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of repetitive sequences between genomes was observed for the Athila element, which
belongs to the family of Ty3/gypsy retroelements, when the occurrence of this element
in ryegrasses was up to five-fold more frequent than in the fescues. The Ty3/gypsy family
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role of the Fesreba element in these chromosome domains in the studied grass species.

With the aim to facilitate the use of Agropyron cristatum, a wild relative of wheat,
in introgressive wheat breeding, highly polymorphic microsatellite (SSR) markers
specific for individual chromosomes and chromosome arms of this species were
developed. The first step in the experimental procedure was the sorting of chromosomes
and chromosome arms by flow cytometry. This approach allowed targeted development
of SSR markers. The chromosomal DNA was sequenced by Illumina technology
and the data were analyzed using appropriate bioinformatics procedures. This led
to in silico identification of 250 SSR markers that were verified using PCR. Out of these,
72 were specific for a particular chromosome, or chromosomal arm. The newly developed
SSR  markers will enable rapid identification of introduced segments
of the A. cristatum genome into the wheat genome and subsequent monitoring of their
transfer to future generations during the breeding process.

There is an increasing need to understand genome organization and function
in important crops, many of them with large genomes. The last part of this work reviewed
experimental approaches to facilitate the analysis of complex genomes. The focus was
on flow cytometric chromosome sorting and on coupling this technology with
the methods of molecular biology and genomics. The successful applications include
targeted development of DNA markers, physical mapping, chromosome sequencing,
and gene cloning.

In summary, the presented Thesis contributed to the improvement
of the knowledge on the genome organization in important crops. The results obtained
will facilitate the application of molecular and genomic techniques in breeding of new

varieties of agricultural crops.



Bibliograficka identifikace

Jméno a pFrijmeni autora Jana Zwyrtkové

Nazev prace Analyza genomu vybranych zastupct Poaceae
Typ prace Disertacni prace

Pracovisté Katedra buné¢né biologie a genetiky,

Univerzita Palackého v Olomouci

a

Centrum strukturni a funkéni genomiky rostlin,
Ustav experimentalni botaniky

Akademie véd Ceské republiky

Skolitel Prof. Ing. Jaroslav DoleZzel, DrSc.

Skolitel specialista Mgr. Eva Hiibova, Ph.D.

Rok obhajoby prace 2021

Kli¢ova slova Agropyron cristatum, chromozémova genomika,

divoci ptfibuzni pSenice, Festuca spp., Illumina
sekvenovani, jednoduché repetice, Lolium spp.,

repetitivni DNA sekvence.

Pocet stran/priloh 88/1V
Jazyk Anglicky
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Cilem disertacni prace bylo prohloubit znalost struktury genomil vybranych zastupct
celedi Poaceae. Jejich genomy byly porovnavany jak na urovni rodd, tak na urovni druhti
a kultivar. Pomoci metod molekularni biologie, v€etné pritokové cytometrie a metod
sekvenovani nové generace, byly ziskdny vyznamné vysledky.

Rzné molekuldrni a genomické pfistupy byly pouzity za ufelem srovnani
zastoupeni repetitivné usporddanych sekvenci DNA a identifikace nového
centromerického elementu u zédstupci rodt kostfava (Festuca) a jilek (Lolium).
Pro komparativni analyzy bylo vyuZzito sekvenovani jejich genomt technologii Illumina
s malou hloubkou pokryti a nasledné in silico analyzy sekvenacnich dat. Tyto analyzy
ukazaly, Ze retrotranspozony jsou nejcetnéjSim typem repetitivnich DNA sekvenci
v genomech kostfav a jilkl. Nejvétsi rozdil v zastoupeni repetitivnich sekvenci

mezi genomy byl pozorovan v ptipade elementu Athila, ktery patii do rodiny Ty3/gypsy



retroelementti, kdy vyskyt tohoto elementu u jilkl byl az pétkrat etnéjsi nez u kostiav.
Do rodiny Ty3/gypsy patii Cereba element, ktery se typicky vyskytuje
v (peri)centromerickych oblastech, naptiklad u jeCmene ¢i pSenice. V této praci byla
identifikovana dlouhd terminalni repetice (LTR) element Fesreba, jehoz piibuznost
s Cereba elementem byla potvrzena fylogenetickou analyzou a také kolokalizaci
s histonovou variantou CENH3 pomoci cytogenetickych experimenti. Vyskyt Cereba
elementu byl potvrzen v centromerickych a pericentromerickych oblastech, coz
naznacuje jeho moznou roli v téchto chromozomalnich doménéch u studovanych druha
trav.

S cilem prohloubit znalosti o potencialnich zdrojich dulezitych gent
pro introgresni Slechténi pSenice byl studovan jeji plany pifibuzny druh Agropyron
cristatum. V prub¢hu disertacni prace byly vyvinuty vysoce polymorfni mikrosatelitni
(SSR) markery specifické pro jednotlivé chromozémy a ramena chromozdému tohoto
druhu.  Vychozim experimentdlnim postupem bylo tfidéni chromozému
a chromozomovych ramen pomoci pritokové cytometrie. Tento ptistup umoznil zacileny
vyvoj SSR marker. DNA chromozému byla sekvenovana technologii [llumina a data
byla zpracovana odpovidajicimi bioinformatickymi postupy. To umoznilo in silico
identifikaci 250 SSR markerti, které byly ovéteny pomoci PCR. Z nich 72 bylo
specifickych pro urcity chromozdém ¢i rameno chromozomu. Nové vyvinuté SSR markery
umozni rychlou identifikaci vnesenych segmentii genomu 4. cristatum do genomu
pSenice a sledovani jejich ptenosu do dalSich generaci v pribéhu Slechténi.

S ohledem na rostouci potiebu znalosti organizace a funkce genomu dulezitych
zemédélskych plodin, které maji obvykle velké genomy, byly v piehledném clanku
shrnuty experimentalni pfistupy pro usnadnéni jejich studia. Byla popsdna kombinace
metod tiidéni chromozdému pomoci pratokové cytometrie a metod molekularni biologie
a genomiky. Usp&né aplikace zahrnuji cileny vyvoj DNA markerd, fyzické mapovéni,
sekvenovani na chromozémové urovni a klonovani gent.

Ve svém souhrnu predkladand disertacni prace pfispéla k prohloubeni znalosti
organizace genomu dulezitych rostlin a vytvoftila pfedpoklady pro snadnéjsi aplikaci

molekularnich a genomickych technik ve slechténi novych odrid zeméd¢€lskych plodin.
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1 Introduction

The growth of the world's population places great demands on producing enough food,
including the efficient use of arable land. Representatives of the Poaceae family,
including the important cereals such as wheat (Triticum aestivum), barley (Hordeum
vulgare), rye (Secale cereale), and oat (Avena sativa) play a significant role in human
nutrition. This plant family also includes grass species, which are the main component
of pastures and meadows. In addition to providing feed for livestock, they have
an important anti-erosion role, help to retain water in the landscape, and perform other
functions in the ecosystem. Many types of grasses are grown in decorative gardens,
in sports fields, and have many more uses. This Thesis focuses on two groups of grasses,
cereals, and fodder crops/amenity grasses.

Growing demands on the performance of new varieties of agricultural crops,
including the resistance to biotic and abiotic stresses, are compromised by limited genetic
variation in current cultivars, resulting in part from the loss of potentially important genes
during the domestication and breeding. In contrast, wild relatives of crops, which
are characterized by larger genetic variation, may serve as an important source of genes
and their alleles for breeding. However, the use of this variability is hampered by limited
knowledge of their nuclear genomes. Obtaining the missing information is thus necessary
for a wider use in the so-called introgressive breeding, which has the potential
to contribute to breeding of new varieties that will have higher and stable yields

under environmentally sustainable conditions.
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2 Aims of the Thesis

With the aim to improve the knowledge of genome organization in selected
representatives of Poaceae and develop molecular resources to support the breeding

of crops, this Thesis focuses on three activities:

I Comparative analyses of repetitive DNA elements and identification
of centromeric element in representatives of fescues and ryegrasses

The first aim of the Thesis was to characterize repetitive DNA elements in the nuclear
genomes in ten representatives of Festuca and Lolium and provide more insights

into DNA sequences in their centromeres using molecular and cytogenetic approaches.

