, 2001). It was later reasoned that Rabl-configuration is not
a result of genome organisation nor large genome size, because it was found present in
small (S. pombe, S. cereviseae) and absent in large (Mus musculus) genomes as well as
present only in specific rice (Oryza sativa) cell types (Funabiki et al, 1993; Gilson et al,
1993; Manuelidis, 1984; Schubert & Shaw, 2011; Prieto et al, 2004; Dong & Jiang, 1998).
These examples represent some of the interphase chromatin dynamics differences
between different species and cell types. However, it appears there is yet another layer of
interphase chromatin dynamics in plants which was observed as varying patterns of
spatial association between chromosome arms (Schubert et al, 2012). Although
chromosome territories seem to be separated from each other in a distinct way,
chromosome arms within one chromosome territory appear to be more dynamic. These
chromosome dynamics are thought to be associated with transcription, silencing,
replication and DNA repair (Schubert & Shaw, 2011; Schubert et al, 2012; Tiang et al,
2012). For example, heterochromatic regions which are enriched in repetitive DNA are
often transcriptionally silenced, wherefore adjacent genes are also silenced due to their
transcriptionally silent neighbourhood (Cryderman et al, 1999; Gottschling et al, 1990;
Nimmo et al, 1994; Cremer & Cremer, 2001; Fischer et al, 2006).

Unraveling the spatio-temporal organisation of the genome in the nucleus is important to
understand how genes and non-coding DNA sequences are regulated during plant
development and environmental changes. For example, it was shown that prolonged heat
stress leads to decompaction of heterochromatin and transcriptional activation of
repetitive elements in A. thaliana (Pecinka et al, 2010). These changes in the structure of
heterochromatin might also have an effect on adjacent genes when plants are exposed to
heat stress. Furthermore, it was shown that the Arabidopsis CHLOROPHYLL A/B-
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BINDING PROTEIN (CAB) locus moves from the interior of the nucleus to its periphery
upon its transcriptional activation in response to light (Feng et al, 2014a). Therefore,
elucidating the spatio-temporal dynamics of defined genomic regions during interphase
will be important to understand how plants regulate developmental processes and stress
response at the chromatin level, and will have significant implications for plant growth in

changing environments.

Figure 1 Model of functional nuclear architecture (adopted from Cremer & Cremer
2001). This figure shows structural features of the chromosome-territory-interchromatin-
compartment (CT-IC) model. Features are drawn on an optical section of a nucleus of a
living HelLa cell. (a) CT showing complex folding. Inset shows topological model of gene
regulation where a chromatin loop with active genes expands from the CT into an
interchromatin compartment. (b) CTs contain separate chromosome arm domains (red
versus green) and a centromeric domain (orange, asterisks). Inset shows transcriptionally
active genes separated from the centromeric region versus silenced genes associated
with the centromere. (c) CTs contain chromatin of variable density (dark brown, high
density; light yellow, low density). (d) CT showing early-replicating chromatin domains
(green) and mid-to-late-replicating chromatin domains (red) (e) Higher-order chromatin
structure. Inset shows topological view of gene regulation with active genes (white dots)
at the surface of convoluted chromatin fibres and silenced genes (black dots) located
towards the interior. (f) Interchromatin compartment (green) contains complexes (orange
dots) and larger non-chromatin domains (aggregations of orange dots) for transcription,
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splicing, DNA replication and repair. (g) CT with ~1-Mb chromatin domains (red) and
interchromatin compartment expanding in between. Inset shows topological relationships
between the interchromatin compartment, active, and silenced genes. The finest branches
of the interchromatin compartment end between ~100-kb chromatin domains.

1.1.3. Meiosis and genetic recombination

The majority of eukaryotes reproduce via meiosis, where a diploid cell replicates DNA
once and segregates chromosomes twice to generate haploid gametes (Villeneuve &
Hillers, 2001). Additionally, during the first meiotic division homologous chromosomes
initiate recombination, which can result in reciprocal crossover. Due to the effect of meiotic
recombination on genetic diversity it is fundamental to the evolution of eukaryotic
genomes and serves as a major tool for crop improvement through breeding. Interestingly,
the relative frequency of meiotic recombination is highly variable along chromosomes, with
concentration in narrow hotspots (Choi & Henderson, 2015; Choi et al, 2013; Saintenac
et al, 2011). In addition, large regions, for example surrounding the centromeres, are
suppressed for meiotic recombination (Salomé et al, 2012; Aliyeva-Schnorr et al, 2015).
In barley (Hordeum vulgare L.), interstitial and centromere-proximal regions which are
suppressed for recombination contain 12 - 24% of the barley gene complement (Baker et
al, 2014). Although genetic diversity is reduced in low-recombining regions, they
nevertheless contain genes and thus represent a resource that is hardly accessible to
plant breeders (Baker et al, 2014).

Recombination frequency is controlled at many levels and is initiated by the formation of
programmed DNA double-strand breaks (Bergerat et al, 1997; Keeney et al, 1997). Repair
of these double-strand breaks (DSBs) results in either crossovers (CO) or non-crossovers
(NCO). COs are reciprocal exchanges of large chromosome fragments between
homologous chromosomes whereas NCOs are copies of a small part of the intact
chromosome to the broken chromosome without affecting the template chromosome
(Mercier et al., 2015). However, the number of DSBs initially formed greatly exceeds the
final number of crossovers in A. thaliana, Zea mays, and possible many other plant
species (Giraut et al, 2011; Ferdous et al, 2012; Lu et al, 2012; Sun et al, 2012; Yang et
al, 2012; Drouaud et al, 2013; Wijnker et al, 2013; Qi et al, 2014; Sidhu et al, 2015).
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In plants, more than 80 genes are known to play a role in meiosis (Mercier et al, 2015).
The analyses of meiotic mutants over the last 30 years have provided detailed insights
into the complex mechanisms regulating crossover formation (Figure 2). According to the
current model, DSBs are formed by the SPO11 protein (Grelon et al, 2001; Stacey et al,
2006; Hartung et al, 2007) and the broken ends are further resected to generate longer
3’-OH single-stranded DNA. Subsequently, these are bound by the RPA (replication
protein A) proteins and loaded by the recombinases RAD51 and DMC1 for homology
search and heteroduplex formation (Couteau et al, 1999; Osman et al, 2009; Da Ines et
al, 2012). Crossovers may then be formed via two different pathways, namely class |
(ZMM pathway) (Bérner et al, 2004) and class Il (MUS81 pathway) (Chelysheva et al,
2005; Berchowitz et al, 2007). Besides being controlled by different genes, these two
pathways result in interference sensitive or insensitive crossovers, which has an effect on
the distance between nearby crossovers on the same chromatid (Berchowitz &
Copenhaver, 2010).

However, meiotic recombination patterns are not uniform. Genetic divergence in barley,
maize, and Arabidopsis accessions was shown to account for great variations in
recombination frequency (Gale et al, 1970; Sall, 1990; Sall et al, 1990; Nilsson & Pelger,
1991; Sidhu et al, 2015; Ziolkowski et al, 2015, 2017). With A. thaliana being an ideal
model for plant research, (Ziolkowski et al, 2015, 2017) were able to show that both cis
and trans effects modify recombination frequency which lead to the discovery of copy
number variation in the meiotic E3 ligase gene HEI10 underlying a recombination QTL
(quantitative trait locus).

Extensive work has demonstrated a role for chromatin and epigenetic information in
controlling crossover patterns in plants (Yelina et al, 2012, 2015; Choi et al, 2013; Habu
et al, 2015; Shilo et al, 2015; Mirouze et al, 2012; Melamed-Bessudo & Levy, 2012). For
example, the histone variant H2A.Z overlaps with crossover hotspots at gene promoters
and its deposition is required for wild type levels of recombination (Choi et al, 2013; Shilo
et al, 2015). Furthermore, acquisition of dense DNA methylation and histone H3K9
dimethylation is sufficient to silence crossover hotspot activity (Yelina et al, 2015). These
associations reflect the classical observation of high meiotic recombination in plant

euchromatin and suppression in heterochromatin (Higgins et al, 2012; Choi et al, 2013;
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Phillips et al, 2013; Baker et al, 2015). Importantly, it has also emerged that epigenetic
information, for example DNA and histone methylation, is polymorphic between natural
Arabidopsis accessions (Dubin et al, 2015; Kawakatsu et al, 2016; Moghaddam et al,
2011). Therefore, epigenetic variation is also likely to contribute to modification of meiotic

frequency when diverged accessions are crossed (Ziolkowski et al, 2015, 2017).
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Figure 2 Model of meiotic recombination mechanisms (adopted from Mercier et al,
2015). (a) Meiotic recombination is initiated by formation of double-strand-breaks
(DSBs). (b) DSBs are further resected which results in 3’ single-stranded DNA
overhangs. (c) Single-stranded DNA overhangs may invade to sister chromatid for
repair. (d) Invasion of homologous chromatids by single-stranded DNA. (e) Inter-
homologous intermediates can be protected by proteins of the ZMM pathway,

generating double Holliday junction (dHJ) intermediates. (f) Resolution of dHjs as class |
crossovers which are sensitive to physical interference. (g) Synthesis-dependent strand
annealing (SDSA) as an alternative pathway resulting in non-crossovers. (h) dHj
dissolution as an additional alternative pathway resulting in non-crossovers. (i) There is
a possibility for other mechanisms to result in non-crossovers. (j) A pathway
independent of ZMM proteins produces class Il crossovers which are insensitive to
physical interference.



1.2. Visualization of specific genomic DNA in plants

1.2.1. Staining techniques and development of fluorescent in situ hybridization

During the last decades, DNA sequencing technologies have greatly improved our
knowledge about the linear sequence order of plant genomes (Arabidopsis Genome
Initiative, 2000; International Rice Genome Sequencing Project, 2005; International
Brachypodium Initiative, 2010; Dohm et al, 2014), and recent chromatin conformation
capture approaches are beginning to reveal how plant genomes are spatially organized
within the average nucleus (Mascher et al, 2017; Feng et al, 2014b; Grob et al, 2014).
However, the spatial organization of plant genomes within the nucleus was also
extensively studied by classical microscopy approaches. Visualization of genomic DNA
and chromatin in plant nuclei allows us to directly interrogate the spatial organization
therein. Classical approaches to visualize chromatin rely on dyes such as Giemsa-stain,
aceto-carmin, and aceto-orcein (Lam et al, 2004). Such chromatin staining methods are
DNA sequence-unspecific but achieve reproducible staining patterns which enable
karyotyping and detection of large genome rearrangements (Lam et al, 2004). The
introduction of 4',6-diamidino-2-phenylindole (DAPI) as a fluorescent dye that specifically
associates with the minor groove of double-stranded DNA improved staining intensities
by a factor of 20 (Barcellona et al, 1990; Kubista et al, 1987). Furthermore, DAPI
preferentially binds to AT-rich DNA sequences which also happen to be enriched in
heterochromatic regions (Lam et al, 2004).

Another technique that allows visualization of specific DNA sequences is fluorescent in
situ hybridization (FISH) which is based on fluorescent dyes conjugated to DNA probes.
FISH is a well-established tool to map DNA sequences on chromosomes and visualize
spatial DNA arrangements within nuclei (Aliyeva-Schnorr et al, 2015; Lysak et al, 2001).
However, it relies on fixed tissue samples and cannot be used to visualize dynamic
processes in living cells. FISH also requires cell fixation and a DNA denaturation step
which may result in an altered chromatin structure (Boettiger et al, 2016; Kozubek et al,
2000).
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1.2.2. Live cell imaging of specific DNA sequences in plants

In contrast to classical and fluorescence-based cytological methods, live cell imaging of
specific DNA sequences allows us to investigate spatio-temporal dynamics of
chromosomes. As already mentioned above (see 1.1.2), chromatin is not rigidly fixed
within the nucleus but is dynamic, and chromosomal regions may change their location as
a result of or prerequisite for transcriptional activation and silencing, as well as response
to environmental stimuli.

Live cell imaging of specific genomic loci in plants has been achieved first by the
application of a directly repeated lac operator sequence and its detection with a GFP-
tagged lac repressor protein (Kato & Lam, 2001). However, this system is based on the
random insertion of an exogenous sequence into the genome. Live imaging of
endogenous genomic regions became possible with the discovery of Cys2-His2 zinc-
finger proteins from Xenopus (Miller et al, 1985). Individual zinc-fingers are composed of
30 amino acids (Beerli & Barbas, 2002) where each unit can be engineered to recognize
a nucleotide triplet (Pavletich & Pabo, 1991; Klug, 1993). Multiple zinc-fingers can be
arranged in tandem as a zinc-finger protein (ZFP) to recognize specific DNA sequences
(Choo et al, 1994; Pabo et al, 2001). Fluorescent protein-tagged ZFPs were first used in
A. thaliana and Mus musculus for live cell imaging of repetitive DNA (Lindhout et al, 2007).
Despite numerous studies where ZFPs were engineered for genome editing (Beumer et
al, 2006; Bibikova et al, 2003; Zhang et al, 2010), the potential of this technology has not
been fully exploited yet for imaging, probably due to its difficult design.

Transcription activator-like effectors (TALES) were first discovered in the plant pathogenic
bacteria Xanthomonas and can be engineered to bind specific DNA sequences through
tandemly arranged 33 - 35 amino acid repeats where each repeat binds to one nucleotide
(Boch et al, 2009). While TALEs fused with fluorescent proteins were successfully used
for live cell imaging in cultured cells and live organisms (Ma et al, 2013; Yuan et al, 2014),
their application in plants was only recently shown (Fujimoto et al, 2016).

The discovery of the type Il clustered regularly interspaced short palindromic repeats
(CRISPR)-associated protein 9 (Cas9) system derived from Streptococcus pyogenes

revolutionized the field of targeted genome editing in eukaryotes (Jinek et al, 2012).
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CRISPR-Cas9-based genome engineering has become a routine technology in many
plant species (Pacher & Puchta, 2017). Recently, nuclease-deficient derivatives of Cas9
(dCas9) in combination with transcription activators (EDLL and TAL effectors) and
repressors (SRDX repression domain, CRISPR interference) were used to modify gene
expression in many model organisms including plants (Piatek et al, 2015; Qi et al, 2013).
Furthermore, by fusing dCas9 with GFP, CRISPR-dCas9 was used to label genomic loci
in live mammalian cells (Chen et al, 2013; Anton et al, 2014). Multicolour CRISPR-dCas9
imaging was enabled through utilization of dCas9 orthologues from different bacteria
species, like Neisseria meningitidis (NmCas9), Streptococcus thermophilus (St1Cas9),
and Staphylococcus aureus (Ma et al, 2015; Chen et al, 2016). The discovery of the Cas9-
like activities of the Cpfl protein derived from Acidaminococcus and Lachnospiraceae
(Zetsche et al, 2015) may further expand the palette of engineered proteins for live cell
imaging of DNA. In addition to visualization of DNA, CRISPR-dCas9 was also used to
visualize RNA in living cells through DNA oligonucleotides that would hybridize with the
target RNA and supply the protospacer adjacent motif (PAM) required for binding (Nelles
et al, 2016; O’Connell et al, 2014).
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Figure 3 Overview of engineered proteins used for live cell imaging in plants.

(@) A zinc-finger protein (ZFP) fused with GFP was engineered to recognize a 9-bp
sequence within the A. thaliana centromeric DNA sequence pAL1 (Lindhout et al, 2007).
Individual Cys2-His2 zinc-fingers (ZFs, shown as orange or blue rectangles) recognize 3-
bp triplets of the target sequence (highlighted in red). (b) Transcription-activator-like (TAL)
effector fused with GFP was engineered to recognize a 17-bp sequence within the A.
thaliana centromere DNA sequence pAL1 (Fujimoto et al, 2016). Individual units that
specifically recognize certain nucleotides (highlighted in red) are shown as orange, blue,
and magenta rectangles. (c) CRISPR-dCas9 derived from S. aureus fused to three copies
of mRuby forms a complex with a single guide (sg) RNA containing a sequence
complementary to telomeric DNA. Protospacer motif is highlighted in red. Protospacer
adjacent motif (PAM) which is required by S. aureus dCas9 (NNGRRT) is highlighted in
blue.
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1.3. Single-cell analysis: From rare microbes and human cancer cells to meiosis

research in plants

1.3.1. Applications of single-cell genome sequencing

Single-cell analysis differs from bulk-cell or cell-population analysis in a way that it reveals
heterogeneity between individual cells in a complex biological system such as a
developing embryo, a human tumor, a microbial ecosystems, and different plant tissues.
With the advance of single-cell analysis approaches during the last decades, it became
possible to address new questions in microbial research, human genetics, and plant
research. For example, it was estimated that approximately 99% of all microbial species
cannot be grown in pure culture which used to leave their genomes inaccessible (Kalisky
et al, 2011; Blainey & Quake, 2014). Through the advance of single-cell genome
sequencing, several uncultivated microbes were successfully sequenced. These include
TM7, a candidate phylum with environmental and clinical relevance (Marcy et al, 2007),
marine microbes (Rodrigue et al, 2009; Woyke et al, 2009), an insect symbiont (Woyke et
al, 2010), organisms from a complex microbial community such as cattle rumen (Hess et
al, 2011), and the first single-cell archaeal genome of Nitrosoarchaeum limnia (Blainey et
al, 2011). In addition, single-cell sequencing was used to unravel the sexual origin of
heterokaryosis in arbuscular mycorrhizal fungi (Ropars et al, 2016).