1T Genome organization and molecular chromosome structure of Agropyron
cristatum

The second aim was to characterize repetitive and genic DNA sequences in Agroypron
cristatum, a wild relative of wheat (Triticum aestivum), develop chromosome-
and chromosome-arm specific microsatellite (SSR) markers from A. cristatum,

and perform a comparative genome analysis with the orthologous subgenomes of wheat.

I Comparison of chromosome genomic approaches
The third aim was to review the past and current methods for genome complexity
reduction with a focus on flow cytometric chromosome sorting and the use of this method

in plant molecular biology and genomics.
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3 Literature overview

3.1 Family Poaceae and agricultural crops

Poaceae is a large family of flowering monocotyledonous plants. These wind-pollinated
species with the widespread occurrence of polyploidy are very successful in colonizing
various habitats and high species richness (Linder et al., 2018). It includes cereals,
grasses, and bamboos, therefore it is the most economically important plant family
providing either staple food for the human population and feed for animals.

Representatives of the family Poaceae differ in chromosome number, ploidy
level, and genome size. Whole-genome duplication and diploidization are typical
processes accompanying genome evolution and speciation of eukaryotes. These events
caused an increase in genome size also in polyploid wheat (Akhunov et al., 2013).
Paleopolyploidy in plant genomes emphasized the role of whole-genome duplication
in the evolutionary success of flowering plants (Paterson et al., 2003; Soltis et al., 2008;
Van De Peer et al., 2009).

The well-known representative of cereals and agricultural crops, bread wheat
(Triticum aestivum, 2n = 6x =42) is the most produced cereal because it is rich in protein,
carbohydrates, and minerals (D’Appolonia and Rayas-Duarte, 1994; Hussain et al.,
2010). China is the world’s leading wheat producer, ahead of India, the Russian
Federation, and the United States of  America (Figure I,
http://www.fao.org/faostat/en/#rankings/countries_ by commodity). Since the eighties,
the wheat area and yields in the European Union have remained almost stable. While
the human population increases, cultivated areas cannot be increased due to gradual loss
of arable land and climatic changes. That is the motive why it is needed to employ new
genomic approaches to improve wheat to secure the production needed by future
generations. Classical breeding approaches are unable to fast produce cultivars

with improved yield (http://www.wheatgenome.org).

12



Top 10 Country Production of Wheat
2018
200M

[}
[]
=
: H =
- 0 - | | _— — — — —
o> @ Q > ) 3 N Q@ @ N
9 ¢ o O N\
Q\’Z’o ®© o & & N ® & «® g(@o
@ & < s @ 9 NCA
Ng @ @%O
(‘) 9\ X$
&

@ Production
Wheat

Figure 1: Comparison of the biggest wheat country production

(http://www.fao.org/faostat/en/#rankings/countries_by commodity).

The size of the bread wheat genome is 17 Gbp (Bennett and Smith, 1976). Its large
and complex genome originated by two hybridization and allopolyploidization
events. Triticum urartu (A subgenome of wheat) hybridized with an until now unknown
relative Aegilops speltoides (B subgenome of wheat) to give rise to tetraploid 7riticum
turgidum (genome formula AABB) that subsequently hybridized with Aegilops
tauschii (D subgenome of wheat) to give rise to hexaploid Triticum aestivum (genome
formula AABBDD; Figure 2; Feldman et al., 1997; International Wheat Genome
Sequencing Consortium et al., 2014). Each hybridization event was followed
by chromosome doubling, thus producing a series of allopolyploid genomes. Each diploid
donor has 7 pairs of chromosomes, which resulted in 21 pairs of chromosomes in common
wheat.

The reference wheat cultivar “Chinese Spring”, was used for sequencing
by the IWGSC. It was found out that the polyploidization events resulted in only mild
genome changes and in wheat there is a high abundance of intrachromosomal gene
duplications, which could be a mechanism for the global success of wheat (International
Wheat Genome Sequencing Consortium et al., 2014). During the time, many
translocations in wheat occurred, for example, in wheat chromosomes 4A, 5A, 7B (Devos
et al., 1995; Ma et al., 2013) and pericentric inversions in chromosomes 2B, 4A, 4B, SA
(Conley et al., 2004; Linkiewicz et al., 2004; Miftahudin et al., 2004), 3B and 6B (Qi et
al., 2006).

13
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Figure 2: Schematic model of bread wheat origin (International Wheat Genome

Sequencing Consortium et al., 2014).

Another important crop, rye (Secale cereale), is diploid (2n = 2x = 14),
an allogamous, close relative of wheat with almost 8 Gbp genome size (Dolezel et al.,
2003). Rye contains non-coding repetitive DNA represented 84-92% of its genome
(Bartos et al., 2008; Flavell et al., 1974). It is well tolerant to frost, drought, and marginal
soil fertility (Martis et al., 2013) and uses as resistance to pathogens and pests (Crespo-
Herrera et al., 2017). The importance of rye is in the food and distilling industry (Balcerek
et al., 2016; Johansson et al., 2018). Diploid barley genome (Hordeum vulgare, 2n = 2x
= 14) has similar DNA repeat content as wheat. It has over 80% of non-coding repetitive
DNA (Schulte et al., 2009; Wicker et al., 2009) with a genome size of more than 5 Gbp.
Barley is important for its gene content such as genes for B-glucan biosynthesis (Burton
et al., 2008) or powdery mildew resistance (Lyngkjaer et al., 2000). The value of barley
lies in its use as fodder for animals, distilling, and brewing industry (Balcerek et al., 2016;

Mayer et al., 2009).

3.1.1 Wild relatives of wheat

Domesticated cereals gradually lose functions of several genes, while genetic diversity
in populations of wild relatives of crops still exists. Thus, the genes for important traits
can be transferred from these populations. They are hidden in the tertiary gene pool where

belongs, for instance, Agropyron (Dewey, 1984) or Aegilops genus (Molnér et al., 2016).
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Agropyron species as a wild relative of bread wheat and a closest relative to barley
is a source of biotic and abiotic stress resistance genes, for example, wheat streak mosaic
viruses or barley yellow dwarf virus (Sharma et al., 1984), wheat rusts, powdery mildew
(Said et al., 2018; Wu et al., 2006), drought (Dewey, 1984) and salinity tolerance
(McGuire and Dvorak, 1981), or cold tolerance (Limin and Fowler, 1990). Addition
and translocation lines for chromosome and chromosomal arms of Agropyron were
developed (Chen et al., 1989; Han et al., 2014; Luan et al., 2010; Ochoa et al., 2015; Song
etal., 2013; Wu et al., 2006).

Aegilops speltoides Tausch. (2n = 2x = 14), the closest relative to the wheat B
genome (Dvotdk et al., 1998), carries genes for tolerance against diseases such as
powdery mildew, stem rust, leaf rust, genes responsible for grain hardness or heat
and manganese toxicity tolerance (Kilian et al., 2011; Schneider et al.,
2008). de. cylindrica Host. (2n = 4x = 28) and Ae. triuncialis L. (2n = 4x = 28) are
a source of genes for tolerance to cold, salinity or drought, resistance to powdery mildew,
rusts, barley yellow dwarf virus (Colmer et al., 2006; Friebe et al., 1996; Kilian et al.,
2011; Schneider et al., 2008) and high grain content of micronutrient (Rawat et al., 2009).
Many wheat-A4egilops additional lines were reported (Friebe et al., 1992, 1999; Wang et
al., 2011). Aegilops tauschii genome showed much bigger polymorphic variation than its
younger wheat D subgenome (Dvoftak et al., 1998). That was the motivation to improve
wheat by its ancestor genes (Chantret et al., 2005). To transfer Aegilops tauschii genetic
material into bread wheat was constructed synthetic hexaploid wheat that was generated
by artificial hybridization of Triticum turgidum with Aegilops tauschii (Mujeeb-Kazi et
al., 1996). These synthetic lines carried genes for strong grain and stripe rust resistance

(Yang et al., 2009).

3.1.1.1 Introgressions into wheat

Limited knowledge about the molecular organization of genomes of wild relatives
of wheat, which could be an important source of genes, is a big obstacle
in the introgression breeding. Since domestication and breeding crop have a narrow
genetic base, alien introgression known as introgressive hybridization with wild relatives
is used for spreading crop genetic base. Introgression is a transfer of genetic material from
one species to another species, typically followed by hybridization and backcrossing

to the parental species (Figure 3, Soltis, 2013). Cytogenetic approaches are used to
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identify alien introgression lines, whereas marker systems have been used for alien
introgression mapping (Olson et al., 2013). Many attempts to transfer alien chromatin
into wheat were made with success (Friebe et al., 1996; Jiang et al., 1993; Kilian et al.,
2011; Schneider et al., 2008), albeit the methods for development introgression lines
and their selection and characterization are very time-consuming, laborious, low-
throughput and had its own limitations such as low resolution (Lukaszewski et al.,
2005). The major steps are detection, assignment, description, and positional assignment
of genes in the genome. These are needed for the screening of agronomic traits
and improving breeding programs (International Wheat Genome Sequencing Consortium

et al., 2014).

Introgression breeding

Receptor Donor

I

- X
s
o o

Receptor F1

R

Figure 3: Introgression breeding (Jacobsen and Schouten, 2007).

Standard and very simple for breeders is control of introgression breeding

with markers. In many crop species were identified large numbers of genetic markers.
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Molnér et al. (2016) studied rearrangements between Aegilops and wheat using COS
markers with known positions on wheat subgenomes. These markers could simplify work
with alien gene introgressions. For accurate identification of the origin of introgressed
segments, Aflitos et al. (2015) developed the “Introgression Browser” based
on combining genotypic and phylogenetic data with the nucleotide or SNP accuracy.
Abrouk et al. (2017) developed another in silico approach, rearrangement identification
and characterization (RICh). Intending to better identification of the sequences
to generate markers in the introgression segment, they combined shotgun sequences data
of chromosome with introgression with the Genome Zipper (Mayer et al., 2011). It helps
to validate the evolutionary rearrangements in modern wheat chromosomes, characterize

introgression position, gene content, and gene order.

3.2 Grasses

Meadows, pastures, and lawns are one of the largest ecosystems worldwide. They are
sustainable in various geographic and climatic variation (Reheul et al., 2010) and are
important from the ecological, economical, and aesthetical points of view (Kopecky and
Studer, 2014). Permanent lawns are suitable for biomass production (Searchinger et al.,
2008). Lolium perenne L. has a high water-soluble carbohydrate content as a polymeric
fructan that is easy to extract, split to the separate fructose units, and fermented to bio-
ethanol (Farrar et al., 2012). Grasses serve as a readily available source of feed
for ruminants that is an economic-friendly way for animals important in agriculture, such
as cattle and other farm animals (Reheul et al., 2010). However, in the last decades,
meadows are modified by farmers and declining alarmingly due to frequent conversion
to arable land (Obermeier et al., 2020). Since the grasses are an important source of feed
for farm animals, the need for understanding their genomes to support breeding
of improved cultivars is essential. The aesthetical function of grasses is important
in decorative areas in parks, around houses, as a recultivation, or in sports ground as a golf
course or football field (Kopecky and Studer, 2014).

Loliinae subtribe is one of the largest of the Poeae tribe. Its genome size range
from 2.6 to 11.8 Gbp (Zwyrtkova et al., 2020). In their evolution, hybridization
and polyploidization played an important role. Therefore, about 70% of the species are
polyploid. The evolution of grasses was accompanied by frequent and repeated genome

size gain and loss (Soreng et al., 2015). Grasses in this study range between diploid
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and hexaploid level. The most important species in the mentioned ecosystems are Festuca
rubra L., Festuca pratensis Huds., and Festuca arundinacea Schreb. On the other hand,
the most occurring species in the production of temporary lawns all over the world
is Lolium perenne L. and Lolium multiflorum Lam. (Kopecky and Studer, 2014).
The basic chromosome number in fescues (Festuca L.) and ryegrasses (Lolium L.)
isn="7. Festucais  ranging  between diploid and  decaploid species,
whereas Lolium comprises mainly diploid species. It was found out that the most used
in agriculture is diploid, few autotetraploid, hexaploid, and octaploid Festuca species,
and the best feed quality has tetraploid Lolium species (Loureiro et al., 2007). Production
of Festulolium as a hybrid of Festuca and Lolium was powered by breeders and their
efforts to have all properties in one species (Kopecky et al., 2008; Thomas et al., 2003).

The kinship of the individual species is shown on the Figure 4.

011 idum3
i %
7 l.lm mu

100 Pprgon Lolium

olium 1ense
i :
| uberoga™ == === === -
100 | Fes stuca I pratensisl oo Mycropyropsis
= F?Tu fucgmmns}ma
- Fﬁ.s Ca arun nn?nacea_ +
83 fh %'&xiaha --------- Schedonorus

100
uce e
gS ca el
estuca fenas

Figure 4: Part of phylogenetic tree of Loliinae derived by ITS sequences. Adapted
from Catalan et al. (2004).

Another group that belongs to grasses is a complex of wheatgrass. In the Thesis,
it had been worked with crested wheatgrass Agropyron cristatum belongs
to the Hordeinae subtribe of the Triticeae tribe. Thus, from the important cereals,
the close relative is Hordeum vulgare which is a phylogenetic member of the same
subtribe. Triticeae tribe consists of the most important cereals and forage crops, i.e.,

wheat, barley, rye (Hsiao et al., 1995).
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3.2.1 Festuca spp.

Each species grows in different specific habitat including wetlands, dry areas, cold
and mild regions of the southern hemisphere as well. They are well adapted to extreme
conditions in mountains, arctic and subantarctic regions (Inda et al., 2008), also for stages
as alpine meadows, pastures, and forests (Smarda et al., 2008). Individual species of this
genus are different in morphology and ploidy. There is a high number of polyploids. Most
polyploids belonging to the subgenus Schedonorus (Hand et al., 2010) are mostly
allopolyploid (Loureiro et al., 2007). Schedonorus subgenus is a complex of species
with various ploidy levels, which are a consequence of hybridization. To this subgenus
belongs, for example, diploid Festuca pratensis Huds. (2n = 2x = 14, Figure 5), tetraploid
Festuca arundinacea var. glaucescens Boiss. (2n = 4x = 28), tetraploid Festuca mairei
(2n=4x =28), hexaploid Festuca arundinacea Schreb. (2n = 6x =42), hexaploid Festuca
gigantea (L.) Vill. (2n = 6x = 42) and others (Hand et al., 2010).

Figure 5: Festuca pratensis Huds. (Polivka, 1902).
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3.2.2 Lolium spp.

Lolium L. is naturally diploid species (2n = 2x = 14) with a genome size 2 Gbp/1C
(Hutchinson et al., 1979). They naturally cross each other, which leads to tetraploid
representatives (Humphreys et al., 2010). Into main feed grasses is included Lolium
perenne L. (2n = 4x = 28, Figure 6) and Lolium multiflorum L. (2n = 4x = 28). Their
leaves and stalks are the most digestible for animals from all grass species (Frame, 1991).

Besides, Lolium perenne is well stress-resistant (Humphreys et al., 2010).

Figure 6: Lolium perenne L. (Polivka, 1902).

3.2.3 Agropyron cristatum

Agropyron cristatum (crested wheatgrass, Figure 7) belongs to the family Poaceae. 1t is
a perennial low maintenance grass, which can be grown permanently and needs a little
additional treatment or special care, such as the application of fertilizers. It has been used
for pasture, rangeland, and hayland. Therefore, it has economic importance as a forage,

for example, for livestock (Han et al., 2019). It is grown worldwide, but mainly cultivated
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in arid regions of the United States (Asay et al., 2003; Asay and Jensen, 1996).
Wheatgrass has not been domesticated or bred, exhibits large genetic variation, and thus
appears a potential source of new genes for wheat improvement (Han et al., 2014).
Introgression of its genes to wheat can improve yields, increase resistance to diseases,
and improve tolerance to drought (Said et al., 2018).

The most known are diploid, tetraploid, and hexaploid cultivars called Douglas,
Ephraim, Parkway, Roadcrest, and Ruff. These cultivars differ in many aspects - any
of them are more drought tolerant than others, another can accept more centimeters
of annual precipitation. Due to this, each has its own special usage, for example, for turf
or roadside applications. They can differ in morphology and productivity. Important
for the Thesis is the diploid cultivar Parkway, which was released in 1969 by the Canada
Department of Agriculture (Robins and Jensen, 2020). Agropyron cristatum has a basic
P genome with 7 chromosomes. The genome size is relatively large. Diploid cultivar

Parkway is represented by the estimated size of 1C ~ 6.3 Gbp (Said et al., 2018).