In human genetics, single-cell analysis holds promise to reveal the complexity of tumor
heterogeneity, where it is unknown which tumor cells are responsible for the respective
phenotype, and which could improve tumor treatment (Wang et al, 2014). Furthermore, it
also enables to understand important somatic variation caused by gradual accumulation
of mutations through errors in cell division and mobile genetic elements which is
associated with aging and cancer (Lynch, 2010).

In plants research, single-cell approaches offer exciting new possibilities. For example,
single-chromosome sequencing, which is a related approach, was used to improve the
reference sequence of wheat chromosome 3B (Capal et al, 2015) and to identify the
chromosomal location of a transgene in wheat (Capal et al, 2016). In addition, single-cell
sequencing can be used in meiosis research to measure meiotic recombination,

investigate gene conversion, determine segregation ratios, and provide a reference
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genetic map (Li et al, 2015; Dreissig et al, 2015). Its greatest advantage in plant meiosis
research might be to overcome the sampling issue related to other methodologies such
as microscopy and segregating population analysis. Meiotic recombination events are
quite rare with typically only 1 - 2 events per chromosome pair per meiosis.

There are numerous methods to measure meiotic recombination in plants, including
molecular markers (Salomé et al, 2012), cytological visualization of crossovers (Sybenga,
1966; Anderson et al, 2003; Phillips et al, 2013), tetrad analysis (Copenhaver et al, 2000),
fluorescent protein-tagged loci expressed in pollen (Berchowitz & Copenhaver, 2008;
Francis et al, 2007; Yelina et al, 2013), and several pollen genotyping approaches
(Drouaud & Mézard, 2011; Khademian et al, 2013; Li et al, 2015). Although these methods
have been successfully used to characterize recombination patterns and improve our
understanding of meiosis, each of them has its specific advantages and disadvantages.
The analysis of recombination through genotyping of a segregating population is laborious
and very challenging for some plant species. Cytological analysis of recombination is more
widespread and applicable to many plant species, yet its resolution is lower compared to
sequence-based approaches and the analysis is demanding in terms of time and
experience. Tetrad analysis combined with fluorescence markers is a very powerful high-
throughput approach but requires the integration of reporter transgenes and is so far
limited to the model species Arabidopsis (Berchowitz & Copenhaver, 2008; Francis et al,
2007; Yelina et al, 2013),

As it was previously shown with maize microspores, single-cell sequencing is capable of
reliably measuring meiotic recombination (Li et al, 2015). With further advances in the field
of genomics and decreasing costs of sequencing, these single-cell approaches might
enable us to analyse large numbers of meiotic cells at unprecedented resolution. It is
therefore reasonable to think that single-cell genome sequencing will complement and
even outperform microscopy- or population-based approaches in terms of analysing

meiotic recombination.
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1.3.2. Technical challenges of single-cell sequencing

There are four major technical challenges associated with single-cell genome sequencing,
(i) physical isolation of individual cells from a tissue or population, (ii) amplification of the
cellular DNA to acquire sufficient amounts for downstream analyses, (iii) analysis of the
amplified DNA in a cost-efficient way to address the hypothesis of the study, and (iv)
interpretation of the data in the context of biases and errors which might arise during the
previous steps (Gawad et al, 2016).

Several approaches for single-cell isolation were successfully used, including microfluidic
flow-sorting (Marcy et al, 2007; Wang et al, 2012), fluorescence activated cell sorting
(FACS, (Capal et al, 2015; Ropars et al, 2016; Rodrigue et al, 2009; Woyke et al, 2009)),
micromanipulation (Woyke et al, 2010; Houben et al, 1996; Matsunaga et al, 1999), and
optical tweezing (Blainey et al, 2011). Different tissues or different organisms can pose
their own unique challenges in terms of cell preparation. For example, plant pollen are
composed of rigid cell walls (Shi et al, 2015; Goss, 1968) that may require enzymatic or
mechanical disruption of the cell wall (Chen et al, 2008; De Storme & Geelen, 2011). At
the same time, their nuclei need to remain intact for isolation through fluorescence
activated cell sorting (FACS) and subsequent downstream analyses.

The second step is amplification of the DNA of a single cell for downstream analyses.
Most cells do only contain picogram amounts of DNA, depending on genome size, which
is insufficient for direct downstream analyses such as whole-genome sequencing. In
general, the aim is to amplify cellular DNA up to microgram amounts by simultaneously
minimizing the introduction of artefacts, such as amplification bias, locus loss, mutations,
and sequence chimaeras (Gawad et al, 2016). Therefore, several whole-genome
amplification (WGA) methods were developed that each have their advantages and
disadvantages which need to be considered carefully for different experiments (Figure 4).
At first, pure PCR-based methods were developed which utilized degenerate or random
oligonucleotide priming (Telenius et al, 1992; Zhang et al, 1992). These methods are
associated with high locus loss rates due to differences in density of common sequences
and variability in PCR efficiency between loci (Gawad et al, 2016). Secondly, WGA
methods based on multiple-displacement amplification (MDA) were developed that rely

on quasi-random priming and isothermal amplification using the ®29 DNA polymerase
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(Dean et al, 2001; Zhang et al, 2001). These methods result in higher genome coverage
and fewer mutations due to increased fidelity of the ®29 DNA polymerase (de Bourcy et
al, 2014). However, it also introduces amplification bias in terms of overrepresentation of
those loci which get amplified first (de Bourcy et al, 2014). Finally, hybrid methods such
as multiple annealing and loop-based amplification cycles (MALBAC) and displacement-
DOP-PCR (also known as PicoPLEX) were developed that both use limited isothermal
amplification followed by PCR amplification of the products of the first step (Zong et al,
2012; Langmore, 2002). These methods were conceptualized in order to overcome the
low coverage of PCR-based methods and the low uniformity of MDA-based methods. In
a representative comparison using serial dilutions of E. coli DNA as well as single bacterial
cells, both MDA and hybrid methods were successfully used to amplify DNA from single
cells (de Bourcy et al, 2014). However, both methods amplified a significant amount of
contaminant DNA when carried out in microlitre volumes in standard reaction tubes. This
contamination was largely avoided by carrying out the same reactions in nanolitre volumes
in a microfluidic system. This illustrates another principle of single-cell WGA approaches,
which is that smaller reaction volumes result in higher amplification efficiencies due to
higher target DNA concentration and lower amounts of contamination (Marcy et al, 2007,
Wang et al, 2012; Gole et al, 2013).

After successful DNA amplification, there are several options available how to analyse the
amplified DNA to address the hypothesis of the study. For example, one may consider to
carry out multiple PCR reactions to analyse loci of interest (as it was done in the current
study), perform exome-capture to focus on protein-coding regions (Leung et al, 2015), or
to sequence the entire genome (Wang et al, 2012; Li et al, 2015). However, it is important
to consider the costs of each method in relation to the question that needs to be addressed
(Figure 5). For example, it might be interesting to analyse meiotic recombination between
two loci in thousands of cells, where it would be of advantage to use allele specific PCR.
On the other hand, one would prefer whole-genome sequencing if interested in fine scale
analysis of the meiotic recombination landscape.

Finally, it is of great importance to interpret the data in the context of biases and errors
which might arise during the previous steps. It is therefore important to consider including

controls in single-cell experiments, such as purely homozygous parental cells when
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analysing meiotic recombination. Homozygous cells should not show different alleles and
can therefore be used to interrogate errors that could arise during DNA amplification. In
addition, cell isolation through microfluidics or flow cytometry can be biased by selection
of cells based on size or viability. It is therefore important to compare results obtained from
single-cell experiments with those obtained through different methods, such as the
analysis of meiotic recombination in single F1 pollen nuclei versus a double haploid (DH)

population of the same genotype.
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Figure 4 Overview of the three main whole-genome amplification methods (adopted
from Gawad et al, 2016). (a) PCR-based method using degenerate oligonucleotide primed
PCR (DOP-PCR) using random priming followed by PCR amplification. Specific sites in
the genome are preferentially amplified which results in low genome coverage but better
uniformity of amplification. (b) Isothermal multiple displacement amplification (MDA) using
random priming combined with a ®29 DNA polymerase with high processivity and strand
displacement activity. This methods has high genome coverage but is less uniform across
the genome. (c) Hybrid methods such as multiple annealing and looping based
amplification cycles (MALBAC) and PicoPLEX using an initial isothermal amplification,
during which common sequences are added to the amplicons, followed by PCR
amplification using those sequences. These methods have intermediate genome
coverage and uniformity compared to pure DOP-PCR and MDA.
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Figure 5 Overview of two different single-cell analysis approaches.

(a) Pollen grains are disrupted by metallic beads which releases nuclei. Pollen nuclei are
stained by DAPI and flow cytometry is applied to sort individual haploid pollen nuclei into
separate reaction tubes of a microwell plate for whole-genome-amplification. (b)
Isothermal multiple displacement amplification (MDA) is applied on individual pollen nuclei
followed by KASP genotyping to score recombination frequency in one or more defined
chromosomal intervals. This model shows a chromosome (grey) and its centromere
(black) with 4 SNPs with known physical position (thin black lines). Recombination events
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are then measured by allele-specific KASP markers (blue vs red) in individual pollen
nuclei. This approach offers relative ease of data analysis but focuses on specific
chromosomal intervals of interest. (c) PicoPLEX amplification, which is a combination of
an initial isothermal amplification followed by PCR re-amplification and library preparation
for lllumina sequencing, is followed by lllumina paired-end sequencing to generate a
genome-wide recombination map of individual pollen nuclei. Recombination events are
visualized as allelic changes (blue vs red) along all seven barley chromosomes. This
method offers high reproducibility and resolution of meiotic recombination at megabase
scale across the whole genome.
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2. Aims of the study

In the current study, my aim was to advance single-cell analysis in plants by developing
novel methodologies that would pave the way for future work in the field of basic and
applied plant research.

The first part of the study is focused on meiotic recombination and its implications for plant
breeding. A major focus of plant meiosis research is on modifying recombination patterns
in crops to unlock genetic diversity and aid crop improvement through breeding. Many of
these attempts require efficient methods to measure meiotic recombination in mutant
backgrounds, in response to environmental stimuli, in chemically altered epigenetic
contexts, and divergent accessions. Therefore, my aim was to develop a new
methodology to measure meiotic recombination based on genotyping or sequencing of
single pollen nuclei and provide evidence for its performance compared to standard

methods.

The second part of this study is focused on the visualization of defined genomic regions
in live cells for basic plant research, but presumably also future applied research in plants.
Interphase chromatin dynamics might be a result of or prerequisite for transcriptional
activation of genes in response to environmental stimuli or developmental processes. Our
means to visualize specific genomic regions in live plant cells in order to observe these
dynamics are still limited. | was therefore aiming to take advantage of the recently
discovered CRISPR-Cas9 system and establish a CRISPR-Cas9-based live cell imaging
method in plants.

Together these new methodologies will enable to better understand meiotic recombination

and interphase chromatin dynamics in basic and applied research.
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3. Publications

3.1. Measuring meiotic crossovers via multi-locus genotyping of single pollen
grains in barley

Dreissig, S. et al., 2015. Measuring meiotic crossovers via multi-locus genotyping of single
pollen grains in barley. PloS one, 10(9), p.e0137677.
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Abstract

The detection of meiotic crossovers in crop plants currently relies on scoring DNA markers
in a segregating population or cytological visualization. We investigated the feasibility of
using flow-sorted haploid nuclei, Phi29 DNA polymerase-based whole-genome-amplifica-
tion (WGA) and multi-locus KASP-genotyping to measure meiotic crossovers in individual
barley pollen grains. To demonstrate the proof of concept, we used 24 gene-based physi-
cally mapped single nucleotide polymorphisms to genotype the WGA products of 50 single
pollen nuclei. The number of crossovers per chromosome, recombination frequencies
along chromosome 3H and segregation distortion were analysed and compared to a dou-
bled haploid (DH) population of the same genotype. The number of crossovers and chromo-
some wide recombination frequencies show that this approach is able to produce results
that resemble those obtained from other methods in a biologically meaningful way. Only the
segregation distortion was found to be lower in the pollen population than in DH plants.

Introduction

Meiotic recombination is the primary mechanism of generating novel allelic combinations and
introducing genetic diversity. In barley (Hordeum vulgare L.), as well as in many other crops,
recombination frequencies are elevated in distal gene-rich chromosomal regions. Nevertheless,
24.7% of the total barley gene content is located in low recombining regions [1] representing
an untapped resource which is unavailable for plant breeding [2]. Hence, strategies to modulate
the recombination frequency along chromosomes are needed. The ability to induce an increase
in meiotic recombination is so far limited to the model species Arabidopsis thaliana via a muta-
tion of the FANCM helicase [3]. In barley, Higgins et al. [4] demonstrated a shift of meiotic
crossovers towards interstitial and proximal regions at higher temperatures during meiosis.
There are different ways of monitoring meiotic crossovers in plants. They can be identified
using molecular markers in a segregating population [5], or alternatively the frequency and dis-
tribution of crossovers can be visualized by cytological means like analysis of pairing configura-
tions [6] or immunolabeling of proteins involved in meiotic recombination such as the barley
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MutL homologue (HvMLH3) [7]. One limitation of using microscopy-based methods is that
the sites of recombination events can only be resolved at the chromosomal level. Another limi-
tation is an uncertainty about perfect agreement between protein localization and crossover.
Other tools for efficient determination of recombination events such as the tetrad analysis
based on the quartet (qrt) mutation are currently only available for Arabidopsis thaliana [8].

In human and livestock genetics, recombination analysis using meiotic gametophytes was
developed more than 20 years ago for the high-resolution mapping of recombination sites. In
plants, the idea of analysing pollen grains has already brought forward a number of studies.
Petersen et al. [9] extracted DNA from single barley and rye pollen grains for PCR amplifica-
tion and subsequent sequencing of high and single copy genes. Chen et al. [10] developed a
method using pollen grains of several plant species for molecular analysis utilizing randomly
amplified polymorphic DNA and simple sequence repeat markers. The introduction of whole-
genome-amplification (WGA) methods, such as primer extension pre-amplification, enabled
Aziz and Sauve [11] to further increase the amount of information gained from single pollen
grains. However, other WGA methods based on isothermal amplification via the Phi29 DNA
polymerase hold the potential to enable the analysis of hundreds to thousands of markers in a
single cell [12].

In the current study, we describe a strategy to perform a parallel analysis of individual hap-
loid nuclei derived from pollen grains by utilizing fluorescence activated cell sorting (FACS)
coupled with Phi29 DNA polymerase-based whole-genome-amplification (WGA) and multi-
locus KASP genotyping. The meiotic crossover measurements were compared to data obtained
by different methods in comparable genetic environments.

Materials and Methods
Plant material and isolation of pollen nuclei and genomic DNA

Pollen grains were collected from an F, plant of the barley cultivars Morex x Barke (Hordeum
vulgare L.). Mature anthers of 20 flowers were collected in a 1.5 ml Eppendorf tube using for-
ceps. Afterwards, 300 pl of ddH,O were added and the suspension was vortexed for approxi-
mately 30 sec. The suspension was shaken at 1500 rpm for 10 min at room temperature to
release all pollen grains. Afterwards, the pollen suspension was centrifuged for 5 min at 13,000
rpm and all empty anthers were manually removed using forceps. After centrifugation for

5 min at 13,000 rpm the supernatant was removed and the pollen pellet was resuspended in
100 pl Galbraith buffer (45 mM MgCl,, 30 mM sodium citrate, 20 mM MOPS, 0.1% Triton-
X100, pH to 7.0; [13]) and transferred into a 2.0 ml Eppendorf tube containing two metallic
beads of 6 mm in diameter (Intec GmbH) as described in [14]. The pollen-bead mixture was
centrifuged for 5 min at 13,000 rpm prior to homogenization at 30 Hz for 40 seconds using a
MM 400 ball mill (Retsch). After homogenization, another 500 ul Galbraith buffer were added
and the suspension was filtered through a 30 um filter (Sysmex-Partec). For the purpose of pro-
viding genomic DNA for marker testing, genomic DNA was extracted from leaf tissue using
the DNeasy Plant Mini kit (Qiagen) and measured using nanodrop (Peqlab).