Figure 7: Agropyron cristatum L.
(http://spuds.agron.ksu.edu/ksgrasskey/images/Agropyroncristatum.htm).
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3.3 The organization and structure of plant genomes

Nuclear genome is represented by one copy of nuclear DNA. The amount of nuclear DNA
of an organism is expressed in picograms or base pairs with the following relation:
1 pg=0.978 Mbp (Dolezel et al., 2003). For DNA amount in the haploid nucleus is
known term C-value (Bennett and Smith, 1976; Swift, 1950). However, a higher C-value
does not mean more complicated organisms. For that, there was a C-value paradox
(Thomas, 1971), a phenomenon, which was then overcome with a C-value enigma. This
newer phenomenon saying about uncertainties about genome size differences and DNA
content variations (Gregory, 2001).

Genomes of eukaryotic organisms are organized into different numbers
of chromosomes. The large genome of Triticum aestivum with its ~17 Gbp is about
34 times bigger than the genome of, for example, Oryza sativa, which has only ~0.5 Gbp.
The main differences are in the contribution of repetitive sequences (Heslop-Harrison et
al., 1997). Grass genomes have about 1C ~ 2—12 Gbp. The monoploid genome size
of fescues and ryegrasses was determined using flow cytometry and accounted
for 1Cx =2.62-3.25 pg (Kopecky et al., 2010). The combination of polyploidization
with various repetitive DNA sequences is an obstacle in genomic analyses. Genome
structure and rearrangements in grass genomes were studied using next-generation
sequencing. The genome of Lolium perenne (Studer et al., 2012) and chromosome 4F
of Festuca pratensis Fure (Kopecky et al., 2013) has been sequenced to create virtual
gene order when compared with smaller genome carriers such as Oryza sativa, Sorghum
bicolor, Brachypodium distachyon or Hordeum vulgare (Kopecky et al., 2013; Studer et
al.,, 2012). In chromosome 6P of Agropyron cristatum, genetic rearrangements were
revealed by SSR and STS molecular markers and then compared with wheat subgenomes
(Han et al., 2014).

The main morphological structures such as centromeres and telomeres have their
predictable position. The centromeric part is located to the primary constriction, nucleolar
organizer region is located to the secondary constriction, which is not always present.
Using centromeric position was determined four types of chromosome morphology —
metacentric, submetacentric, acrocentric, and telocentric chromosome. Telomeres are
positioned at the ends of chromosomes. Plant genome comprises coding and non-coding
parts. Centromeric, pericentromeric, telomeric, and subtelomeric parts of chromosomes

are typical by repetitive DNA sequences. On the contrary, distal parts of chromosomes
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are carriers of the majority of genes. Coding parts, genes, are obviously connected with its
regulatory components. The average size of gene length with its regulation part covers 1—-
5 kbp (Kellogg and Bennetzen, 2004). Most genes are clustered in gene islands, regions
in the genome with higher gene density, and, on the contrary, gene empty-spaces, where
are located mainly non-coding sequences (Sandhu and Gill, 2002). There were described
either few gene-rich islands (Erayman et al., 2004) or numerous gene-weaker islands
(Brooks et al., 2002). In wheat, the definition of gene islands was provided by Choulet et
al. (2010) as clusters of genes with a minimum of two genes separated from 50% by less
than 43 kbp long intergenic distances. The highest gene density in gene-rich regions was
observed in distal parts of chromosomes (Erayman et al., 2004). The rest genes are

organized as isolated genes (Rustenholz et al., 2011).

3.3.1 Repetitive DNA sequences

The main parts of the non-coding genome regions are repetitive sequences. They are
either dispersed, or tandemly organized with a high abundance in genomes. Formerly,
Cot-based fractionation (Peterson et al., 2002) and methy] filtration (Palmer et al., 2003)
were used to reduce genome complexity by removing repetitive parts and simplifying
genome analyses.

The first group is represented mainly with autonomous or semiautonomous
mobile elements, which are located between different repeat families or genes and have
replication and moving ability. Transposable elements are the most abundant repetitive
DNA sequences. In grass genomes, the elements take up more than half of their sizes
(Heslop-Harrison and Schwarzacher, 2011). The most abundant in genomes are LTR
retrotransposons and DNA transposons (Wicker and Keller, 2007). Schnable et al. (2009)
described that hundreds of transposable elements, which were important in centromeric
positioning on some chromosomes, make up ~85 % of the maize genome with the Copia
elements in gene-rich regions, while Gypsy elements in gene-poor regions. Peterson-
Burch et al. (2004) showed, that many retrotransposons of Arabidopsis thaliana
localizing preferentially to pericentromeric regions, whereas retrotransposons

of Triticeae are more dispersed along all chromosomes (Figure 8).

23



Highly enriched in all types of RT Non-LTRs RT
and solo-LTRs. Gypsy-like appear o Gypsy-like
cluster more tightly. Comple: A -
All types of RT presented in umngem:rngls :m g a Copia-like, non-LTR and solo-LTRs Caopia-like

low number, solo-L TRs mare evenly Gistributed, Gypsy-like less solo-LTR \
represented. represented.
Not detected \ A,

|\ o J i
WL [T

’_S‘Mabfm \Pericemrnmetic smm7: .
'_Zm e . regons rw'L A. thaliana
W I [NIRNARA.

ll_l@ll.lllllllllllllIIIIIIII]IIIIIIIIII 4 o fII.II.II.IIIII[IlIIIIIIIIlIlIII!IIﬁII.IIIIIlII7.I!Ml

Subtelomaric 4,// \\ ‘""" Pericantror Subtelomeric
ons Centromens —— m""!"c Um age
._"2 § ///i g Triticeae
/.IIII\IIIIC?IZIIIIIIIII|IIIIIIIIIIII[II.IIIIIII 4 NImmmimmmmmmmne
™

- —
Not detected \ R N r S
Accumulation of some

. High number of all RT types and solo-LTRs
VRV'_I‘!zmﬂ-_u. w_ch:s Highly enriched in all types of RT and ghdxpem along the chromosome.
is Copia-iike in A.
solo-LTRs present in complex nesled Prasence of complex nested arrays of RT.
tauschii and T. aestivum insertion pattern. Cereba Gypsy-ike RT
conserved across Triticeae centromere

Figure 8: Distribution of retrotransposons in Arabidopsis thaliana and Triticeae tribe.
Abbreviations: LTR (long terminal repeat), RT (retrotransposon) (Bento et
al., 2013).

If retrotransposons are flanked with long terminal repeats (LTRs), they are classified
in Copia or Gypsy group based on the organization of their coding composition make up
of capsid protein, protease, integrase, reverse transcriptase, and RNase H genes.
Terminal-repeat retrotransposons in miniature (TRIMs) and large retrotransposon
derivatives (LARDs) are without coding sequences, therefore they are a nonautonomous
group of retrotransposons. Nevertheless, retrotransposons cannot be always flanked
with LTRs. In that case, they are classified as non-LTR retrotransposons diverged in short
interspersed nuclear elements (SINEs) and long interspersed nuclear elements (LINESs).
The first one contains Pol III promoter and a variable region, and the second one capsid
protein, integrase, endonuclease, reverse transcriptase, and a variable region (Figure 9,

Bento et al., 2013).
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Figure 9: Sequence organisation of retrotransposons composed genes for long terminal
repeat (LTR), capsid protein (GAG), protease (PR), integrase (INT), reverse
transcriptase (RevT), RNase H (RNASE H), endonuclease (EN)
and a variable regions (N), (Bento et al., 2013).

The second group are tandemly organized repeats. This arrangement was
discovered in telomeric sequences or at some eukaryotic genes such as TRNA genes
(Lapitan, 1992) and are compounded from repetitive sequences located closely one by
one (Flavell, 1980). Based on the lengths of these units are known microsatellites (1—
20 bp), minisatellites (20—100 bp), and satellite DNA (Charlesworth et al., 1994). The last
type was previously described as 100—400 bp long units, but even longer units are known
(Htibova et al., 2010; Kojima et al., 2002; Macas et al., 2009). They are obviously
species-specific (Heslop-Harrison and Schwarzacher, 2011). Tandemly organized repeats
are a fast-evolving part of eukaryotic genomes (Alexandrov et al., 2001; Vershinin et al.,
1996) and are often chromosome position-specific. Typical tandemly organized repeat
in centromeres was discovered in, for example, Arabidopsis thaliana (Heslop-Harrison et
al., 1999; Kumekawa et al., 2001), Oryza sativa (Nonomura and Kurata, 2001) or Zea
mays (Ananiev et al., 1998), whereas in other plant species studies not (Hfibova et al.,
2010; Kim et al., 2002; Macas et al., 2007). In Festuca and Lolium species was not
observed typical centromeric DNA sequence, nevertheless a specific type of Ty3/Gypsy
family of LTR retrotransposons with chromodomain (Kiseleva et al., 2014; Neumann et

al., 2011; Novék et al., 2014; Zwyrtkova et al., 2020). The tandemly organized repeats
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are of even megabase-long lengths, that are connected to sequencing problems
(Alkhimova et al., 2004). Use of these sequences is as molecular and cytogenetic markers.
The most abundant in Agropyron cristatum is Ty3/gypsy element Athila, which is
of higher proportion than total of Tyl/copia retroelements (Table 1, Said et al., 2018).