FACS-based purification of single haploid nuclei and whole-genome-
amplification

The nuclei suspension was stained with 4',6-diamidino-2-phenylindole (DAPI; 1.5 ug/ml) and
single 1C nuclei were sorted using a BD FACSAria ITu (BD Biosciences) flow-sorter into indi-

vidual wells of a 384-microwell plate containing 2 pl lysis solution (0.5 pl lysis buffer composed
of 400 mM KOH, 100 mM DTT, 10 mM EDTA; [15], 0.5 pl ddH,O, 1 pl sample buffer
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(Genomiphi V2, GE Healthcare)) for whole-genome-amplification. Note, in contrast to the
manufacturer’s protocol the sample buffer containing random primers for whole-genome-
amplification was added to lysis solution. Whole-genome-amplification was carried out using
the Genomiphi V2 kit (GE Healthcare) according to the manufacturer’s protocol with the fol-
lowing modifications: Nuclei lysis and DNA denaturation was conducted by incubation at
65°C for 3 min in 2 pl lysis solution. The lysis solution was neutralized by adding 0.5 pl neutra-
lisation buffer (666 mM Tris-HCl, 250 mM HCI; [15]). Afterwards, a master mix composed of
3.5 pl sample buffer, 4.5 pl reaction buffer and 0.5 pl enzyme mix (all Genomiphi V2, GE
Healthcare) per reaction was added and samples were incubated at 30°C for 8 hours followed
by inactivation of the enzyme at 65°C for 10 minutes. Subsequently, each sample was diluted
with 500 pl ddH,O. The DNA concentration of the WGA products of single pollen nuclei was
measured by fluorometric quantitation (Qubit, Life Technologies).

Each sample was subjected to a PCR using primers for the Ty3/gypsy-like retroelement cer-
eba in order to validate the successful sorting of pollen nuclei into the microwells. The reaction
volume of the cereba amplification was 10 pl containing 5 ul WGA product, 1x PCR buffer
(Qiagen), 0.2 mM dNTPs (Bioline), 1x Q-solution (Qiagen), 0.6 uM of each primer and 0.02
units Taq DNA polymerase (Qiagen). The following thermal cycling conditions were used:
DNA polymerase activation: 3 min at 95°C; denaturation: 30 sec at 95°C; annealing: 30 sec at
60°C; extension: 30 sec at 72°C; final extension: 10 min at 72°C; 30 cycles in total. The cereba-
positive samples were further analysed with 8 chromosome 3H-specific primers to quantify the
efficiency of the whole-genome-amplification (S1 Table). These primer pairs were targeting
single copy sequences to test if the WGA was able to amplify unique sequences. The reaction
volume of the 3H-specific amplification was 10 pl containing 5 ul WGA product, 1x PCR
buffer (Qiagen), 0.2 mM dNTPs (Bioline), 1x Q-solution, 0.3 uM of each primer and 0.02 units
Taq DNA polymerase (Qiagen). The following thermal cycling conditions were used: DNA
polymerase activation: 3 min at 95°C; denaturation: 30 sec at 95°C; annealing: 30 sec at 65°C,
reduced by 1°C for 9 cycles; extension: 30 sec at 72°C; 25 cycles at final annealing temperature.

KASP-genotyping

A set of 24 chromosome 3H-specific single nucleotide polymorphisms (SNPs) [16] based on
the current barley genome sequence assembly [17] was chosen and converted into KASP mark-
ers (LGC Genomics, S2 Table). Thermal cycling conditions were adopted from Mirouze et al.
[18] and end-point signals were read out on a BioRad iQ5 cycler at 30°C. Genomic DNA from
cv. Morex, cv. Barke and Morex x Barke F; plants were genotyped in parallel. Additionally, rep-
licate single pollen nuclei of the cultivar Morex were subjected to whole-genome-amplification
and subsequent genotyping to act as a positive control against amplification errors. This was
done in order to test the possibility of false allele calling due to inaccurate WGA or contamina-
tion. Allele calling was done manually by plotting relative fluorescence values of FAM and
HEX against each other. Heterozygous signals were discarded as genotyping errors since we
expect haploid nuclei to only provide homozygous signals.

Analysis of segregation distortion loci and crossovers

To test for segregation distortion we conducted a -test assuming an expected segregation
ratio of 1:1 for each marker. Segregation distortion loci (SDL) were identified by significant
deviation from the expected ratio of 1:1 (P < 0.05). Crossovers were detected by visualizing our
marker data using flapjack [19] by identifying allele calls for which there was a switch from
allele A (Morex) to allele B (Barke) and vice versa. The physical position of each marker on bar-
ley chromosome 3H was derived from the barley genome sequence assembly [17] thus enabling
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us to count crossovers without constructing a linkage map. The recombination frequency
between two adjacent marker pairs was measured as the proportion of crossovers to no-cross-
overs. Marker pairs within a sample involving missing data points were omitted from the anal-
ysis. The number of crossovers was normalized according to the following calculation:

n (CO)

CO ratio= n (no—CO)+n (CO)

(1)

where n(CO) is the number of crossovers and n(no-CO) is the number of no-crossovers.
Similarly, the number of no-crossovers was normalized according to the following calcula-
tion:

n (no—CO)

_ tio=
no—CO ratio % (10—CO)+n (CO)

(2)

The ratio of (1) to (2) enabled us to calculate recombination frequencies for each marker
pair in a comparable manner. To compare our data to the Morex x Barke DH population data,
we used raw genotyping-by-sequencing data (wheat.pw.usda.gov, S3 Table) and extracted the
physical map position for each marker [17]. Segregation distortion and crossover analysis of
the Morex x Barke DH population was performed as described above. A two-tailed unpaired
Student’s t-test was performed to compare the average number of crossovers in both popula-
tions and the distribution of the number of crossovers was compared using a x>-test assuming
the Morex x Barke DH crossover data as expected values.

Results and Discussion
Whole-genome-amplification of single haploid nuclei

In order to develop a strategy for the high-throughput analysis of meiotic recombination events
in barley pollen, we first needed to prove the successful extraction, amplification and genotyp-
ing of single pollen DNA. To overcome problems associated with the rigid cell wall of pollen
grains described by Chen et al. [10], we selected a novel approach to isolate haploid nuclei suit-
able for flow-sorting.

Isolated haploid nuclei from pollen grains were individually sorted via a FACS-based
approach into individual wells of a 384-microwell plate (Fig 1). After nuclei lysis and DNA
denaturation, whole-genome-amplification was performed using Phi29 DNA polymerase.
Each reaction yielded 1 to 3 ug of DNA consisting of barley-specific products and likely also
unspecific products as expected from whole-genome-amplification via Phi29 DNA polymerase
[20]. The products of 192 single-nuclei whole genome amplification (WGA) reactions were
analysed by PCR for the presence of the barley high copy Ty3/gypsy-like retroelement cereba to
confirm the successful sorting of nuclei into the individual microwells. From a total of 192 sam-
ples, 168 contained PCR amplified barley DNA giving an accuracy of our FACS approach of
87.5%. To preselect samples for further genotyping, we used PCR to amplify eight 3H-specific
single copy sequences located across both arms of chromosome 3H. Out of the 168 single-
nuclei amplifications positively tested for cereba, we selected 50 samples which showed success-
ful amplifications of at least 3 single copy sequences from both arms for further genotyping (S1
Fig). To measure meiotic crossovers on chromosome 3H, we selected 24 KASP markers. The
suitability of the 24 selected chromosome 3H-specific KASP markers was confirmed using
genomic DNA isolated from leaves of both genotypes. Next, the same set of markers was used
to genotype WGA-amplified DNA derived from individual haploid nuclei. The selected 50
nuclei samples revealed an average marker call rate of 70%, indicating that the majority of sam-
ples were effectively amplified (Fig 2A). Considering preselection via PCR, we found a weak
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Fig 1. Scheme of experimental workflow developed in the current study. Haploid nuclei were extracted from pollen grains, separated via flow-sorting
and individually subjected to whole-genome-ampilification (WGA). High quality samples, evaluated by PCR with chromosome 3H-specific primers, were
genotyped using 25 KASP markers to measure crossover frequency and distribution.

doi:10.1371/journal.pone.0137677.g001
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Fig 2. KASP genotyping performance. (A) Genotyping call rate of the positive controls across 24 KASP markers is indicated in red. Genomic DNA from
Morex, Barke and Morex x Barke F1 plants was used. Two individual nuclei derived from Morex pollen grains were used to test for false allele calling due to
whole-genome-amplification. The selected 50 Morex x Barke pollen nuclei samples are indicated in blue showing an average genotyping call rate of 71%. (B)
Correlation between KASP genotyping call rate and preselection PCR call rate. r=0.51, 2= 0.26.

doi:10.1371/journal.pone.0137677.9002
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but yet positive correlation between final genotyping call rate and preselection PCR call rate
(r=0.51, r* = 0.26, Fig 2B) which indicates the advantage of preselecting samples after WGA
before conducting downstream analyses. Only three samples resulted in products with less
than 35% of the markers, probably due to inefficient amplification of the Phi29 polymerase-
based whole-genome-amplification system, as described previously [12, 20]. 98% of the posi-
tive KASP reactions (1226 out of 1250) showed clear homozygous signals in agreement to

the positive-control. 24 heterozygous calls (1.92%) were observed. These were randomly dis-
tributed across all samples and markers and therefore unlikely to be caused by an erroneous
sorting of two nuclei into one microwell, so they were discarded as genotyping errors. Further-
more, no false allele calling, e.g. Barke allele instead of Morex, due to WGA errors was found in
the positive controls using haploid nuclei of Morex. We conclude that multi-locus KASP-based
genotyping on WGA-amplified DNA derived from single haploid nuclei is feasible.

Monitoring meiotic recombination by genotyping single pollen grains

Meiotic crossovers along chromosome 3H were measured with a mean inter-marker distance
of 14.35 and 12.32 mega base-pairs (Mbp) for the short and long arm of chromosome 3H,
respectively [17]. The average number of crossovers for chromosome 3H in our pollen popula-
tion was 1.92, while the corresponding number for a corresponding DH population was 1.84.
These two values are not significantly different (P = 0.72). Looking at the distribution of the
total number of crossovers, we did not find a significantly different pattern for both pollen and
DH population (Fig 3A) indicating the reliability of our approach (y>-test, P = 0.99). Although
one individual nucleus showing 6 crossovers on chromosome 3H was found to have a low gen-
otyping call rate of 0.38, there was no significant correlation between the number of crossovers
and genotyping call rate (r = -0.16, r* = 0.03, Fig 3B). We further determined recombination
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Fig 3. Comparison of the distribution of the number of crossovers. (A) The relative frequency of the total
number of crossovers per chromosome 3H grouped into classes ranging from 0 to 6 of the Morex x Barke
pollen population (blue) in comparison to the Morex x Barke DH population data (red) [17]. (B) Correlation
between KASP genotyping call rate and the number of crossovers found for each sample (r = -0.16, r>= 0.03).

doi:10.1371/journal.pone.0137677.g003
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recombination frequencies between markers Hand I.

doi:10.1371/journal.pone.0137677.9g004

frequencies along chromosome 3H by counting the number of crossovers in neighbouring
marker intervals (Fig 4). A typical pattern of elevated recombination frequencies towards the
distal regions of the chromosome was found which is in agreement with previous reports for
barley based on molecular marker data [1, 21] and cytological visualizations of crossovers [7].

To assess the extent of segregation distortion in pollen grains, we investigated the number
of loci showing segregation distortion in our pollen population and compared it to equivalent
data derived from a doubled haploid (DH) population of the same genotype. In our pollen pop-
ulation, 24 loci on chromosome 3H were scored for presence or absence of each allele. Segrega-
tion distortion was found for 8.3% (2 of 24) of the markers (S3 Table). This proportion appears
to be lower compared to the Morex x Barke DH population which showed 25.7% (25 of 97) of
all loci on chromosome 3H having distorted segregation ratios (S3 Table). However, the differ-
ence in sample size, which is 50 pollen grains compared to 89 DH individuals, allows only
major effects to be detected. This difference might be explained by selection against particular
genotype combinations during anther culture of the DH lines or by absence of selection in pol-
len grains for pollination and fertilization success. However, this tendency is in agreement with
Sayed et al. [22] who compared segregation distortion of a barley DH population versus an F,
population, finding a difference of 44.2% versus 16.3%, respectively.

We conclude that it is feasible to genotype single pollen grains using our amplification
approach combined with KASP. It offers the opportunity to efficiently monitor meiotic recom-
bination in individual pollen nuclei and avoids the necessity to generate segregating popula-
tions. Due to the high amount of DNA obtained from a single haploid nucleus via WGA, we
suggest that our approach might be used for genome wide analyses. This will be particularly
useful in plant breeding to monitor the recombination landscape of any genotype of interest.

Supporting Information

S1 Fig. Distribution of the number of positive PCR markers to assess WGA efficiency.
(TIF)
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S2 Fig. Distribution of KASP marker call rate and frequency of double crossover. The
marker call rate of each KASP marker (A to X) is shown (blue) as well as the frequency of pre-
sumptive double crossover (red), e.g. a crossover on both sides of a given marker.

(TTF)

S1 Table. List of primers used to evaluate WGA performance.
(DOCX)

S2 Table. Gene-based KASP markers.
(DOCX)

$3 Table. Genotypic data and segregation statistics of the pollen population and DH popu-
lation. Sample number is shown in the first column and the first row indicates the marker
number. Genotypic values are shown as A for Morex and B for Barke. Missing values are indi-
cated by a minus.

(XLSX)

S4 Table. Supplementary information to Figs 2, 3, 4 and S5, S6 Figs. Actual data referring to
Figs 2, 3, 4 and S5, S6 Figs are summarized in separate tables.
(XLSX)
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Sequencing of Single Pollen Nuclei
Reveals Meiotic Recombination
Events at Megabase Resolution and
Circumvents Segregation Distortion
Caused by Postmeiotic Processes
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Andreas Houben ™

" Department of Breeding Research, Leibniz Institute of Plant Genetics and Crop Plant Research (IPK) Gatersleben, Seeland,
Germany, ? Department of Genebank, Leibniz Institute of Plant Genetics and Crop Plant Research (IPK) Gatersleben,
Seeland, Germany, ° Domestication Genomics, Leibniz Institute of Plant Genetics and Crop Plant Research (IPK) Gatersleben,
Seeland, Germany, * German Centre for Integrative Biodiversity Research (iDiv) Halle-Jena-Leipzig, Leipzig, Germany

Meiotic recombination is a fundamental mechanism to generate novel allelic
combinations which can be harnessed by breeders to achieve crop improvement.
The recombination landscape of many crop species, including the major crop barley,
is characterized by a dearth of recombination in 65% of the genome. In addition,
segregation distortion caused by selection on genetically linked loci is a frequent and
undesirable phenomenon in double haploid populations which hampers genetic mapping
and breeding. Here, we present an approach to directly investigate recombination at the
DNA sequence level by combining flow-sorting of haploid pollen nuclei of barley with
single-cell genome sequencing. We confirm the skewed distribution of recombination
events toward distal chromosomal regions at megabase resolution and show that
segregation distortion is almost absent if directly measured in pollen. Furthermore, we
show a bimodal distribution of inter-crossover distances, which supports the existence
of two classes of crossovers which are sensitive or less sensitive to physical interference.
We conclude that single pollen nuclei sequencing is an approach capable of revealing
recombination patterns in the absence of segregation distortion.

Keywords: single-cell genomics, pollen, meiosis, homologous recombination, crossover, crossover interference,
segregation distortion

INTRODUCTION

Meiotic recombination is a key mechanism in eukaryotic reproduction which enables novel
combinations of alleles and provides a mechanism for plant breeders to achieve crop improvement.
Recombination patterns are shaped by genetic, epigenetic and environmental factors (Melamed-
Bessudo and Levy, 2012; Mirouze et al.,, 2012; Yelina et al., 2012; Ziolkowski et al., 2015, 2017;
Ritz et al,, 2017). In many crops, including barley, recombination events occur predominantly
in distal regions of the chromosomes where gene density is high. In contrast, interstitial and
centromere-proximal regions containing 12-24% of the barley gene complement are marked by
strongly reduced recombination rates (Baker et al., 2014). Although genetic diversity is reduced
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in low-recombining regions, they nevertheless contain genes
and thus represent a resource that is hardly accessible to plant
breeders. Therefore, significant efforts are being directed toward
the manipulation of recombination frequency and distribution.
Several approaches were shown to be successful, including the
increase of crossovers via mutation of an anti-crossover factor
(Crismani et al., 2012), epigenetic remodeling of crossover
frequency via reduced DNA methylation (Melamed-Bessudo and
Levy, 2012; Mirouze et al., 2012; Yelina et al., 2012; Habu
et al., 2015), and shifting of crossover positions via increased
or decreased temperatures (Higgins et al., 2012; Phillips et al.,
2015; Martin et al., 2017). Furthermore, natural diversity of
recombination patterns was shown to exist in Arabidopsis, maize,
and Hordeum (Gale et al., 1970; Sall, 1990; Sall et al., 1990; Nilsson
and Pelger, 1991; Sidhu et al., 2015; Ziolkowski et al., 2015, 2017).

In addition to low recombining regions limiting crop
improvement, segregation distortion (SD) is another undesirable
phenomenon as it reduces the chance of combining certain
alleles. SD is defined as a deviation of the segregation ratio
of alleles from the expected Mendelian segregation ratio. In
barley double haploid (DH) populations, large proportions of the
genome can show segregation distortion (Bélanger et al., 2016a).
A frequent cause of segregation distortion is selection acting
on genetically linked loci which results in entire chromosomal
regions showing segregation distortion (hereafter termed SDR
for segregation distortion region) (Hiraizumi et al., 1960; Hill and
Robertson, 1966).

Taken together, tight genetic linkage of large proportions of
the genome and distorted segregation resulting in a linkage drag
of alleles hamper the advance of plant breeding. Future attempts
to overcome these restrictions will require efficient methods to
assay such effects. There are numerous methods to measure
meiotic recombination in plants, including molecular markers
(Salome et al,, 2012), cytological visualization of crossovers
(Sybenga, 1966; Anderson et al., 2003; Phillips et al., 2013), tetrad
analysis (Copenhaver et al.,, 2000), fluorescent protein-tagged
loci expressed in pollen (Yelina et al., 2013), and several pollen
genotyping approaches (Drouaud and Mezard, 2011; Khademian
et al.,, 2013; Dreissig et al., 2015). Although these methods have
been successfully used to characterize recombination patterns
and improve our understanding of meiosis, each of them
has its specific advantages and disadvantages. The analysis of
recombination by molecular markers requires the generation of
a segregating population, which is laborious and very challenging
for some plant species. Cytological analysis of recombination
is more widespread and applicable to many plant species, yet
its resolution is lower compared to sequence-based approaches
and the analysis is demanding in terms of time and experience.
Tetrad analysis combined with fluorescence markers is a very
powerful high-throughput approach but requires the integration
of reporter transgenes and is so far limited to the model species
Arabidopsis.

Single-cell sequencing is a new technology that holds the
promise to directly measure the outcome of meiosis in individual
cells, e.g., microspores (Li et al., 2015) or pollen grains. We have
previously developed a single pollen genotyping approach based
on flow-sorting of haploid nuclei followed by whole genome

amplification via multiple-displacement-amplification (MDA) of
DNA and multi-locus competitive allele specific PCR (KASP)
genotyping (Dreissig et al., 2015). This approach has shown
the potential of single-cell analyses to measure recombination,
but was limited by the number of KASP markers that could
be assayed. To overcome this restriction, we took advantage
of representative whole-genome amplification combined with
next-generation-sequencing (NGS) library preparation and
sequencing in the current study.

Here we present a new approach to directly investigate meiotic
recombination at the DNA sequence level by combining flow-
sorting of pollen nuclei with PicoPLEX single-cell sequencing
(Rubicon Genomics). This sequencing approach is based on
quasi-random PCR amplification of single-cell genomic DNA
and yields a library with dual indexes for limited coverage
sequencing. We show that this approach is capable of measuring
meiotic recombination and segregation ratios throughout the
whole genome of the large genome species barley at megabase
resolution by comparing our results obtained through pollen
sequencing to genotyping-by-sequencing (GBS) data of a barley
DH population.

MATERIALS AND METHODS

Plant Material and Isolation of Single

Pollen Nuclei

Pollen grains were collected from a Hordeum vulgare L. F; plant
derived from a cross between the cultivars “Morex” (¢") and
“Barke” (9) and grown at 20°C during the day (7:00-20:00) and
16°C during the night. Pollen nuclei were isolated and stained
as described previously (Dreissig et al., 2015) and sorted using a
BD Influx cell sorter (BD Biosciences) into a 384 microwell plate
(Applied Biosystems) using the “1.0 drop single” sort mode of the
BD FACS software. As a control, we sorted three individual pollen
nuclei from the parental genotype “Barke.”

Single Nuclei Library Preparation and

lllumina Sequencing

Mumina NGS libraries were prepared from 43 individual nuclei
using the PicoPLEX DNA-seq kit essentially following the
manufacturer’s instructions (Rubicon Genomics). After the final
amplification reaction with primers containing unique dual
barcodes suitable for Illumina NGS, 10wl aliquots of each
library were pooled. The pooled DNA sample was purified
using AMPure XP beads (Beckman Coulter Inc.) as described
(Rubicon Genomics). The pool was eluted in 30 w1 TE (pH 8.0)
and size-fractionated using a SYBR-Gold stained 2% agarose
gel (Himmelbach et al., 2014). The region of interest (350-
1,000bp) was excised, and the DNA was extracted using the
Qiagen MinElute Kit (Himmelbach et al., 2014). The library was
characterized using an Agilent 2100 Bioanalyzer (Himmelbach
et al, 2014) and quantified by Real-Time PCR as described
(Mascher et al., 2013b). After the addition of 8% PhiX DNA as
a control, the pooled library was sequenced using the Illumina
HiSeq2500 device (rapid run, 1 lane, cBot clustering, 2x 100 cycles
paired-end, dual-indexing with 8 cycles per index) according to
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the manufacturer’s instructions. Sequence raw data are available
under EMBL ENA accession PRJEB21630.

Sequence Read Mapping and Genotype

Analysis

Mlumina adapters were trimmed using Cutadapt version 1.12
(Martin, 2011). Trimmed reads were aligned to the barley cv.
“Morex” reference genome sequence assembly (Mascher et al.,
2017) using BWA-MEM version 0.7.15 (Li, 2013) with default
parameters. The resulting SAM files were converted to BAM
format with SAMtools (Li et al., 2009). Sorting and detection
of optical and PCR duplicates was done with Novosort (http://
www.novocraft.com/products/novosort/). SAMtools version 1.3
(Li, 2011) was used for multiple-sample genotype calling
at single-nucleotide polymorphism (SNP) sites which were
previously ascertained in the “Morex” x “Barke” RIL population
using the POPSEQ method (Mascher et al., 2013a). VCF files
were imported into the R statistical environment (R Core
Team, https://www.r-project.org/contributors.html). Consensus
genotypes were derived by aggregating information in 1 Mb bins
using functionalities of the R package “data.table” (https://cran.
r-project.org/package=data.table). This resulted in a genotype
file containing allele information at 1 megabase pair (Mbp)
resolution which was used to analyse recombination frequency
and segregation distortion.

We used GBS data derived from a “Morex” x “Barke” DH
population which was described previously (IBGSC, 2012) for
comparison. GBS data were retrieved from https://wheat.pw.
usda.gov/ggpages/MxB/. GBS tags were mapped onto the most
recent version of the barley reference genome sequence (Mascher
etal., 2017) an aggregated in 1 Mbp intervals.

Recombination Analysis Based on Pollen

and a Double Haploid Population

To identify meiotic recombination events in the pollen and
double haploid (DH) population, we searched for recombination
patterns in each genotype matrix which were indicated by
changes from “0” (“Barke” allele) to “2” (“Morex” allele) or
vice versa. To count recombination events, we conducted a
text search for patterns indicating recombination events (e.g.,
0—0—0—2—2—2). We manually curated the genotype files
by removing markers showing a high frequency of double
crossovers (e.g., 0—2—0), which were considered genotyping
errors (Salome et al., 2012). To map the approximate position
of recombination events onto the physical map of the barley
genome, a 5-Mbp sliding window approach was used to scan
along each chromosome searching for allele changes from “0” to
“2” and vice versa. We then calculated recombination frequency
in cM/Mbp [cM = 100*(# of recombinations/#total)] along
each chromosome by counting the number of recombination
events in 5-Mbp sliding windows relative to the total number
of samples. To analyse crossover interference, we extracted
all samples showing more than two recombination events
on a given chromosome and calculated the physical distance
(Mbp) between nearby recombination events. To determine
the effect of crossover interference, we used the crossover

distribution analyser (CODA) software (Gauthier et al., 2011)
which compares observed inter-crossover distances against a
simulated gamma model to calculate nu. A value of nu = 1
indicates no interference, nu < 1 indicates negative interference,
and nu > 1 indicates positive interference. Genotype data are
available as Supplementary File 1.

Analysis of Segregation Distortion in Pollen
and Double Haploid Population

Segregation distortion was analyzed by calculating average allele
frequencies in 10 Mbp sliding windows along each chromosome
of both populations. Markers with >50% missing data were
removed from the analysis. To test for significant deviation
from the expected segregation ratio of 1:1 of each parental
allele, we conducted a y2-test between expected and observed
allele frequencies. Segregation distortion regions (SDR) were
identified by a significant deviation from the expected ratio of 1:1
(P < 0.05).

RESULTS
Sequencing of Individual Pollen Nuclei

To identify recombination events, we first sequenced the
genomes of individual haploid pollen nuclei. Toward this
purpose, we utilized our previously established approach for
pollen nuclei isolation (Dreissig et al., 2015) combined with
PicoPLEX single-cell DNA amplification and NGS library
preparation. A total of 40 pollen nuclei derived from a
single “Morex” (d") x “Barke” (@) F; plant were subjected to
PicoPLEX sequencing. As a control, pollen nuclei obtained
from the parental genotype “Barke” were used. The initial
DNA amplification via quasi-random priming yielded an average
fragment size of 933 bp. No amplification was detected in
the negative control which indicates that the amount of DNA
contamination was below the level of detection. Sequencing
the 40 pollen nuclei on the Ilumina HiSeq 2500 platform
yielded between 2.7 million and 11.6 million (mean: 5.9 million)
reads per sample, corresponding to an average read depth of
0.1x per haploid nucleus. Reads were mapped to the reference
genome assembly of cv. “Morex” (Mascher et al., 2017) and
genotypes were called at single-nucleotide polymorphism (SNP)
sites known to segregate in the “Morex” x “Barke” population
(Mascher et al., 2013a). Consensus genotypes were derived by
aggregating SNP information in 1 Mbp bins based on the
reference genome. Figure 1 shows the graphical genotypes of the
40 pollen nuclei at 1 Mbp resolution.

Comparing the Recombination Landscape

of Barley Pollen and DH Plants

Based on cytological analyses (Sybenga, 1966; Phillips et al.,
2013; Aliyeva-Schnorr et al, 2015) and molecular analyses
of segregating populations (Kiinzel et al., 2000; IBGSC, 2012;
Phillips et al., 2015), the recombination landscape of barley is
characterized by elevated recombination frequencies in distal
chromosome regions and strongly reduced recombination in
(peri-)centromeric regions. In order to overcome the resolution
limit of cytological analyses, we attempted to investigate the
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recombination landscape of barley directly at the DNA sequence
level by sequencing individual pollen nuclei.

To assess the recombination landscape of barley pollen
compared to DH plants, we first counted the number of
recombination events in each sample in both populations. We
measured a total of 380 recombination events in the population
of 40 haploid pollen nuclei (average of 9.5 per pollen nucleus,
SE = 0.38) and 974 recombination events in the DH population
composed of 89 plants (average of 10.9 per DH plant, SE =
0.3). Predominantly, we detected one or two recombination
events per chromosome in both populations with 38.7-39.8%
of samples showing one recombination event and 31.1-32.6%
of samples showing two recombination events. The number of
recombination events, which was ranging from zero to four
per chromosome, was found to be similar between pollen
and DH population (x2-goodness of fit test, P > 0.99978)
(Figure 2). The occurrence of chromatids apparently lacking
any recombination event detected by SNPs (13-20%) seems
to be the same as in an Arabidopsis data set described by
Salome et al. (2012). Consequently, recombination frequency was
found to be similar in barley pollen compared to whole DH
plants.

Since the number of recombination events per chromosome
was highly similar between the pollen population and the
DH population, we then examined whether the genome wide
distribution of recombination events differed between both
populations. We measured recombination frequencies along
all chromosomes of barley using a 5 Mbp sliding window
approach. In both populations, we found elevated recombination
frequencies in distal regions of all chromosomes and almost
no recombination in (peri-)centromeric regions (Figure 3,
Supplementary files 2-7). This observation is in agreement with
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FIGURE 3 | Elevated recombination frequencies in distal regions of barley
chromosome 5H. Recombination frequency in pollen (blue) and DH plants (red)
was calculated in 5 Mbp sliding windows along chromosome 5H and plotted
along the physical map. The position of the centromere is marked by a black
diamond.

previous studies showing a skewed distribution of recombination
events toward distal chromosome regions in barley (Kiinzel,
1982; Linde-Laursen, 1982; Kiinzel et al., 2000; Phillips et al.,
2013; Baker et al., 2014; Dreissig et al., 2015). It also shows
that there is no different positioning of recombination events
in pollen, ie., in (peri-)centromeric regions. These regions
were shown to harbor essential genes encoding proteins for
basic cellular functions such as translation and photosynthesis
(Mascher et al., 2017). It could therefore be reasoned that
(peri-)centromeric recombination events could theoretically be
absent in DH plants due to selection against housekeeping gene-
encoding (peri-)centromeric sites of recombination which would
disrupt linkage between essential genes.
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In agreement with the predominantly distal positioning
of recombination events in both populations, we found
positive crossover interference indicated by 48.9-59.8% of
recombination events being separated by more than 400 Mbp
(range = 402-729 Mbp) over a chromosome size ranging from
558 to 767 Mbp. Interestingly, 35.6-39.6% of recombination
events were separated by less than 100 Mbp (range = 10-98 Mbp)
(Figure 4). The smallest distance between two recombination
events was 10 Mbp which corresponds to ~1.5% of the
chromosome. We conducted a crossover interference analysis
(gamma model; measured in nu) to determine the strength of
interference (Gauthier et al., 2011). A value of nu = 1 indicates
no interference, nu < 1 indicates negative interference, and
nu > 1 indicates positive interference. Due to the low number
of chromosomes showing at least two recombination events, we
did not analyse chromosomes separately, but pooled data from
all seven barley chromosomes. Positive interference values of
nu = 4.76 and 3.02 were detected in DH and pollen populations,
respectively. In addition, we split all recombination events into
two groups with <100 or >400Mbp distance between two
events. When both groups were analyzed separately, we found
weaker interference values for recombination events less than
100 Mbp apart (nu = 2.336 for pollen and nu = 2.202 for
DH population) and stronger interference values when more
than 400 Mbp apart (nu = 8.511 for pollen and nu = 8.199
for DH population). These patterns might be attributed to
interference sensitive and less sensitive crossovers, i.e., class I
and class II crossover. We then tested whether recombination
events separated by less than 100 Mbp were confined to specific
chromosomal regions or distributed randomly by plotting the
physical positions of multiple recombination events on the same
chromosome against themselves (Figure 5). All recombination
events separated by less than 100 Mbp were strictly confined to
distal regions, which corresponds to the accumulation of dots in
the bottom left and top right quarters of Figure 5. Recombination
events separated by more than 400 Mbp were located on different
arms (dots in the top left quarter of Figure 5). Our data show that
crossover interference is positive in barley. However, a substantial
proportion of recombination events is separated by less than 100
Mbp which supports the existence of class I and class II crossovers
in barley.

Segregation Distortion Is High in DH
Plants, But Almost Absent in Pollen

Segregation distortion is defined as the preferential transmission
of one allele over the other, which results in a statistically
significant deviation from an expected Mendelian segregation
ratio of 1:1. We asked whether the extent of segregation distortion
differs between pollen and DH plants. Our hypothesis was
that segregation distortion would be substantially lower in
pollen because of the absence of any selective pressure which
might arise during pollen tube growth, fertilization, hybrid
compatibility, and plant development. We expected the opposite
in the DH population because of selective pressure during
microspore culture, embryo development, plant regeneration,
and spontaneous diploidization. It is important to note that the
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DH population which was genotyped and provided by the IBGSC
(2012) consisted of spontaneously diploidized plants only.