Table 1: Repetitive DNA sequences observed in Agropyron cristatum (Said et al.,

2018).
Repeat Lineage/class Alternative names Proportion in the
analyzed data [%]
LTR retroelements Tvi/copia Maximus-SIRE 442
Angela 13.51
TAR Tont 0.56
Tork Tnt 0.01
Ale Hopscotch 0.05
Bianca 0.02
Total TyI/copia 18.57
Tv3/gypsy Athila 22.96
Chromovirideae 7.16
Ogre-Tat 7.98
Total Ty3/gypsy 38.10
Other LINE 0.15
DNA transposons 3.28
Tandem repeats 1.62
rRNA genes 0.21
Unclassified LTR elements 3.94
Unclassified repeats 6.71
Non-annotated sequences 8.36

3.3.2 Centromere regions

Centromeric regions are essential parts of chromosomes serving as an important domain
in cell divisions, with kinetochore complex for sister chromatid cohesion, as a site
for spindle microtubule attachment. It is located to primary constriction on monocentric
chromosomes. Part of the whole genetic information lying in the centromeric regions may
play a role in those processes where centromeres are involved (Presting et al., 1998). Ma
et al. (2007) reviewed that size and sequence content varied between plant centromeres.
It is known that centromeric regions are often composed of repetitive sequences,
and several of them have been physically mapped by fluorescence in situ hybridization.

In Arabidopsis, ~50 kbp long arrays contain an average length of 180 bp or 360 bp
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tandemly organized repeat unit (Martinez-Zapater et al., 1986). Maluszynska and Heslop-
Harrison (1991) localized these sequences to paracentric regions of all chromosomes.
In cereal centromeres, there are also repeat families occurred. In wheat, barley, rye, rice,
or maize was localized the sequence family previously derived
from Brachypodium containing similar region as CENP-B box, a human centromeric
satellite DNA (Aragén-Alcaide et al., 1996; Willard, 1990).

The story ofthe Cereba element started, when Jiang et al. (1996) isolated
the pSau3A9 sequence from the genomic DNA of sorghum. It localized to the cereals
centromeric regions (Chen et al., 1998; Presting et al., 1998). After a series
of experiments, high homology was shown between pSau349 and more than 800 bp long
sequence in the barley genome. The sequence was searched against GenBank and found
similarity with the integrase region of the retrotransposon del of Lilium henryi, related
to retrotransposon Ty3/gypsy of yeast and Drosophila (Smyth et al., 1989). A study
of Presting et al. (1998) established the centromeric barley sequence as the Ty3/gypsy
retrotransposon-like sequence and named it Cereba as an abbreviation of centromeric
retroelement of barley.

On the contrary, under-represented or even absent in centromeres are
retroelements from Tyl/copia family. These are more distributed along chromosomes
(Pearce et al., 1996; Presting et al., 1998). Localization of Ty1/copia retroelements differs
in the plant sphere. In Vicia faba they are mostly in euchromatin (Pearce et al., 1996),
what differed from Allium cepa where have been observed in heterochromatin regions
(Pich and Schubert, 1998), quite similarly as in the animal sphere — Drosophila (Carmena
and Gonzélez, 1995; Kumar, 1996). Heslop-Harrison et al. (1997) described Tyl/copia

retroelements unspecifically in centromeric regions of Arabidopsis thaliana.

3.4 Genome sequencing strategies

There are more sequencing strategies, clone-by-clone sequencing, and whole-genome
shotgun sequencing. The advances in plant genomics were fastly driven
by the involvement of next-generation sequencing leading to lower prices and high-
throughput organization. The former strategy was clone-by-clone sequencing (Figure
10A). The key term “minimum tilling path” (MTP) is the minimal set of clones to be
sequenced based on overlapped large-insert DNA clones. Because of the small genome

and importance in a plant kingdom, a full sequence of Arabidopsis
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thaliana with a genome size ~150 Mbp was obtained by this technique (The Arabidopsis
Genome Initiative, 2000). The second was crop sequencing, rice genome with a little bit
higher genome size ~400 Mbp (Matsumoto et al., 2005) and then maize with ~2.5 Gbp
genome (Schnable et al., 2009). A more recent strategy, whole-genome shotgun
sequencing (Figure 10B), was used to acquire a sequence of poplar (Tuskan et al., 2006),
grapevine (Jaillon et al., 2007), or sorghum (Paterson et al., 2009). The core lies
in the comparison of each sequence read with the rest of the sequences, and extension
of the reading sequence by overlapping resulted in a longer sequence of the genome
of interest. De novo sequencing requires short reads for assembly, whereas simpler re-
sequencing works with already existing reference genome sequence on which the reads
are mapped. Thus, the quality of re-sequencing genomes is based on the quality
of the reference genome. Redundancy of reads was an obstacle to both sequencing
strategies mainly because of the polyploidy genomes (Dolezel et al., 2014). Reduction

of template complexity was desired.
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Figure 10: Schema of (A) clone-by-clone sequencing and (B) whole-genome shotgun

sequencing. Adapted from Lowe (2018).
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3.5 Genome complexity reduction

Important crops such as wheat, barley, oat, rye, and maize, have large genomes.
The science community required to have tools for simplification of work with these big
genomes. Until recently, sequencing these genomes was expensive and the analysis
of whole genome sequences that are full of repetitive DNA was difficult. Another
problem was the presence of homoeologous genomes in allopolyploids. There were many
attempts to simplify genome complexity that led to more accurate analyses. It is needed
to know the genome organization, to identify important genes and their function (Chen et
al., 2019; Varshney et al., 2020). Sequencing of diploid progenitors of polyploid crops
was a former way how to simplify gene cloning (Ling et al., 2018; Luo et al., 2017). High
abundant repetitive DNA sequences of complex genomes were removed by Cot-based
fractionation (Figure 11A, Peterson et al., 2002) and methyl filtration (Palmer et al.,
2003). The exome capture method was successful in exons isolation from coding
sequences and, therefore, reduced genome complexity by avoiding non-coding
and surrounding DNA (Figure 11B, Hashmi et al., 2015). The problem of the mentioned
methods was the impossibility of assembling longer data after sequencing, since lacking
repeats. The beginning of flow cytometry with flow-sorting (Figure 11C, Dolezel et al.,
1992), which can split genomes into smaller parts - chromosomes, was a noteworthy
event. Sorting genomes into individual chromosomes or chromosome arms and studying

them happened a priceless part of everyday progress.
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3.5.1 Chromosome flow sorting

The requirement for isolation of chromosome-specific DNA is the mitotic metaphase
stage of cells and the skill to collect selected chromosomes. A former method was
micromanipulation where the chromosome of interest was picked-up out of others
(Matsunaga et al., 1999; Schondelmaier et al., 1993). This method had its obstacles lying
in low quality of isolated DNA and very low throughput (Hobza and Vyskot, 2007; Ma
et al., 2010).