In the pollen population, we found normal segregation ratios
for almost all chromosomal regions (Supplementary files 8-12).
The exceptions were one region on chromosome 2H located at
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736-752 Mbp and two regions on chromosome 3H located at
634-642 Mbp and 682-695 Mbp (Figure 6). These regions only
amount to 2 and 3% of chromosome 2H and 3H, respectively. In
both cases, these SDRs were located in high recombining regions
of the chromosome allowing them to remain small and not
cause distorted segregation of a larger part of the chromosome
through linkage (Supplementary file 13). In contrast, in the DH
population, a high proportion of large chromosomal regions
were affected by segregation distortion. We detected a total
of 15 SDRs distributed across all chromosomes which varied
in size ranging from 0.01 up to 87.3% of the chromosome.
Major SDRs, varying from 72.6 up to 87.3% of the chromosome,
were found on chromosome 1H, 2H, 5H, and 7H (Figure 6A,
Supplementary files 8, 10, 12). In addition to these major SDRs,
we detected 11 minor SDRs which varied in size ranging from
0.01 up to 5% of the chromosome (Figure 6B, Supplementary
files 8, 10-12). Interestingly, we did not detect the same SDRs on
chromosome 2H and 3H in the pollen population as in the DH
population which indicates different selective pressures acting
on these loci. For example, in the DH population, two regions
of chromosome 3H (571.6-606.6 Mbp and 672.2-698.3 Mbp)
exhibited higher transmission of the “Morex” allele whereas, in
the pollen population, two regions of the chromosome (634-
642 Mbp and 682-695 Mbp) exhibited higher transmission of
the “Barke” allele (Figure 6B). This example shows that under
varying conditions (e.g., pollen development vs. DH production)
not only different regions can be selected, but also different
parental alleles can be preferentially transmitted.

Hence, our results show that segregation distortion is almost
absent in pollen grains which supports the conclusion that
meiosis alone is not the main cause of this phenomenon.
On the contrary, segregation distortion was found for nearly
half of the entire genome (49.9%) in barley DH plants. We
conclude that selective pressure during microspore culture,
embryo development, plant regeneration, and diploidization is
the most likely cause for segregation distortion in DH plants.

DISCUSSION

The main conclusion of the present study is that the
recombination landscape of barley pollen and DH plants does not
differ in frequency or positioning of recombination events, yet
segregation distortion is almost absent in pollen grains whereas
it is detectable to a large extent in DH plants likely caused
by selection during DH production. In addition, we present
recombination measurements which support the existence of
class I and class II crossovers in barley. We demonstrate that
our approach for single pollen nuclei sequencing is suitable to
directly investigate the recombination landscape of barley at the
molecular level in an unbiased way.

Pollen Sequencing as a Robust Approach
to Directly Measure Recombination at

Megabase Resolution in Barley
We sought to analyse recombination in pollen and DH
plants separately to test if the typical recombination pattern
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FIGURE 6 | Segregation distortion is aimost absent if measured in pollen but
abundant in DH plants. Allele frequencies for “Morex” (black) and “Barke”
(gray) measured in pollen (dashed line) and DH plants (straight line) are shown
as 10 Mbp moving averages for (A) chromosome 2H and (B) chromosome 3H
of barley. Dashed red lines represent the significance threshold of distorted
segregation ratios (Xz—test, P < 0.05). Pollen or DH allele frequencies above
the significance threshold mark genomic regions of distorted segregation
ratios.

found in segregating populations of barley, characterized by a
predominantly distal positioning of recombination events, is
caused by selection against (peri-)centromeric recombination
events or reflects the real outcome of meiosis. The low
recombining regions of the barley genome were previously
shown to constrain gene diversity (IBGSC, 2012; Baker et al.,
2014). This phenomenon is widespread in nature and is
most likely caused by a combination of selective sweeps
via fixation of advantageous alleles and background selection
against deleterious mutations (Hill and Robertson, 1966;
Smith and Haigh, 1974; Hudson, 1994; Wright et al., 2006).
Furthermore, it was recently shown that essential genes involved
in translation and photosynthesis reside in (peri-)centromeric
low-recombining regions of the barley genome (Mascher et al.,
2017). It could thus be argued that recombination events in low-
recombining regions would break linkage between advantageous
alleles and therefore be selected against. In pollen, however, these
recombination events could still be present due to the absence
of selective pressure which certainly arises during pollen tube
growth, fertilization, and plant development (Pedersen, 1988;
Sarigorla et al., 1992; Walsh and Charlesworth, 1992).

Our data show that the recombination landscape of barley,
characterized by elevated recombination frequencies in distal
regions (Figure 3), is truly the outcome of meiosis and not
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a result of postmeiotic selection against (peri-)centromeric
recombination events. This is in agreement with previous
cytogenetic studies taking direct recombination measurements
by means of scoring MHL3 immunostaining foci or chiasmata
(Bennett et al, 1973; Phillips et al., 2013). However, it was
of interest for us to test if these observations reveal the
same recombination landscape as by sequencing of pollen
nuclei. The direct sequencing of pollen nuclei, through the
approach presented in this study, offers a much higher
resolution in detecting the positions of recombination events
(i.e., 1 Mbp, approximately 0.2% of the smallest barley
chromosome) compared to the mapping of MLH3 fluorescence
foci during meiotic prophase by structured illumination
microscopy (Phillips et al., 2013). Compared to chiasmata counts
performed in a variety of barley genotypes, the average number
of recombination events detected in our study seems to be
lower (Gale et al, 1970; Bennett et al., 1973; Colas et al,
2016). If it holds true that all cytologically defined chiasmata
represent genetic exchanges between homologous chromosomes,
we cannot exclude that certain recombination events are missing
in our data sets. On the other hand, we measured similar
recombination frequencies in pollen and DH plants while
both populations were genotyped by two different methods,
i.e., single-cell sequencing vs. genotyping-by-sequencing of DH
plants. Furthermore, both approaches are based on haploid male
gametes where only one of the four possible meiotic products,
i.e,, chromatids, is present. Hence, as evident from Arabidopsis
tetrad analysis where all four chromatids are analyzed (Lu et al,,
2012; Wijnker et al., 2013), it is possible for a haploid pollen
nucleus to contain the exact chromatid that did not undergo
meiotic recombination. It is therefore unlikely that single cell
sequencing accounts for missing recombination events. It could
also be argued that these differences reflect genotypic variations
or environmental effects as such were shown in many cases (Sall
et al., 1990; Bauer et al., 2013; Phillips et al., 2015; Sidhu et al.,
2015; Ziolkowski et al., 2015, 2017).

We detected positive crossover interference in both pollen
and DH plants, which is in agreement with the primarily distal
positioning of recombination events. Previously, Phillips et al.
(2013) reported for barley that 34-38% of crossovers are <20%
of chromosome length apart and the majority of crossovers
are >70% apart which results in a bimodal distribution
of inter-crossover distances. Here, we found 36.8-40.4% of
crossovers separated by less than 100 Mbp (approximately 15%
of chromosome length) and 48.3-57.4% separated by more than
400 Mbp (approximately 60% of chromosome length) reflecting
a similar bimodal distribution of inter-crossover distances
(Figure 4). The minimum inter-crossover distance found in our
study was 10 Mbp which refers to 1.5% of the corresponding
chromosome. We quantified crossover interference strength
(gamma model; measured in nu) in the pollen and DH
population. We detected positive physical interference between
crossovers in both pollen (nu = 3.02) and DH population
(nu =4.76). These interference values are higher than those
previously reported for the barley cultivar “Morex,” which was
at nu = 1.58 (Phillips et al., 2013). However, Higgins et al.
(2014) argued that crossover interference might actually be
stronger than estimated by Phillips et al. (2013) because the

relative separation of MLH3 foci was measured when synapsis
of chromosomes was completed and not at the exact time point
when crossover designation took place during synapsis. Our
data, which are based on scoring crossovers at the sequence
level, support this hypothesis by showing stronger crossover
interference values for barley.

The existence of two crossover classes, namely class I for
interference-sensitive crossovers and class II for interference-
insensitive crossovers, was shown in S. cerevisiae and A. thaliana
mutants being defective for core components involved in class
I crossover formation (Borner et al., 2004; Higgins et al., 2004).
In these mutants, 15% of crossovers of the wild-type level were
still formed, which indicates the existence of an alternative class
I pathway. However, the presence of two crossover classes
has not been confirmed experimentally in barley yet although
increasing evidence supports their existence (Phillips et al.,
2013, 2015). In our study, the occurrence of recombination
events separated by <100 or >400 Mbp supports the existence
of interference-sensitive and less sensitive crossovers, i.e., class
I and class II. However, it remains a matter of speculation
why nearby crossovers are strictly confined to distal regions
and do not span (peri-)centromeric regions. There is a well-
known correlation between low-recombining (peri-)centromeric
regions and certain histone modifications in barley, i.e., histone
H3K9me2, H3K9me3, H3K27mel, and H3K27me2, as shown
by chromatin immunoprecipitation (ChIP) sequencing in barley
seedlings (Baker et al, 2015). Furthermore, it was shown
in Arabidopsis that DNA methylation restricts crossovers in
centromeric regions and that crossover hot spots are associated
with active chromatin modifications such as H2A.Z and
H3K4me3 (Yelina et al, 2012; Choi et al, 2013). It could
therefore be argued that by changing specific DNA or histone
modifications, crossover positioning could be manipulated to
increase genetic recombination in (peri-)centromeric regions in
crops such as barley.

Comparison of Segregation Distortion in
Pollen and DH Plants

Segregation distortion is a widespread phenomenon in plant
populations characterized by a deviation from the expected
Mendelian segregation ratio. For plant breeders, it presents
a problem as it has an effect on allele frequencies and can
reduce the chances of obtaining specific combinations of alleles.
Double haploid technology has developed into one of the
most important methods for plant breeders to accelerate the
otherwise lengthy process of obtaining homozygous genotypes
(Germana, 2011). The disadvantage of this technology is that it
is accompanied by segregation distortion to a very high extent
in many genotypes and species (Xu et al., 1997; Taylor and
Ingvarsson, 2003; Bélanger et al., 2016a). Segregation distortion
during DH production appears to be caused by selective pressure
acting upon certain loci or genomic regions. Selective pressure
might arise during microspore culture, embryogenesis, plant
regeneration, and spontaneous diploidization of haploid plants.
Bélanger et al. (2016b) have shown that segregation distortion
in barley arises predominantly during embryogenesis and plant
regeneration.
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In the current study, we hypothesized that segregation
distortion would be low if measured in pollen grains due to
the absence of selective pressure. Our data show that only
three small chromosomal regions show distorted segregation
ratios in pollen, amounting to 0.8% of the genome, whereas
nearly 50% of the genome shows distorted segregation ratios
in DH plants. This suggests that segregation distortion is not
a direct outcome of meiosis but a product of selection acting
at different developmental stages. Compared to Bélanger et al.
(2016b) who detected no segregation distortion in immature
pollen, we found one region on chromosome 2H and two regions
on chromosome 3H with distorted segregation rations in mature
pollen. It can be speculated that these regions might play a role
in pollen development and therefore show distorted segregation.
Furthermore, environmental conditions, e.g., heat stress (Frova
and Sari-Gorla, 1994) or higher nutrient levels in the soil (Martin
et al,, 2017) can have an effect on segregation ratios in pollen,
although our experiment did not involve any stress treatment.

Further improvements in protocols and decreases in the price
of sequencing should enable the application of single pollen
sequencing as a novel prediction tool in research and plant
breeding in a wide range of species.
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SUMMARY

Elucidating the spatiotemporal organization of the genome inside the nucleus is imperative to our under-
standing of the regulation of genes and non-coding sequences during development and environmental
changes. Emerging techniques of chromatin imaging promise to bridge the long-standing gap between
sequencing studies, which reveal genomic information, and imaging studies that provide spatial and tempo-
ral information of defined genomic regions. Here, we demonstrate such an imaging technique based on two
orthologues of the bacterial clustered regularly interspaced short palindromic repeats (CRISPR)-CRISPR
associated protein 9 (Cas9). By fusing eGFP/mRuby2 to catalytically inactive versions of Streptococcus pyo-
genes and Staphylococcus aureus Cas9, we show robust visualization of telomere repeats in live leaf cells
of Nicotiana benthamiana. By tracking the dynamics of telomeres visualized by CRISPR-dCas9, we reveal
dynamic telomere movements of up to 2 pm over 30 min during interphase. Furthermore, we show that
CRISPR-dCas9 can be combined with fluorescence-labelled proteins to visualize DNA-protein interactions
in vivo. By simultaneously using two dCas9 orthologues, we pave the way for the imaging of multiple geno-
mic loci in live plants cells. CRISPR imaging bears the potential to significantly improve our understanding
of the dynamics of chromosomes in live plant cells.

Keywords: CRISPR-dCas9, live cell imaging, telomeres, chromatin dynamics, nucleus, Nicotiana
benthamiana, technical advance.

INTRODUCTION

The spatial and temporal organization of genomes is
important for maintaining and regulating cell functions
such as gene expression, DNA replication and repair, and
the proper segregation of genetic material during cell divi-
sion. Elucidating how the genome is spatiotemporally
organised inside the nucleus is imperative to our under-
standing of how genes and non-coding sequences are reg-
ulated during development. Mapping the functional
organization of the genome can be achieved by visualizing
interactions between different genomic elements in living
cells. Although fluorescence-tagged nuclear proteins can
be readily imaged in living plant cells, the in vivo visualiza-
tion of defined DNA sequences is technically difficult. Fluo-
rescent in situ hybridization (FISH), a well-established tool
to map DNA sequences, relies on fixed tissue samples and

© 2017 The Authors

cannot be used to visualize dynamic processes. Further-
more, FISH requires cell fixation and a DNA denaturation
step that may result in an altered chromatin structure
(Kozubek et al., 2000; Boettiger et al., 2016).

Live cell labelling of specific genomic loci has been
achieved by the application of a directly repeated lac
operator sequence and its detection with a GFP-lacl
repressor protein (Kato and Lam, 2001). However, this
system is based on the random insertion of an artificial
sequence into the genome. Live imaging of endogenous
genomic regions became possible with the application of
fluorescence-tagged zinc-finger proteins. A zinc-finger GFP
protein was designed to recognize a 9-bp sequence within
the centromeric 180-bp tandem repeat of Arabidopsis
thaliana (Lindhout et al., 2007). Despite the numerous
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uses of engineered zinc-finger proteins for genome edit-
ing, the potential of this technology has not yet been fully
exploited for chromatin imaging. The discovery of the
Xanthomonas-based DNA binding domain (Boch et al.,
2009), which can be engineered to bind specific DNA
sequences, initiated the development of transcription acti-
vator-like effectors (TALEs) fused with fluorescence pro-
teins (Ma et al, 2013). Although fluorescently labelled
TALEs were successfully used to trace genomic loci in
non-plant organisms (reviewed in Chen et al, 2016a),
their application in plants has only recently been shown
by Fujimoto et al., (2016).

The discovery of the type-ll clustered regularly inter-
spaced short palindromic repeats (CRISPR) system
derived from Streptococcus pyogenes, has revolutionized
the field of targeted genome editing in eukaryotes (Jinek
et al, 2012). Cas9 nuclease-based genome engineering
has become a routine technology for many plant species
(reviewed in Pacher and Puchta, 2017); however, the full
potential of this technology reaches far beyond the con-
trolled induction of mutations. The Cas9 nuclease can be
transformed by two point mutations into a site-specific
DNA-binding protein, which can be fused with different
protein domains. Thus, it should in principle be possible
to target any kind of enzymatic activity to any genomic
site of interest (Puchta, 2016a). Recently, nuclease-defi-
cient derivatives (dCas9) were used to modify gene
expression in many model organisms, including plants
(Qi et al., 2013; Piatek et al., 2015). Furthermore, by fusing
dCas9 with GFP, the CRISPR-dCas9 system has been used
to label genomic loci in live mammalian cells (Chen et al.,
2013; Anton et al., 2014). Multicolour CRISPR-dCas9 imag-
ing became possible with the application of dCas9 ortho-
logues from different bacterial species, like Neisseria
meningitidis (NmCas9), Streptococcus thermophilus
(St1Cas9), and Staphylococcus aureus (SaCas9) (Ma et al.,
2015; Chen et al., 2016b). The discovery of the Cas9-like
activities of the Cpfl proteins derived from
Acidaminococcus and Lachnospiraceae (Zetsche et al.,
2015) may further expand the palette of multicolour
CRISPR-dCas9 imaging. More importantly, orthologues of
S. pyogenes (Sp-Cas9), such as St1-Cas9 and Sa-Cas9,

(a)

LB NLS
Ubid-P Sp/Sa-dCas9

have been confirmed to be functional in plants (Steinert
et al., 2015).

In the current study, we describe the development of
CRISPR-dCas9 for live cell imaging in plants based on two
Cas9 orthologues derived from S. pyogenes (Sp-dCas9)
and S. aureus (Sa-dCas9). We demonstrate reliable imag-
ing of telomere repeats in living cells of Nicotiana ben-
thamiana and pave the way for the potential visualization
of multiple genomic loci. Furthermore, we show that
CRISPR-dCas9 can be combined with fluorescence-labelled
proteins to investigate DNA-protein interactions in vivo.