Dolezel et al. (1992) developed an improved method for genome partitioning
using flow-sorting of its individual chromosomes where each chromosome represents
asmaller and complex genome part. Individual chromosomes are sorted based
on the optical properties of one chromosome in comparison with others. Chromosomes
in suspension are fluorochromatically stained and passed to a flow chamber with sheath
fluid. Chamber structure leads the chromosomal suspension in a narrow stream.
Chromosomes in a stream are encapsulated into single droplets and interact with laser
beam. The pulses of scattered light and fluorescence are collected and converted
to electrical pulses. Identification and sorting of a selected chromosome is based
on different fluorescence intensity from others realizing between deflection plates
and gathered in appropriate containers (Figure 12, Dolezel et al., 2014). Sorted
chromosomes can be purified and amplified. These chromosomes are intact and it is
possible to use them for preparing high molecular weight (HMW) DNA (Simkova et al.,
2003). The advantage of sorted chromosomes is avoiding assembly difficulties based
on similarities of homoeologous chromosomes in polyploid species followed by,
for example, targeting of selected chromosomes in introgression breeding approaches.
This method has found its world-use in the greatest crop sequencing projects such as
barley (Mayer et al., 2011), rye (Martis et al., 2013), chickpea (Varshney et al., 2013),
wheat (International Wheat Genome Sequencing Consortium, 2018), or pea (Kreplak et

al., 2019).
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Figure 12: Flow-sorting mechanics (Dolezel et al., 2014).

First sorting of plant chromosomes was reported with Haplopappus gracilis (de
Laat and Blaas, 1984). Preparing of suspensions of intact chromosomes was an obstacle
of the starting method. A high degree of mitotic metaphase synchrony and the possibility
to obtain the intact chromosomes from rigid cell walls were the main issues (Dolezel et
al., 1994). Preparing samples from synchronized root tip meristems from young seedlings
was the innovation. The former approach was based on removing cell walls by hydrolytic
enzymes followed by lysing cells in a hypotonic buffer. The latter method was based
on formaldehyde-fixed root tips followed by mechanical homogenization. This approach
has been developed in Vicia faba (Dolezel et al., 1992).

The problems with size-similarity of chromosomes in the sample or similar
fluorescence of a dye bounded to the DNA were tried to overcome by measurements

of fluorescence of dye binding to AT-rich regions and GC-rich regions. However, it was
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unsuccessful (Lee et al., 2000, 1997; Lucretti and Dolezel, 1997). Different approaches
included the use of additional lines, chromosome translocation and deletion (Dolezel and
Lucretti, 1995), fluorescence in situ hybridization in suspension (FISHIS)
with fluorescent-labeled microsatellites (Giorgi et al., 2013) or sorting of single
chromosomes (Cépal et al., 2015). These days, chromosome flow-sorting has wide use

in many important applications (Figure 13).
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Figure 13: Applications working with flow-sorted chromosomes (Zwyrtkova et al.,
2021).

3.6 Use of flow-sorted chromosomes

Many uses of flow-sorted chromosomes were developed for genomics, molecular
biology, or proteomics purposes (Figure 14; Zwyrtkova et al., 2021). It has been already
used in large sequencing projects such as hexaploid bread wheat sequencing
(International Wheat Genome Sequencing Consortium et al., 2018, 2014), pea (Kreplak
et al., 2019), rye (Martis et al., 2013) or barley (Mayer et al., 2011) sequencing.
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Flow-sorted chromosomes are greatly used in the preparation of chromosome-
specific DNA libraries. This approach is beneficial in multiplying chromosomal DNA
through bacterial cultures and serve as a permanent source of chromosomal DNA. DNA
libraries are divided into short-insert (<100 kbp) and long-insert (>100 kbp) types.
The first short-insert library was generated by Wang et al. (1992) with flow-sorted
chromosome 4A of Triticum aestivum. Telenius et al. (1992) added an amplification step
and thus simplified the process. By this approach, the library of chromosome 2
of Lycopersicon pennellii (Arumuganathan et al., 1994) or the first chromosome-specific
DNA library of the whole chromosomal set of Vicia faba (Macas et al., 1996), was
performed. Higher amounts of high molecular weight DNA were required for long-insert
libraries. Simkova et al. (2003) optimized the protocol for DNA isolation to use it
with chromosomes isolated from synchronized root tips as described by Dolezel et al.
(1992). Safaf et al. (2004) developed a protocol for DNA libraries cloned in bacterial
artificial chromosome (BAC) vectors originally for chromosome 3B of Triticum
aestivum following by Janda et al. (2006, 2004) who performed a library of pooled 1D,
4D and 6D chromosomes as well as for short arm of chromosome 1B of Triticum
aestivum. Until now, four wheat chromosomes and thirty-four chromosomal arms
(International Wheat Genome Sequencing Consortium, 2018; Saféf et al., 2010) and one
short arm of chromosome IR of Secale cereale (Simkova et al., 2008a) were used
for the construction of specific BAC libraries.

Flow-sorted chromosomes are also used in the methods for the development
of different types of DNA markers, its physical mapping, chromosome sequencing,

or gene cloning.
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Figure 14: Chromosomal numbers needed for various approaches. Abbreviations: BAC
(bacterial artificial chromosome), DArT (diversity arrays technology), PCR
(polymerase chain reaction), SEM (scanning electron microscopy).

(Zwyrtkova et al., 2021).

3.6.1 Chromosome genomics

Dividing the genome into smaller parts, chromosomes, is an elegant solution to simplify
the sequencing and establishment of assembly (Figure 15). This strategy is commonly
used for barley, rye, wheat. Another reducing method, chromosome microdissection, had
lower throughput than flow-sorting (Hobza and Vyskot, 2007). Nevertheless,
chromosome genomics has many limiting factors and it has the potential to be improved
all the time. To describe that, fluorescent in sifu hybridization in suspension (FISHIS,
Giorgi et al., 2013), a method served for labeling of repetitive DNA on chromosomes
before flow cytometry analysis worked only for some species (Dolezel et al., 2014). There
were many attempts to isolate chromosomes. Stubblefield and Oro (1982) tried
to separate chromosomes by gradient centrifugation, Dudin et al. (1988) by capturing
on magnetic beads. However, flow-sorting was the most optimal one (Dolezel et al.,
1994). If normal sorting is unable to perform, another tactic is to sort single copies
of chromosomes followed by whole-genome amplification of sorted DNA. The DNA
from single copies, which was obtained after flow-sorting was used mainly in human

genomics. Among the plants, sorting and amplification of wheat chromosome 3B
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produced micrograms of DNA. The protocol allowed to be used for plant species suitable
for flow-sorting. Single-chromosome sequencing was useful for the identification
of missing genes in reference, to develop chromosome-specific markers, to verify contigs

in pseudomolecules, or to validate assemblies (Cépal et al., 2015).

Whole genome CACGTTTAGACT Chromosome CTTGTTAGGACC
TTGACGGGGCTC| TTGACGGGGCTC
GTTCGGCCCAAM GTTATGCTCAAAT
TTTGCCGCGGETC TTGCCGCGGTCG
GTCGCTATATATC TCGCTGCATATC
CCCCGAAGCETC (__,a-"’ ACCCTGAAGCGT
GCGATATGCCAG CGCGATGGCTTA
TATTAGCACAA.. GGAACATATTAG

—__X
-

Figure 15: Schematic representation of advantages of chromosome genomics (Dolezel

etal., 2014).

3.6.2 Molecular markers and their development

Molecular markers as a tool for genetic variability analyses in the agricultural sphere are
used for many years. Marker techniques and usable markers must be (i) reliable — to be
very close to the targeted loci or even be inside, (ii) polymorphic — to be variable among
genotypes, (iii) cheap, fast and simple — ideally starting with a low genetic material input.
Molecular marker techniques can be categorized into three categories.
Firstly, non-PCR-based markers that are based on hybridization, secondly, the large group
of PCR-based markers, and lastly, sequence-based markers (Garrido-Cardenas et al.,
2018). To these groups belong many types of markers — SSR (Taheri et al., 2018), SNP
(Close et al., 2009), COS (Said et al., 2019), RFLP (Arumuganathan et al., 1994), RAPD
(Williams et al., 1990), DArT (Kopecky et al., 2009), IT (Wang et al., 2017), RIM
(Mazaheri et al., 2014) and others.

There are other ways for marker development. Chromosomal DNA can be cloned

into a vector and selected clones are sequenced. The clones could be selected randomly
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or purposefully that increasing the yield. Additionally, chromosomal DNA could be

immediately sequenced and then processed in silico (Figure 16).

Genome / \
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Clonmg into
a vector Microarray
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\\\” — O — e
g UL UL
| ) Cloning into . . ) .

Flow sorting a vector Clone sequencing Primer design Gel electrophoresis
NGS sequencing Sequer_]ce
comparison

Figure 16: Different ways of marker development (Zwyrtkova et al., 2021).

The majority of complex genomes were represented by non-coding repetitive
DNA sequences. Meanwhile, this type of sequences is problematic in sequencing, they
are a good source of markers. Concerning the fact that most plant DNA markers are
developed to use in breeding programs, the development of markers distributed randomly
along chromosomes is not the best. The most important regions are obviously these which
including genes of agronomic interest (Pozarkova et al., 2002). Using various markers,
molecular maps for many plant species were constructed, such as annual crops (Loarce et
al., 1996), fruit trees (Foolad et al., 1995), forest species (Byrne et al., 1995), and legume
crops (soybean — Shoemaker and Specht, 1995; pea — Timmerman-Vaughan et al., 1996;
common bean — Freyre et al., 1998; chickpea — Ratnaparkhe et al., 1998; lentil — Ford et
al., 1999; or broad bean — Roman et al., 2004).

Flow-sorted  chromosomes or chromosomal arms were suitable
for the development of specific microsatellite markers. It was demonstrated that intra-
genomic length variation of microsatellites correlates with polymorphism what could be
useful in marker development. In cereals, it was recommended AG, AAG, AC, AAC, AT,
and AAT microsatellite motifs (Kofler et al., 2008). Using of high-throughput molecular
marker technologies led to more densely genetic maps. It was possible to integrate
individual linkage maps into consensus genetic maps. This facilitated mapping of a high

number of loci and the use of markers across germplasm (Close et al., 2009). PCR-based
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and cytogenetic markers could be developed with the help of draft sequences. (Xiao et
al., 2017). Next-generation sequencing (NGS) is a fast, relatively cheap, and high-
throughput approach for marker development (Imelfort et al., 2009). The first study aimed
to develop single-chromosome-arm-specific microsatellite markers by NGS technology
was working with wheat. Markers gained from the study were used in the facilitation
of QTL mapping, map-based gene cloning, and integration of genetic and physical maps

(Nie et al., 2012).

3.6.2.1 Molecular non-PCR-based markers

Group of molecular non-PCR-based markers is based on hybridization. Significant
representatives are RFLP markers (restriction fragment length polymorphism). DNA
fragments that are digested using restriction endonuclease are electrophoretically
separated and blotted onto a nylon membrane as a Southern blotting technique followed
by detection by hybridization of a labeled probe (Williams, 1989). From different
sequences, various and characteristic pattern after digestion is obtained. It can be studied
from SNPs to larger DNA deletions or insertions, many samples in one experiment.
However, the technique is expensive and laborious with the requirement of a high amount
of input DNA of known sequence (Garrido-Cardenas et al., 2018). For the first time,
Arumuganathan et al. (1994) developed the RFLP markers from the isolated chromosome
of tomato. Thus, new markers have been developed.

The progress was the development of DArT microarrays (diversity array
technology). It is based on hybridization and the advantages are in its high-throughput
analysis and possibility to use input material without known sequence (Jaccoud et al.,
2001). In this technique, probes are bounded on a solid microarray, and samples are
fluorescently labeled. Detected signals finished in a hybridization map (Barto$ et al.,
2011; Garrido-Cardenas et al., 2018). For genetic diversity studies, Kopecky et al. (2009)
used the DArT array for Festuca and Lolium complex, Akbari et al. (2006) for wheat,
or Wenzl et al. (2004) for barley.

3.6.2.2 Molecular PCR-based markers

Molecular PCR-based markers belong to a highly popular technique, because of its
simplicity. RAPD markers (random amplified polymorphic DNA) are based on different

sizes of products after PCR with arbitrary primers and genomic DNA with an unknown
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sequence. On the contrary, the PCR itself has to be optimized with a quality template.
The technique finished with an electrophoretic separation aimed to show genetic diversity
among samples by polymorphisms. The problem of the technique is low reproducibility
(Bardakei, 2001).

AFLP markers (amplified length polymorphism) is referred to be a combination
of RAPD and RFLP markers. DNA is digested with restriction enzymes and subsequent
amplification by PCR is selective. Beforehand, the sequence of DNA is not known.
Fragments are separated and visualized with electrophoresis approaches and used
for genetic diversity studies (Mueller and Wolfenbarger, 1999).

With the aim to find a new way of analyzing complex genomes, unique junctions
generated by transposable element insertions were used in marker development
(Bennetzen, 2000). Barley genome is full of transposable elements, therefore using repeat
junctions were developed a molecular marker platform. To detect repeat junctions
in the genome, survey sequencing data was used (Mazaheri et al., 2014). A quite similar
approach is intron targeting marker development based on intron polymorphism (Poczai
et al., 2013). The insertions, deletions, and substitutions are more common in introns
(Kimura, 1983). Wang et al. (2017) isolated the short arm of chromosome 4V
of Haynaldia villosa (syn. Dasypyrum villosum), which is a wild relative of wheat
with many valuable genes, e.g., high grain protein content, high tiller ability, tolerance
to abiotic stresses, resistance against powdery mildew (Gradzielewska, 2006), or wheat

yellow mosaic virus (Zhang et al., 2005).

Simple sequence repeat markers (SSRs)

Microsatellites are distributed in all eukaryotic genomes (Cregan et al., 1994; Ellegren,
1993; Hamada et al., 1982). They are composed of tandemly organized repetitions
of 1-5 bp length and their abundances are different among and within individual species
(Lagercrantz et al., 1993). Based on the number of repeats, the microsatellites show length
polymorphism (Kostia et al., 1995) which can be caused by imprecisely DNA replication
(Grover and Sharma, 2016). They are often used as genetic markers called simple
sequence repeats (SSRs, Powell et al., 1996) or short tandem repeats (STRs, Garrido-
Cardenas et al., 2018).

Historically, there were two main approaches to isolate them. Firstly, by searching

for known DNA sequences saved in databases (Akagi et al., 1996; Becker and Heun,
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1995; Chin et al., 1996) and secondly, by a screening of genomic libraries (Guilford et
al.,, 1997; Ma et al., 1996; Panaud et al., 1996). The second approach was limited
by the low abundance of most microsatellites in eukaryotic genomes (Koblizkova et al.,
1998). The solution is an enrichment of the DNA libraries for that microsatellite motif
(Edwards et al., 1996; Karagyozov et al., 1993; Kijas et al., 1994; Lyall et al., 1993). This
strategy is based on the subtraction of genomic DNA fragments by hybridization followed
by reuptake with solid supports with oligonucleotides complementary to the chosen
sequence (Koblizkova et al., 1998). In a study of Garbus et al. (2015), transposable
elements identified on chromosome 4D of Triticum aestivum were analyzed, sorted
into classes and families. Di/tri-nucleotides were the most abundant microsatellites and it
was created a list of SSR motifs.

Development of SSR markers using draft assemblies based on next-generation
sequencing results in cheaper discovering. SSRs are easy to use as PCR-based markers
(Cérdoba et al., 2010) with known DNA sequence. The primers for PCR, which are
designed for the flanking loci, can be fluorescently or radioactively labeled,
or without any labeling. Results of the analysis are read with the help of electrophoresis
or, e.g., laser detection, based on the prior labeling method. They are co-dominant
and world-widely used (Garrido-Cardenas et al., 2018) for diversity characterization,
for the integration of genetic and physical maps (Coérdoba et al., 2010), to order scaffolds
to longer assemblies (Ren et al., 2012), for genetic variability studies (Christelova et al.,
2017; Kominkova et al., 2016; Nyine et al., 2017), or identification of alien chromosomal
segments which were introgressed into common wheat or in control of transgenics,
e.g., in transfer genes for resistances or tolerances. The SSRs are one of the most
informative markers with high reproducibility and transferability. Nevertheless, only
a limited number of SSR markers are known (Taheri et al., 2018). Thus, better knowledge

and discovering of novel SSRs is desired.
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3.6.2.3 Molecular sequence-based markers

SNP markers (single nucleotide polymorphism), as a representative of molecular
sequence-based markers, rely on the comparison of two sequences where a single-
nucleotide mismatch is observed, obviously in various members of one species (Garrido-
Cardenas et al., 2018). A high-throughput SNP genotyping platform was a big step
for the development of high-density genetic maps of barley (Close et al., 2009). It is
useful for marker-assisted breeding, to support association genetic analysis, map-based
cloning, anchoring DNA sequence scaffolds, and the physical map to the genetic map
(Mufioz-Amatriain et al., 2011). Large sets of SNP markers were developed (Allen et al.,
2013; Krasileva et al., 2013; Saintenac et al., 2013). Using NGS technology, Tiwari et al.
(2014) developed the first alien chromosome-specific SNP markers from a flow-sorted
chromosome 5M of Aegilops geniculata further used for mapping of alien introgression
in wheat breeding programs, mapping and cloning new genes from the wild relatives.
Among cultivars of wheat is a low polymorphism level that was a challenge in developing
a specific genetic map. Based on sequencing, Shatalina et al. (2013) developed 70 SNP
markers for coding regions of sorted chromosome 3B of winter wheat cultivars Arina

and Forno.
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4 Results

The focus of the Thesis was (i) the comparative analyses of repetitive sequences and (ii)
simple sequence repeat markers development in selected Poaceae representatives. More
precisely, representatives of Festuca, Lolium, and Agropyron genus were included

in the study.