RESULTS & DISCUSSION

CRISPR-dCas9 enables the visualization of tandem repeats
in live plant cells

To establish live cell imaging by CRISPR-dCas9 in plants, we
introduced a point mutation in the RuvC1 and HNH nuclease
domains (D10A and H841A) in two Cas9 orthologues derived
from S. pyogenes (Sp-Cas9) and S. aureus (Sa-Cas9), which
were previously used for targeted mutagenesis in A. thaliana
(Fauser et al., 2014; Steinert et al., 2015), rendering the Cas9
protein catalytically inactive. Multiple copies of fluorescence
proteins, either eGFP or mRuby2, were fused to the C-term-
inal end of each dCas9 variant (Figure 1a).

To test the functionality of CRISPR-dCas9 for live cell
imaging in plants, we imaged the telomeres of Nicotiana
benthamiana in leaf cells. Nicotiana telomeres are com-
posed of arrays of TTTAGGG repeats that are 60-160 kb in
length (Fajkus et al., 1995). These tandemly repeated DNA
sequences allow the binding of many dCas9 proteins at
the same locus by a single single-guide (sg) RNA
sequence. To target telomeric repeats we constructed a 20-
nucleotide sgRNA that was complementary to the
TTTAGGG telomere sequence, starting with a ‘G’ at the &'
end (sgRNA-telomere; Figure 1b). The 5'-G nucleotide was
selected as the A. thaliana U6-26 promoter employed
requires it to initiate transcription (Belhaj et al., 2013).

We used infiltration by Agrobacterium tumefaciens to
transiently express Sp-dCas9 and sgRNA-telomere in leaf
cells. As a negative control, the same dCas9 construct was
infiltrated without a specific sgRNA. After 2-4 days, bright

RB

3x eGFP/mRuby2 = Pea3A-T UB-26-P | sgRNA-telomere

repeat genomic telomere sequence
; :

[ 1T 1 I 1l 1T 1
TTTAGGGTTTAGGGTTTAGGGTTTAGGGTTTAGGGTTTAGGG

protosp

AM for Sp-dCas9

sgRNA-telomere
or Sa-dCas9

Figure 1. Structure of the CRISPR-dCas9 construct. (a) Transcription of Sp/Sa-dCas9 was initiated by the parsley ubiquitin 4 promoter and terminated by the
pea 3A terminator. An SV40 NLS DNA sequence was used for nuclear localization of dCas9. Transcription of the sgRNA scaffold was initiated by the Arabidopsis
ubiquitin 6 promoter. (b) Protospacer design for Sp-dCas9 and Sa-dCas9 to target telomere DNA sequence. Target sequence is shown in red. The NGG proto-
spacer adjacent motif (PAM) for Sp-dCas9 is indicated in blue, whereas NNGRRT PAM for Sa-dCas9 is indicated in green.
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fluorescence puncta were observed in addition to a weak
nonspecific background labelling of the nucleus and in
particular of the nucleolus (Figure 2a). A similar nonspeci-
fic labelling of the nucleolus caused by CRISPR-dCas9 was
observed in previous studies (Chen et al., 2013; Zhou
et al., 2017). In negative controls, only a weak nonspecific
labelling of the nucleus was observed (Figure 2b). In live
interphase nuclei, we detected an average of 21.75 telom-
ere signals by CRISPR imaging (n = 50 nuclei). To confirm
the telomere specificity of the fluorescence signals and to
quantify the efficiency of dCas9 telomere labelling, we
analysed the co-localization of dCas9 and telomeres by
immunofluorescence and fluorescent in situ hybridization
(FISH; Figure 2c-e). On average, 27 signals were detected
by immunofluorescence labelling of dCas9, which
amounts to 78% of all telomeres detected by FISH (Fig-
ure 2e, f). We observed an average of 35 telomere FISH
signals, which indicates a certain degree of telomere clus-
tering as the expected number of telomeres based on a

Figure 2. Live imaging of telomeres by CRISPR-
dCas9. (a) Sp-dCas9-mRuby and sgRNA -telomere
were used for live imaging of telomeres in N. ben-
thamiana leaf cells during interphase (n =50). (b)
As a negative control, the telomere sgRNA was
omitted. (c-e) Immunofluorescence staining against
Sp-dCas9-eGFP (c), combined with FISH against
telomeres (d), and overlain to confirm co-localiza-
tion. Nucleus is counterstained with DAPI (in blue)
(e). (f) Whisker box plot showing the efficiency of
Sp-dCas9 for telomere labelling (n =50 nuclei).
CRISPR live refers to the number of signals in live
leaf nuclei, whereas CRISPR fixed refers to the num-
ber of signals in isolated nuclei after fixation. —
sgRNA indicates the number of telomeres counted
after transformation of dCas9 without the sgRNA-
telomere. (g) Intensity plot showing a positive cor-
relation between FISH (red) and CRISPR imaging
(green) regarding the size and intensity of
hybridization signals (indicated by the dotted line in
panel e) (n = 30). Scale bars: 10 pm.
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chromosome complement of 2n =38 would be 76 in 2C
nuclei (Appendix S1). Notably, a similar localization pat-
tern was observed in wild-type leaf interphase nuclei
(Appendix S2), although we detected a higher number of
telomere signals (average =53, n=30). We then used
dCas9 without introducing a specific sgRNA as a control,
and detected an average of 42 signals (n=30). As the
detectable number of telomeres appears to be highly vari-
able in N. benthamiana leaf nuclei, we conclude that
mainly nuclei with clustered telomeres were visualized in
our experimental system. A higher number of CRISPR-
dCas9 signals were observed in fixed cells after
immunofluorescence labelling compared to live cells,
which might be a result of the improved detection effi-
ciency of the GFP antibody. The intensity of individual
hybridization signals most likely varied because of chro-
mosome-specific differences in telomere repeat number
and fusion of chromosome ends. Importantly, we
observed a positive correlation (p =0.84, r = 0.7, n=30)
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between FISH and CRISPR imaging regarding the intensity
and size of hybridization signals (Figure 2g).

Imaging of telomeres by CRISPR-dCas9 reveals long-range
telomere dynamics

We then attempted to explore the possibility of visualizing
telomere movement in a live nucleus by CRISPR imaging.
To visualize the nuclear envelope in addition to telomeres,
we used the nuclear egress protein of the human cytome-
galovirus pUL50 fused to GFP, which was previously
shown to localize to the N. benthamiana nuclear envelope
(Lamm et al., 2016, Appendix S3). Individual nuclei were
observed in vivo for a total of 30 min, and z-stacks were
acquired in 1-min intervals. We observed stable fluores-
cence over the entire period of time.

To investigate whether there is a stable association of
dCas9 with its target sequence or rapid turnover, we con-
ducted fluorescence recovery after photobleaching (FRAP)
experiments. After bleaching individual dCas9 clusters of
three nuclei, we found no significant fluorescence recovery
over a period of 30 min (Figure 3). This indicates a stable
association of dCas9 with its target sequence, which is in
agreement with previous reports showing an average tar-
get residence time of more than 3 h in mammalian cells
(Ma et al., 2016; Qin et al., 2017).

Several dynamic subcellular movements were observed.
First, entire nuclei showed movements in all three

o
(=]
1

Time (min)

0_8 T rrrrrrrrrrrrrrrrrrrrrrrrrrrrr

2 4 6 8 101214 16 18 20 22 24 26 28 30

dimensions over time. Within those nuclei, however,
telomeres tended to follow these movements, but also
changed their position relative to each other (Appendix S4)
and were localized in proximity to the nuclear envelope,
which was shown by a mean normalized radial distance of
telomeres of 0.74 (Figure 4a; Appendix S5). To quantify
these dynamics, we tracked the spatial movements of
telomeres over the entire period of time and measured
their mean square displacement (MSD; Figure 4b; Appen-
dices S6 and S7). By tracking single telomere clusters, we
observed confined diffusion of telomere clusters as well as
long-range movements, which results in a high standard
deviation of the MSD. To reveal these variations in a repre-
sentative nucleus, we calculated absolute changes in
intertelomere distance over time (Figure 4c, d). Within
30 min, individual telomeres changed their distance from
each other by up to +2 um (average diameter of the
nucleus = 15.12 um, n=12). Compared with an average
intertelomere distance of 8.1 um, these changes can
amount to a maximum of 24.7%. Similar observations
were made previously in A. thaliana by labelling telomeres
via fluorescent TALEs (Fujimoto et al., 2016). In contrast to
Fujimoto et al. (2016), however, we did not observe an
active formation of telomere clusters. This might be related
to differences in interphase telomere dynamics between
A. thaliana root cells and N. benthamiana leaf cells rather
than CRISPR-dCas9 having a negative effect on telomere

Figure 3. Fluorescence recovery after photobleach-
ing (FRAP) analysis demonstrates a stable associa-
tion of dCas9 with the target sequence during
interphase. FRAP experiments were conducted on
three individual nuclei. A region of interest was
bleached (indicated by arrows) and the fluores-
cence intensity was compared with the background
fluorescence intensity to determine the relative flu-
orescence intensity (RFI). Error bars represent stan-
dard deviations, based on three biological
replicates. Scale bars: 10 um.
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Figure 4. CRISPR-dCas9 enables the 3D tracking of (a) 1 (b) 0.8
telomeres and reveals long-range movements in g 0.9
interphase  nuclei. (a) Normalized radial distance 3 08 06

: ° 0.7 4 &
(NDR) of telomeres of a representative nucleus. An s 06 E m
NDR of 0 indicates localization in the centre of the ® 05 E 0.4 HH I
nucleus, whereas an NDR of 1 indicates localization T 044 @ ﬂ il
at the nuclear envelope. Error bars represent stan- 3 gg | 0.2 Tﬂﬂ ‘ [
dard deviations, based on measurements con- E 01 rTﬂqulMﬂ
ducted at different time points (1-30 min). Z o0+ T 0 ‘:ﬂ*’uﬂ . .
Telomere number represents individual telomere 1234567 8910111213141516171619202122 0 5 10 15 20 25 30
signals in a live nucleus. (b) Mean square displace- Tolomare number Time (min)

ment (MSD) in um? was measured in 12 live nuclei (c)

with a total of 181 telomere signals over a period of 8 et
30 min. Error bars represent standard deviations. #

(c) Heat map showing changes in intertelomere dis- i

tance over a period of 30 min in a representative
nucleus. Colours represent increased (green) and
decreased (red) intertelomere distances, by up to
2 um. (d) Simultaneous visualization of 3D telomere
locations in the same nucleus as in (c) from all time
points after rigid registration to a reference system
of coordinates given by the first time point.

dynamics, as both MSD curves are similar. Telomere
dynamics during interphase might be related to the tran-
scription of telomeric tandem repeats (Koo et al., 2016),
telomerase activity (Schrumpfova et al., 2016), or posi-
tional silencing by telomeres (Gottschling et al., 1990;
Nimmo et al, 1994; Cryderman et al., 1999). Similar
long-range chromatin dynamics of specific interstitial
chromosomal regions were previously described based
on fixed A. thaliana cells (Schubert et al, 2014). Our
results reveal that long-range chromatin movements can
occur over a short period of time, which we suggest is
highly relevant for chromatin conformation capture stud-
ies (reviewed in Bonev and Cavalli, 2016) aiming to look
at such interactions. We conclude that CRISPR-dCas9 is
a robust system to reveal the dynamics of telomeres in
live plant cells.

Visualization of DNA-protein dynamics at plant telomeres

As CRISPR-dCas9 is a tool to visualize specific DNA
sequences, it can be combined with other methods, e.g.
fluorescence-labelled proteins, to study the dynamics of
DNA-protein interactions. As an example, we attempted to
visualize telomeric DNA by CRISPR-dCas9 and the telom-
eric repeat binding protein 1 (TRB1) in live leaf cells of
N. benthamiana. TRB1 was previously found to be located
at plant telomeres and to interact with telomerase reverse
transcriptase (TERT), although not all telomeres are bound
by TRB1 (Dvorackova et al., 2010; Schrumpfova et al.,
2014). Interestingly, telomeres in yeast, ciliates, mammals
and plants may form 3’ overhangs; however, in plants,
blunt-ended telomeres and telomeres with 3’ overhangs

© 2017 The Authors
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may appear in the same cell, and only telomeres exhibiting
3’ overhangs are bound by TRB1.

We simultaneously expressed Sp-dCas9-mRuby, sgRNA-
telomere and TRB1-GFP in leaf cells to visualize the
dynamic relationship between the telomeric repeats of all
chromosomes, and the proportion that are bound by TRB1.
On average, we detected 30 CRISPR-dCas9 signals resem-
bling telomeres, 26.3 (87.6%) of which were simultane-
ously bound by TRB1 (Figure 5). This indicates that most
telomeres in N. benthamiana form 3’ overhangs and only a
small proportion of blunt-ended telomeres are present dur-
ing the interphase. Our results demonstrate that CRISPR-
dCas9 can be used to visualize specific DNA sequences in
combination with fluorescently tagged proteins interacting
with those DNA sequences. We hypothesize that this prin-
ciple can be expanded to investigate spatiotemporal gene
expression patterns, e.g. by visualizing DNA sequences
and transcription factors, as well as other DNA-protein
interactions, such as the loading of specific histone vari-
ants to certain genomic regions (e.g. CENH3 and cen-
tromeric DNA).

Comparing the efficiency of two dCas9 orthologues for the
imaging of telomeres

In addition to Sp-dCas9 derived from Streptococcus pyoge-
nes, we used Sa-dCas9 derived from Staphylococcus aur-
eus to visualize telomeres, compare their efficiency and
potentially pave the way for the simultaneous imaging of
multiple genomic loci in plants. The protospacer-adjacent
motif (PAM) required by Sa-dCas9 (NNGRRT) allowed us to
use the same sgRNA as for Sp-dCas9. In contrast to

The Plant Journal © 2017 John Wiley & Sons Ltd and Society for Experimental Biology.,
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RISPR

Sp-dCas9, the sgRNA scaffold sequence of Sa-dCas9 as well
as the size of the complex itself differs (Sa-dCas9 = 1064
amino acids versus Sp-dCas9 = 1380 amino acids), which
could have an effect on its efficiency (Chen et al., 2016b). In
previous experiments, we showed that in plant cells Sp-
Cas9 and Sa-Cas9 only form a complex with their respective
sgRNAs, and not with the sgRNA of the other orthologue
(Steinert et al., 2015). Compared with Sp-dCas9 detecting
78% of all telomeres, using Sa-dCas9 we were able to detect
85.5% of all telomeres when both variants were analysed
separately. We then used both variants Sp-dCas9-mRuby2
and Sa-dCas9-eGFP simultaneously to visualize telomeres
and demonstrate the potential application of different
dCas9 orthologues for multiple genomic loci. When com-
bined, both variants showed almost complete co-localiza-
tion, indicating no significant difference in their efficiency to
detect telomeres (Figure 6). We conclude that both Sp-
dCas9 and Sa-dCas9 can be used simultaneously to visual-
ize tandem repeats in live plant cells. Thus, by using differ-
ent Cas9 or Cpfl orthologues fused to different
fluorescence proteins, multidimensional live imaging in sin-
gle cells might become a reality in the long run (Puchta,
2016b). For tandem repetitive sequences, a single sgRNA
may be sufficient for CRISPR imaging, whereas labelling of
non-repetitive loci (spanning a 5-kb region) may require the
simultaneous expression of at least 30 sgRNAs (Chen et al.,
2013). More recently, an entire human chromosome was
visualized with CRISPR imaging by using at least 485 non-
repetitive sgRNAs at the same time (Zhou et al,, 2017). An
alternative approach is to tether fluorescent RNA binding pro-
teins to the sgRNA through aptamer fusions, thereby trans-
forming the sgRNA into a scaffold RNA that contains
information about the target locus and the type of fluores-
cence (Shao et al., 2016). These recent developments may
further improve CRISPR imaging in plants and potentially
enable us to visualize single genomic loci.

EXPERIMENTAL PROCEDURES
T-DNA construction

All constructs are based on our previously described vector
pCAS9-TPC (Fauser et al., 2014). For the two Cas9 orthologues
from Streptococcus pyogenes (Sp) and Staphylococcus aureus
(Sa), respective dCas9 versions were generated by two consecu-
tive rounds of site-directed mutagenesis, thereby introducing the

Figure 5. Simultaneous visualization of telomeric
DNA by CRISPR-dCas9 and the GFP-tagged telom-
eric repeat binding protein 1 (TRB1). (a) Immunoflu-
orescence staining against Sp-dCas9-mRuby2. (b)
Immunofluorescence staining against TRB1-GFP. (c)
Overlay showing almost complete co-localization,
except for putative blunt-ended telomeres (indi-
cated by arrows, nucleus is counterstained with
DAPI (in blue). Scale bars: 2 pm.

two point mutations (D10A/H840A for Sp-dCas9 and D10A/N580A
for Sa-dCas9). Plasmids encoding for eGFP (pSiM24-eGFP) and
mRuby2 (pcDNA3-mRuby2) were obtained from Addgene (http:/
www.addgene.com). dCas9 and fluorescence protein (FP)
sequences were generated with primers containing homologous
flanks for subsequent Gibson Assembly cloning into the pCAS9-
TP backbone (for a full list of primers, see Appendix S8). The stop
codons of the dCas9 and the first two FP sequences were removed
to generate a continuous open reading frame (ORF), harbouring
the respective dCas9 orthologue followed by a threefold fusion of
the appropriate FP sequence. The dCas9 sequence and the
FP fusion as well as the single FP sequences were linked via a
GS-rich linker, respectively. Protospacers were allowed to self-
anneal and the resulting 4-bp overhangs were used for
subsequent ligation into the respective pChimera vector via Bbsl
restriction sites. The customised RNA chimeras were then ligated
into the respective dCas9 vectors via Mlul restriction sites. The Cas9
constructs developed in this study are available on request to HP.

Protospacer design

Protospacer sequences were selected based on the respective PAM
sequence of each dCas9 orthologue, namely SpdCas9 and Sad-
Cas9, and synthesized as oligonucleotides with appropriate 4-bp 5
overhangs for cloning into the respective pChimera vector. The
telomere-specific protospacer (5'-GGGTTTAGGGTTTAGGGTTT-3')
is based on the Arabidopsis-type telomere repeat sequence
5'-(TTTAGGG)(n)-3'. As a result of the presence of both Sp-dCas9
(5'-NGG-3') and Sa-dCas9 (5'-NNGRRT-3') PAM sequences in the
telomere repeat sequence, both variants were used to label telom-
eres, which allowed us to compare these two orthologues.

Transient transformation of N. benthamiana

All CRISPR-dCas9 constructs, TRB1-GFP (Schrumpfova et al.,
2014) and pUL50-GFP (Lamm et al, 2016) were separately
transformed into Agrobacterium tumefaciens strain GV3101 by
electroporation. Agrobacteria containing Sp-dCas9, Sa-dCas9 and
pUL50-GFP were cultured in YEB medium (5 g I"" beef extract, 1 g
I'" yeast extract, 5 g I"" peptone, 5 g I"" sucrose, 300 mg I"' MgS04,
20 g I" agar) containing spectinomycin (100 pg ml~") and rifampi-
cin (50 pg ml~"). For TRB1-GFP, Agrobacteria were cultured in
YEB medium containing kanamycin (100 ug ml~") and rifampicin
(50 pg ml~"). The transient transformation of N. benthamiana leaf
cells was performed as described in Phan and Conrad (2016). For
the transformation of multiple constructs, bacterial cultures with
an ODgyo between 1.0 and 1.3 were mixed in a 1:1 ratio prior to
transformation. Plants were analysed 2-4 days after infiltration.

Immunofluorescence analysis and fluorescence in situ
hybridization

Two or three days after leaf infiltration, nuclei were extracted by
chopping a 1-cm’ piece of leaf tissue in 1 ml of chromosome
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Figure 6. Comparison of Sa-dCas9 and Sp-dCas9.
Telomeres were visualized by the simultaneous
application of two dCas9 orthologues (Sa-dCas9
and Sp-dCas9). (a) Immunofluorescence staining
against Sa-dCas9-eGFP. (b) Immunofluorescence
staining against Sp-dCas9-mRuby2. (c) Overlay
showing complete co-localization. Nucleus is coun-
terstained with DAPI (in blue). (d) Quantification of
the number of telomere signals observed by two
different dCas9 orthologues (n = 18). Scale bars:
10 pm.
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isolation buffer (Dolezel et al., 2007) using a razor blade followed by
filtration through a 35-um nylon mesh and subsequent centrifuga-
tion onto a microscopic slide at 400 rpm for 5 min (Shandon CytoS-
pin3, https://gmi-inc.com). To confirm the specificity of each dCas9
construct, we conducted immunofluorescence staining against
eGFP and mRuby2 in combination with fluorescence in situ
hybridization (immuno-FISH) against telomeres. Immuno-FISH was
performed as described by Ishii et al. (2015). eGFP was detected
with a polyclonal GFP antibody (GFP antibody Dylight 488; Rock-
land, https://www.rockland-inc.com) in a 1:2500 dilution. mRuby2
was detected with a primary RFP antibody [RFP antibody (5F8),
1:1000 dilution; Chromotek, http://www.chromotek.com] generated
in rats followed by an anti-rat secondary antibody (ab96889; abcam,
http://www.abcam.com). To detect telomeres via FISH, we used 5'-
Cy5 labelled oligonucleotides composed of the same DNA sequence
as the respective  protospacer (sgRNA-telomere, 5'-
GGGTTTAGGGTTTAGGGTTT-3'). A final probe concentration of
0.33 um was used. The correct telomeric localization of our FISH
probe was validated by testing on N. benthamiana chromosomes
(Appendix S1) prepared from flower buds using a protocol
described by Sanchez Moran et al. (2001).

Microscopic analyses

To analyse co-localization between CRISPR-dCas9 imaging and
FISH signals, images were acquired with an epifluorescence
microscope (BX61; Olympus, https://www.olympus.com) using a
cooled charge coupled device (CCD) camera (Orca ER; Hama-
matsu, http://www.hamamatsu.com), and analysed with iMAGEJ. A
total of 50 nuclei were analysed by immuno-FISH to determine the
efficiency of dCas9 to detect telomeres. The number of in vivo
dCas9 signals was counted in 50 live nuclei to determine the
in vivo labelling efficiency. To analyse the co-localization of telom-
eres visualized by Sp-dCas9 and TRB1, a total of 43 nuclei were
analysed by epifluorescence microscopy. Structured illumination
microscopy (SIM) was applied to a representative sample using a
63x/1.40il Plan-Apochromat objective of an Elyra PS.1 microscope
system with zen software (Carl Zeiss, https:/www.zeiss.com).

© 2017 The Authors

Image stacks were captured separately for each fluorochrome
using appropriate excitation and emission filters. Maximum inten-
sity projections were generated from the stacks of SIM sections
through the specimens in zen (3D rendering based on SIM image
stacks was carried out using ivArRis 8.0; Bitplane, http://www.bitpla
ne.com).

For live cell imaging of telomeres, fluorescence signals were
analysed 2-4 days after infiltration with A. tumefaciens (see tran-
sient transformation of N. benthamiana) by a LSM780 (Carl
Zeiss). Infiltrated leaf areas were cut and mounted onto a micro-
scopic slide. The distribution of fluorescence signals within the
nucleus was recorded as z-stacks (n =50 nuclei). For a co-distri-
bution analysis, probes were excited with dual 488- and 561-nm
laser lines in combination with a 488/561-nm beam splitter. eGFP
emission was detected over a range of 490-540 nm, and mRuby2
emission was detected over a range of 570-620 nm. Photospec-
trometric analysis of the fluorescence signal by means of the
META detector confirmed the identity of GFP and mRuby. The
turnover of Sp-dCas9-eGFP telomeric signals was investigated by
FRAP analysis. After two pre-scans a region of interest of vari-
able size was bleached. To achieve appropriate bleaching, the
488-nm laser line was set at 100% power with 25 iterations at
scan speed 7. Fluorescence intensity was followed over 30 min
in 1-min intervals.

Tracking of telomere signals and 3D image analysis

Telomere tracking based on time-lapse z-stacks was conducted
with vAris 8.0 (Bitplane). Brightness was manually adjusted to
detect all telomere clusters. Tracking was performed using the
autoregression motion algorithm, with a maximum distance of
20 um and a maximum gap size of 3. Afterwards, the coordi-
nates (x, y, z) of each spot at all time points were used to
quantify telomere movements. Intertelomere distances were cal-
culated for all telomeres of a representative nucleus based on
differences in distance between time point 1 and time point 30.
For this purpose, an intertelomere distance matrix was gener-
ated for time point 1 (matrix1) and time point 30 (matrix30).
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We then calculated the change in intertelomere distance by
subtracting matrix1 from matrix30. The resulting matrix was
then visualized as a heat map generated in RsTubiO using the
HeaTMAP2 function of the cpLoTs package. Distances are presented
in um and visualized by two different colours, indicating an
increase (green) or decrease (red) of intertelomere distance over
time.

The 3D stacks of 12 live nuclei were semi-automatically seg-
mented and triangulated surfaces of nuclear boundaries were
generated in AmiRA 4.1 (Mercury Computer Systems, https://
www.mrcy.com). To account for relative nuclear movements
(i.e. translations, rotations), 3D point clouds of telomere mass
centres from subsequent time points (t> 0) were rigidly regis-
tered to the reference system of coordinates given by the first
time point (t=0) using absolute orientation quaternions (Horn,
1987). To characterize the intranuclear telomere motion, the
MSD of telomeres relative to their initial position (t=0) was
calculated as

N
MSD() = 43 (Ri(t) - Ri(0)? M
=1

where Rj(t) denotes the radius vector of the i-th registered telom-
ere in the reference system of coordinates at time point t > 0. The
intranuclear position of telomeres was quantified in three repre-
sentative nuclei by the normalized radial distance (NRD):

NRD = TN/BN (2)
where TN and BN are the Euclidean distances between the nuclear
envelope (N), the telomere (T) mass centres and the intersection
point of the N-T line with the nuclear envelope surface (B), respec-
tively. Accordingly, small NRD values indicate a nuclear-central
telomere location, whereas values close to 1 correspond to the
nuclear periphery.
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4. Discussion

4.1. Why single cells?

Single-cell analyses differ from bulk-cell, whole organism, or population analyses in
many technical aspects and in the scale at which new insights into biological processes
can be made. Pioneering work in the field of single-cell analysis was conducted using
microscopy-based methods that include a variety of protein or DNA staining approaches,
and recently developed single-cell sequencing methods allowed interrogation of DNA
sequence variation and RNA quantity in individual cells. These methodologies
elucidated many fundamental biological aspects including cell division, protein
localization, transcription, gene mapping, and DNA sequence variation (Cremer &
Cremer, 2001; Dewitte & Murray, 2003; Sekar & Periasamy, 2003; Haraguchi, 2002;
Aliyeva-Schnorr et al, 2015; Zong et al, 2012). The general aim was to gain mechanistic
insight into such fundamental processes and to understand how individual cells
contribute to form specific tissues or whole multicellular organisms. In plant research,
progress in the field of genome sequencing has revealed the linear order of the
genomes of many species, yet little is known about how different structures, e.g.
interphase chromatin dynamics or meiotic chromosomes, contribute to certain functions
such as transcription or meiotic recombination. These functions have significant
implications for plant development and evolution. Single-cell analyses hold promise to
help us gain new insights into these phenomena.

In the current study, the aim was to establish novel single-cell analysis methodologies
based on single-cell genome sequencing and live cell imaging to allow to better
understand the segregation and dynamics of specific genomic regions during meiosis
and interphase. My work, although mostly technical, can be discussed in two ways. First,
I will discuss its technical novelty and performance compared to other approaches.

Secondly, I will discuss new insights that were made using these methodologies.
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4.2. Analysis of meiotic recombination and segregation distortion in single pollen
nuclei

Significant efforts are being directed towards the manipulation of meiotic recombination
frequency and distribution in crops to unlock currently inaccessible genetic diversity in
low-recombining regions of the genome. However, future attempts to change meiotic
recombination frequency will require efficient methods to measure recombination. The
aim of the current study was to develop single-cell analysis methodologies to measure
meiotic recombination in individual pollen nuclei.

In order to develop a strategy for high-throughput analysis of meiotic recombination in
pollen nuclei, | first tested different methods for isolation of pollen nuclei. Pollen grains
are surrounded by a rigid cell wall which makes it difficult to isolate their DNA (Goss,
1968; Shi et al, 2015). These effects are exacerbated when handling single pollen
because failure to isolate DNA would stop all downstream analyses. | therefore tested
several methods, including chemical lysis (Chen et al, 2008; Gole et al, 2013), freeze-
thaw cycles to disrupt the cell wall, osmotic shock to break the cell wall (Petersen et al,
1996), and mechanical disruption through small metallic beads (De Storme & Geelen,
2011). Although all of these methods can be used to isolate pollen DNA, there are
several advantages and disadvantages associated with them. For example, chemical
lysis requires strong alkaline conditions that subsequently need to be neutralized which
increases the number of times contaminations can be introduced. Mechanical disruption
of the pollen cell wall through metallic beads seemed to be the most suitable method
because large amounts of nuclei could be isolated and individually sorted into reaction
tubes via FACS (Dreissig et al, 2015).

Subsequently, two different methods were used for whole genome amplification, namely
MDA and displacement-DOP-PCR (PicoPLEX). The major difference is that pollen DNA
amplified via PicoPLEX was simultaneously tagged with adapter sequences for Illlumina
sequencing whereas pollen DNA amplified through MDA was analysed by allele-specific
PCR. Both approaches were used to measure meiotic recombination but at different
depth. With MDA-based amplification followed by allele-specific PCR, it was possible to
analyse meiotic recombination frequency along barley chromosome 3H with 25 single-

nucleotide-polymorphism (SNP) markers. Amplification errors were interrogated by
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checking for heterozygous allele calls, which should be absent in haploid pollen nuclei,
and by including a pure homozygous parental control which should not show any
recombination events between the two parents unless introduced by amplification errors.
Although no amplification errors were found in the parental control, 1.92% (24 out of
1250) of all allele-specific PCR reactions carried out with pollen nuclei appeared to
contain heterozygous samples which was most likely caused by amplification errors or
genotyping errors (Dreissig et al, 2015). However, this percentage seems to be
comparable to previous studies where 0.6% and <1% heterozygous allele calls were
reported (Wang et al, 2012; Li et al, 2015).

When displacement-DOP-PCR followed by whole-genome sequencing was used,
heterozygous allele calls were removed for two reasons. First, a large number of SNPs
was analyzed which allowed us to compare neighboring markers. Second, consensus
genotypes were derived by aggregating information in 1 Mbp bins which effectively
results in a lower resolution but higher confidence in allele calling. This resolution is
higher than what can be achieved by conventional microscopy-based methods, such as
the analysis of chiasmata during metaphase | by light microscopy (~15-20 Mbp,
assuming a chromosome size of 8-10 um like in barley and a optical resolution limit at
250 nm), and similar to high resolution microscopy analysis of pachytene chromosomes
(~1 Mbp, assuming a synaptonemal complex length of 60-200 um and a resolution limit
at 100 nm) (Higgins et al, 2012; Phillips et al, 2012, 2013). However, one disadvantage
of this pollen-sequencing approach is that small gene conversion events (<80 kbp,
(Wijnker et al, 2013)) cannot be detected.

After errors introduced during amplification or genotyping were accounted for, both
approaches were used to measure meiotic recombination in comparison to a DH
population of the same genotype that was analysed through genotyping-by-sequencing
(GBS, (International Barley Genome Sequencing Consortium et al, 2012). No
differences between pollen and DH population were found regarding number and
distribution of recombination events (Dreissig et al, 2015). This shows that both
approaches are capable of producing reliable recombination measurements, with the
potential to outperform cytological analyses and whole population analyses in terms of

resolution and sample throughput.
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Finally, applying these methodologies also enabled us to gain some new insights into
meiotic recombination patterns and segregation. For example, the existence of class |
and class Il crossovers (interference sensitive vs insensitive) was not confirmed
experimentally in barley yet, and our study, along with others (Phillips et al, 2013, 2015),
provides supporting evidence for two crossover classes. Furthermore, pollen nuclei
sequencing enabled us to analyse segregation distortion throughout the whole barley
genome directly after meiosis and compare these data to segregation distortion in DH
plants. Interestingly, we were able to provide experimental evidence that segregation
distortion is almost absent in pollen whereas strong effects were observed in DH plants
(Dreissig et al, 2017). This is in agreement with related studies (Bélanger et al, 2016b,
2016a; Manninen, 2000), but data derived from pollen was not available yet. It is
therefore reasonable to conclude that segregation distortion is not a result of meiosis but
rather caused by selection on linked loci during microspore culture, embryo

development, plant regeneration, or spontaneous diploidization for DH production.

a b  # of pollen grains used as template

PGt RBC2 NTC

Figure 6 Manual pollen collection and PCR following chemical lysis of pollen.

(a) Pollen grains of barley were manually collected using a pair of forceps and a stereo
microscope. (b) Chemical lysis was conducted as described in Chen (2008) followed by
PCR using 5 or 1 pollen as template. A high-copy retrotransposon (cereba) of barley
was amplified. Two positive controls (PC1 and PC2) with varying amounts of genomic
DNA (40 ng vs 4 ng, respectively) and a no-template control (NTC) were included. The
experiment shows that high-copy DNA sequences can readily be amplified from single
pollen. However, manual collection of pollen grains is not preferred as the risk of
introducing DNA contamination is high and because it is a time-consuming task.
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4.3. Development of CRISPR-Cas9 for live cell imaging of defined genomic regions
in plants

The field of live cell imaging of DNA sequences has emerged during the last two
decades as an exciting new possibility to investigate the dynamics of genes and non-
coding sequences during interphase and cell division. With the development of
engineered DNA-binding proteins tagged with fluorescent proteins, such as the lactose
operator/inhibitor sequence, ZFPs, and TALEs, significant progress was made (Kato &
Lam, 2001; Lindhout et al, 2007; Fujimoto et al, 2016). More recently, CRISPR-Cas9
was discovered for genome editing and rapidly repurposed as a new live cell imaging
system for DNA and RNA in mammalian cells by introducing two point mutations (D10A
and H841A) which rendered the Cas9 nuclease deficient (dCas9) (Chen et al, 2013; Ma
et al, 2015; Nelles et al, 2016).

The aim of the current study was to adapt CRISPR-Cas9 for live cell imaging in plants,
provide experimental evidence for its performance, and demonstrate what new insights
can be obtained using this method.

Due to previous efforts by our collaborators, who developed several CRISPR-Cas9
orthologues for genome editing in plants (Fauser et al, 2014; Schiml et al, 2014; Steinert
et al, 2015), we were able to use Cas9 variants that were already codon optimized and
functionally validated for dicotyledonous plants . To adapt Cas9 for live cell imaging in
plants, we introduced a point mutation in the RuvC1 and HNH nuclease domains (D10A
and H841A) in two Cas9 orthologues derived from S. pyogenes (Sp-dCas9) and S.
aureus (Sa-dCas9), rendering Cas9 nuclease-deficient (Figure 7).

LB NLS RB

Ubi4-P Sp/Sa-dCas9 3x eGFP/mRuby2 Pea3A-T U6-26-P | sgRNA-telomere

Figure 7 Structure of the CRISPR-dCas9 construct.

Transcription of Sp/Sa-dCas9 was initiated by the parsley ubiquitin 4 promoter and
terminated by the pea 3A terminator. An SV40 NLS DNA sequence was used for nuclear
localization of dCas9. Transcription of the sgRNA scaffold was initiated by the
Arabidopsis ubiquitin 6 promoter.

To functionally test CRISPR-dCas9 live cell imaging in plants, we decided to use

Nicotiana benthamiana as a model species due to its relative ease of transformation via
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Agrobacterium tumefaciens and comparably large telomere tandem repeat arrays
(Fajkus et al, 1995; Goodin et al, 2008). At first, we interrogated the specificity at which
CRISPR-dCas9 is capable of labelling telomeres during interphase. Compared to the
number of telomeres detected by FISH, which was used as a reference, CRISPR-dCas9
labelled 78% of all telomeres. Importantly, no distinct signals were observed when
CRISPR-dCas9 was used without a telomere-specific single guide (sg) RNA. Although it
is difficult to compare different studies due to various species and experimental systems
being used (e.g. mammalian cells, different DNA-binding proteins), it seems to be
reasonable to expect a telomere labelling efficiency of about 70 - 85% of both CRISPR-
dCas9 and TALE approaches (Chen et al, 2013; Fujimoto et al, 2016). Importantly,
CRISPR-dCas9 labelling correlates well with FISH regarding fluorescence signal
intensity and size (p = 0.84, r2 = 0.7). Furthermore, we tested two different Cas9
orthologues and compared their efficiency. Both Cas9 orthologues from S. pyogenes
and S. aureus were labelled with different fluorescence proteins and used
simultaneously, and showed almost complete co-localization at the telomeres. This
means both variants are highly efficient and can potentially be used to visualize different
DNA sequences at the same time.

The ability to visualize protein-DNA interactions in living cells is intriguing as it might
allow us to directly observe the dynamics between DNA-binding proteins, such as
transcription factors, and their target sequence in the context of plant development or
environmental stress. We therefore explored this possibility by simultaneously labelling
telomeric DNA through CRISPR-dCas9 and the telomeric repeat binding protein 1
(TRB1) which is located at telomeres and interacts with telomerase reverse transcriptase
(TERT, (Dvorackova et al, 2010; Schrumpfova et al, 2014)). Interestingly, telomeres in
yeast, ciliates, mammals and plants may form 3’ overhangs. However, in plants, blunt-
ended telomeres and telomeres with 3’ overhangs may appear in the same cell, and
only telomeres exhibiting 3’ overhangs are bound by TRB1. We found that 87.6 % of
telomeres visualized by CRISPR-dCas9 were also bound by TRB1, which indicates that
most telomeres in N. benthamiana form 3’ overhangs and only a small proportion of

blunt-ended telomeres are present during interphase.
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We then attempted to explore the possibility of using CRISPR-dCas9 for live imaging of
telomeres in N. benthamiana interphase nuclei. To better map telomeres within the
nucleus, we additionally visualized the nuclear envelope via co-expression of the nuclear

egress protein of the human cytomegalovirus pUL50 fused to GFP (Lamm et al, 2016).

Figure 8 CRISPR-dCas9 live cell imaging
Live interphase nucleus of N. benthamiana showing telomeres (Sp-dCas9-mRuby, red)
and nuclear envelope (pUL50-GFP, green). Standard bar equals 10 um.

By conduction fluorescence recovery after photobleaching (FRAP) experiments, we first
found that CRISPR-dCas9 is stably associated with its target sequence, which is in
agreement with previous reports (Ma et al, 2016; Qin et al, 2017). We then sought to
investigate telomere dynamics during interphase. As mentioned above (see 1.1.2.),
chromatin dynamics, especially heterochromatic regions such as telomeres, can be
related to transcriptional activation, replication, and repair. Although differentiated N.
benthamiana leaf cells do not undergo cell division anymore, they might still respond to
environmental stimuli and undergo transcriptional activation or silencing. By tracking
single telomere clusters over time, we observed confined diffusion of telomeres as well
as longe-range movements. Spatially confined telomere movements became evident by

the almost linear ascent of the mean square displacement (MSD). However, we also
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found a high standard deviation of the MSD which points towards strong variation
between individual telomere clusters. These variations became evident as long-range
movements of telomere clusters of up to 2 um which amounts to 13% of the average
nuclear diameter. A spatially confined diffusion of telomeres was previously observed in
A. thaliana using fluorescent TALEs, which supports our observation (Fujimoto et al,
2016). However, such additional long-range telomere movements in live plant cells were
not reported before and might be related to transcription of telomeric tandem repeats
(Koo et al, 2016), telomerase activity (Prochazkova Schrumpfova et al, 2016), or
positional silencing by telomeres (Gottschling et al, 1990; Nimmo et al, 1994; Cryderman
et al, 1999). Based on the technical reliability of CRISPR-dCas9 imaging, | propose that
these methodologies can be used in future work aiming to investigate spatio-temporal
protein-DNA interactions under varying environmental conditions to elucidate how
structural chromatin changes are translated into functional responses. As an example,
our preliminary work on transferring the CRISPR-dCas9 imaging technique to A. thaliana
in a stable manner appeared to be promising regarding the visualization of centromeric
DNA (Figure 9). In future studies, this will be combined with fluorescent-tagged
centromeric histone H3 (CENH3-GFP) to investigate dynamic associations between

centromeric DNA and a functionally essential centromeric protein in living cells.
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Figure 9 Application of CRISPR-imaging in A. thaliana.

(a) CRISPR-dCas9 derived from S. aureus was fused with three copies of far red
fluorescent protein (TurboFP635) and directed to A. thaliana centromeric DNA via an
sgRNA specific to the centromeric satellite repeat pAL1 (SgRNA protospacer sequence:
5-CACTACTTAGGCTTTTAAGA-3’). Centromeric fluorescence signals within nuclei-like
circular structures were observed in a living root of A. thaliana. Standard bar equals 50
pm. (b) Inset shows 10 bright fluorescence signals which resemble the expected 10
centromere signals in a diploid root cell. (c) Example of FISH used to visualize
centromeres in an A. thaliana interphase nucleus.
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4. Conclusions

The main conclusions of my study are that novel single-cell analysis methodologies for
plant research were developed, their technical robustness was demonstrated by
experimental evidence, and these methodologies were used to gain new insights into
segregation and dynamics of defined chromosomal regions during meiosis and

interphase.

First, we demonstrated the feasibility of flow sorting individual pollen nuclei followed by
whole-genome-amplification via two different methods (MDA and PicoPLEX) to
investigate the recombination landscape of barley at the molecular level in an unbiased
way. Sequencing of individual pollen nuclei revealed that segregation distortion is almost
absent, whereas it is detectable to a large extent in barley doubled haploid plants likely
caused by selection during doubled haploid production. In addition, we presented
meiotic recombination measurements which support the existence of interference

sensitive (class 1) and less sensitive (class Il) crossovers in barley.

Second, we established live cell imaging of telomeres by repurposing the recently
discovered CRISPR-Cas9 system. We demonstrated that the feasibility of CRISPR-
Cas9 to visualize telomeres in the model plant N. benthamiana is comparable to other
systems such as mammalian cells. Finally, using this method revealed how variable
telomere clusters are in terms of their movements during interphase. We concluded that
these dynamics can be a prerequisite for or result of transcriptional activation or
silencing in response to environmental stimuli.

Together these methodologies pave the way for future research in the field of basic and

applied plant sciences.
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5. Summary

Single-cell analysis via whole-genome sequencing or live cell imaging is an exciting field
in which many unknown factors of fundamental cellular processes remain to be
discovered. New methodologies are constantly being developed for many model
organisms belonging to different species. The current study deals with advancing two
different single-cell analysis methodologies in plants.

First, single-cell whole-genome sequencing was established in barley, a large genome
crop species important for human nutrition, for the purpose of directly measuring meiotic
recombination frequency at the DNA sequence level. The aim of this part was to address
a major issue of meiosis research, namely the low potential of sample throughput and
limited resolution via microscopy-based methods. While single-cell genome sequencing
achieves very high resolution (1 Mbp) that outperforms conventional microscopy, it also
holds the potential to enable the analysis of thousands of samples since pollen nuclei
can be sorted into individual reactions tubes via flow cytometry. However, the costs of
library preparation for sequencing remain to be reduced to make this a widely
applicable, high-throughput approach. Applying this methodology in barley pollen
enabled us to provide supporting evidence for two meiotic crossover classes in this
species, and revealed that segregation distortion in doubled haploid plants is not directly
caused by meiosis but rather explained by selection during early plant development.

In the second part of this study, the recently discovered CRISPR-Cas9 system was
repurposed for live cell imaging of telomeric DNA repeats in N. benthamiana. Visualizing
specific genomic regions in the nuclei of living cells might enable us to improve our
understanding of the spatio-temporal dynamics therein. Chromatin dynamics during
interphase are associated with transcriptional activation or silencing of genes in
response to environmental stimuli or developmental processes. It is therefore of great
interest to develop new methodologies for their visualization. The aim of this part was to
establish nuclease-deficient CRISPR-dCas9 for live cell imaging in plants and
demonstrate its feasibility to observe spatio-temporal dynamics. We were able to
demonstrate robust labelling of telomeres by CRISPR-dCas9 in living interphase nuclei
of N. benthamiana, show its potential for protein-DNA interaction studies by

simultaneously labelling a telomere repeat binding protein (TRB1), and pave the way for
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future labelling of multiple genomic regions by demonstrating the feasibility of two
different Cas9 orthologues. We were able to reveal great variability in the spatio-
temporal dynamics of telomere clusters by tracking their movements over time in living
leaf cells. The underlying mechanisms might be associated with transcriptional silencing
through telomeric heterochromatin and may contribute to responses to environmental

stimuli or developmental processes.
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6. Zusammenfassung

Die Analyse einzelner Zellen mittels Genomsequenzierung oder der Mikroskopie von
lebenden Zellen ist ein sich schnell entwickelndes Forschungsgebiet. Neue Methoden
werden in diesem Gebiet kontinuierlich fir zahlreiche Modellorganismen
weiterentwickelt. Die vorliegende Studie beschaftigt sich mit der Etablierung von zwei
unterschiedlichen Methoden der Einzelzellanalyse in Pflanzen.

Um auf direkte Weise meiotische Rekombinationsvorgdnge auf DNA-Sequenzebene zu
messen, wurde im ersten Teil dieser Studie die Genomsequenzierung einzelner
Pollenzellkerne in der Kulturpflanze Gerste etabliert. Ziel war es, eine der technischen
Schwierigkeiten in der Meioseforschung, namlich das geringe Durchsatzpotenzial und
die begrenzte Auflosung konventioneller Mikroskopiemethoden, zu adressieren. Die
entwickelte Einzelpollenanalyse ermdglicht eine Auflosung von ~1 Mbp, welche der
konventionellen Mikroskopie Uberlegen ist. Weiterhin besteht die Mdglichkeit einzelne
Zellen mittels Durchflusszytometrie zu sortieren und somit tausende von Stichproben zu
generieren. Ein Nachteil liegt allerdings in den hohen Kosten der Sequenzierung, welche
noch reduziert werden muissen, um eine breite Anwendung der Methode zu
ermdglichen. Die Nutzung dieser Methodik hat zu folgenden Erkenntnissen gefiihrt. So
konnte die Existenz von zwei unterschiedlichen Klassen von meiotischen
Rekombinationsvorgdngen mit experimentellen Daten unterstitzt werden. Weiterhin
konnte gezeigt werden, dass Abweichungen von Mendel’schen
Segregationsverhéltnissen in doppel-haploider Gerste nicht direkt durch meiotische
Prozesse verursacht wird, da normale Segregationsverhéltnisse in Pollen gemessen
wurden, sondern eher durch Selektionsdruck wahrend der frihen Pflanzenentwicklung
entstehen.

Im zweiten Teil dieser Studie wurde das kirzlich entdeckte CRISPR-Cas9 System fur
die Visualisierung von Telomer DNA Sequenzen in lebenden N. benthamiana Zellen
eingesetzt. Die Visualisierung von definierten genomischen Bereichen dient der
Erforschung von rdumlich-zeitlichen Dynamiken im Zellkern. Solche
Chromatindynamiken, welche wéhrend der Interphase auftreten, sind unter anderem mit
der transkriptionellen Aktivierung oder Inaktivierung von Genen in Bezug auf

Umwelteinflisse oder Entwicklungsprozesse assoziiert. Es ist daher von Interesse neue
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Methoden zur Visualisierung solcher Dynamiken zu entwickeln. Ziel war es, eine
Nuklease-inaktive CRISPR-dCas9 Variante in Pflanzen zu etablieren und die Eignung
dieser Methodik zur Visualisierung raumlich-zeitlicher Dynamiken zu demonstrieren. Es
wurde gezeigt, dass Telomer DNA Sequenzen zuverladssig mittels CRISPR-dCas9 in
lebenden Interphasezellkernen sichtbar gemacht werden kénnen. Weiterhin wurde das
Potenzial dieser Methodik zur Visualisierung von Protein-DNA Interaktionen
demonstriert. Dazu wurde zusatzlich ein telomerspezifisches Protein (TRB1) mittels GFP
markiert. Zuletzt wurde durch die simultane Anwendung von zwei unterschiedlichen
Cas9 Orthologen das Potenzial dieser Methodik zur Visualisierung unterschiedlicher
DNA Sequenzen gezeigt. Die Anwendung dieser Methodik ermdglichte es grofe
Variabilitat in der raumlich-zeitlichen Dynamik von Telomerclustern aufzuzeigen. Die
zugrundeliegenden Mechanismen kdnnten mit der transkriptionellen Inaktivierung durch
Telomer-spezifisches Heterochromatin assoziiert sein und in Bezug zu Reaktionen auf

Umwelteinflisse oder Entwicklungsprozesse stehen.
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8. Abbreviations

bp
Cas9
CO
CRISPR
DAPI
dCas9
DH
dHJ
DNA
DOP-PCR
DSB
FACS
FISH
FRAP
GFP
KASP
kbp
pum
MALBAC
Mbp
MDA
NCO
nm
PCR
QTL
RNA
SDSA
SNP
TALE
WGA
ZFP
ZMM

base pair

CRISPR associated protein 9

crossover

clustered regularly interspaced short palindromic repeats
4' 6-diamidino-2-phenylindole

nuclease deficient Cas9

double haploid

double Holliday junction

deoxyribonucleic acid

degenerate oligonucleotide priming PCR
double-strand break

fluorescence activated cell sorting
fluorescence in situ hybridization
fluorescence recovery after photobleaching
green fluorescence protein

competitive allele specific PCR

kilobase pair

micrometer

multiple annealing and loop-based amplification cycles
megabase pair

multiple displacement amplification
non-crossover

nanometer

polymerase chain reaction

guantitative trait loci

ribonucleic acid

synthesis-dependent strand annealing
single nucleotide polymorphism
transcription activator-like effector
whole-genome amplification

zinc finger protein

collective name for Zip1, Zip2, Zip3, Zip4, Mer3, Msh4, and Msh5 proteins
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