4.1 Comparative analyses of repetitive elements
and identification of centromeric element
in representatives of fescues and ryegrasses

To perform comparative analyses of repetitive sequences content of ten closely related
species of Festuca and Lolium genus from the Loliinae tribe, the study was started
with in silico analysis of Illumina whole-genome sequencing data with small coverage,
where tandemly organized repetitive DNA sequences were de novo identified using
RepeatExplorer pipeline (Novak et al., 2013). Major repeat families were reconstructed
and quantified between several species. The advantage of the pipeline was 3D graphs
visualization by program SeqGrapheR, which enables us to visualize the distribution
of reads. The program was used to align reads from species of interest, to discover specific
contigs, and design specific primers for probes preparation, which was later used
in cytogenetic and molecular methods, such as Southern hybridization that is based
on hybridization of the probe with the cleavage genomic DNA fixed on a nylon
membrane. Assessment of sequence diversity of repeats between and within selected
species was performed. Retrotransposons were the most abundant type of repetitive
sequences in studied genomes. One type of Ty3/gypsy class, Athila elements, represented
about 30% of Lolium genomes what was about five times higher proportion compared
to Festuca genomes.

It was shown that mentioned grasses did not contain a typical satellite repeat
in centromeres, which was described in maize or rice (Bao et al., 2006; Cheng et al., 2002;

Jiang et al., 2003), but another repetitive element of Ty3/gypsy family, novel LTR
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element Fesreba. Its relationships with the Cereba element were confirmed
by colocalization with histone variant CENH3 in cytogenetic experiments. The novel

element can play a role in the function of centromere in studied species.

4.2 Genome organization and molecular chromosome
structure of Agropyron cristatum

Firstly, the genomic DNA of Agropyron cristatum was flow-sorted into individual
chromosomes and amplified using single-chromosome and whole-genome amplification
methods (Capal et al., 2015; Simkova et al., 2008b). The genetic material was used
for the library preparation with TruSeq® DNA PCR-free High Throughput Library Prep
Kit (Illumina, San Diego, USA) and sequenced on Illumina instruments MiSeq and HiSeq
to the final coverage of 23.5-42.8x along all seven chromosomes. Quality-filtered
and trimmed data were assembled into scaffolds by Ray de novo assembler (Boisvert et
al., 2010). Scaffolds equal to or bigger than 500 nucleotides were selected, and subsequent
chromosome-specific assemblies served for simple sequence repeat (SSR) markers
development.

For SSR marker development it was used MIcroSAtellite identification tool
(MISA, Thiel et al., 2003) and subsequent primer designing program Primer3
(Untergasser et al., 2012). It was identified more than 134 thousand SSR markers
in several type classes, where minimal repeat was 12 bp long. The final output files
from MISA were input files for Primer3. Chromosome or chromosome-arm specific
primers were designed for 250 SSR markers. Each one was verified on chromosome-
specific and chromosome-arm-specific addition lines for Agropyron using molecular
methods. Out of them, 72 were specific for chromosome or chromosomal arms, another
16 were mapped on more chromosomes, and 71 were mapped on all Agropyron
chromosomes. The rest ones showed no polymorphic pattern between A. cristatum
and Triticum aestivum. With the help of newly developed markers, comparative analyses
of individual Agropyron chromosomes with wheat subgenomes were performed to study
their orthologous relationships. Chromosome or chromosome-arm specific SSR markers
will be useful for the characterization of introgression lines or alien gene transfer,
especially for breeders and their wheat improvement programs.

A study of repetitive and genic sequence contribution in the genome

of A. cristatum revealed repetitive elements of the Athila lineage of Ty3/gypsy were
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the most represented in the genome. The highest amount was on chromosome 7P.
The contribution of all repetitive elements in the genome was about 80% in almost all
chromosomes. Overall, the most genic sequences were identified on chromosome 4P.
Out of agronomic important genes were in the Agropyron genome identified sequences
of HvCSIF genes involved in B-glucan biosynthesis and genes for the main hardness
locus, bread making quality genes puroindoline A and B, yield vernalization locus VRN2,

leaf rust resistance gene or salt tolerance genes.
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4.3 Original papers

4.2.1 Comparative analyses of DNA repeats and identification of a novel Fesreba
centromeric element in fescues and ryegrasses

(Appendix I)

4.2.2 Chromosome genomics uncovers plant genome organization and function

(Appendix II)

4.2.3 Draft sequencing crested wheat grass chromosomes identifies evolutionary
structural changes, genes and develop SSR markers
(This manuscript will be submitted soon to a journal with an impact factor, therefore,

the manuscript is not a part of Appendices.)
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4.3.1 Comparative analyses of DNA repeats and identification
of a novel Fesreba centromeric element in fescues
and ryegrasses

Zwyrtkova, J., Némeckova, A., Cizkova, J., Holusova, K., Kapustova, V., Svacina, R.,
Kopecky, D., Till, B. J., Dolezel, J., Htibova, E.

BMC Plant Biology, 20: 280, 2020
doi: 10.1186/512870-020-02495-0
IF2019: 3.497

Abstract:

Cultivated grasses are an important source of food for domestic animals worldwide.
Increased knowledge of their genomes can speed up the development of new cultivars
with better quality and greater resistance to biotic and abiotic stresses. The most widely
grown grasses are tetraploid ryegrass species (Lolium) and diploid and hexaploid fescue
species (Festuca). In this work, we characterized repetitive DNA sequences and their
contribution to genome size in five fescue and two ryegrass species as well as one fescue
and two ryegrass cultivars.

Partial genome sequences produced by Illumina sequencing technology were used
for genome-wide comparative analyses with the RepeatExplorer pipeline.
Retrotransposons were the most abundant repeat type in all seven grass species.
The Athila element of the Ty3/gypsy family showed the most striking differences in copy
number between fescues and ryegrasses. The sequence data enabled the assembly
of the long terminal repeat (LTR) element Fesreba, which is highly enriched
in centromeric and (peri)centromeric regions in all species. A combination
of fluorescence in situ hybridization (FISH) with a probe specific to the Fesreba element
and immunostaining with centromeric histone H3 (CENH3) antibody showed their co-
localization and indicated a possible role of Fesreba in centromere function.

Comparative repeatome analyses in a set of fescues and ryegrasses provided new
insights into their genome organization and divergence, including the assembly
of the LTR element Fesreba. A new LTR element Fesreba was identified and found
in abundance in centromeric regions of the fescues and ryegrasses. It may play a role

in the function of their centromeres.
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4.3.2 Chromosome genomics uncovers plant genome
organization and function

Zwyrtkova, J., Simkova, H., DoleZel, J.

Biotechnology Advances, 46: 107659, 2021
doi: 10.1016/j.biotechadv.2020.107659
[F2019: 10.744

Abstract:

The identification of causal genomic loci and their interactions underlying various traits
in plants has been greatly aided by progress in understanding the organization
of the nuclear genome. This provides clues to the responses of plants to environmental
stimuli at the molecular level. Apart from other uses, these insights are needed to fully
explore the potential of new breeding techniques that rely on genome editing. However,
genome analysis and sequencing is not straightforward in the many agricultural crops
and their wild relatives that possess large and complex genomes. Chromosome genomics
streamlines this task by dissecting the genome to single chromosomes whose DNA is then
used instead of nuclear DNA. This results in a massive and lossless reduction in DNA
sample complexity, reduces the time and cost of the experiment, and simplifies data
interpretation. Flow cytometric sorting of condensed mitotic chromosomes makes it
possible to purify single chromosomes in large quantities, and as the DNA remains intact
this process can be coupled successfully with many techniques in molecular biology
and genomics. Since the first experiments with flow cytometric sorting in the late 1980s,
numerous applications have been developed, and chromosome genomics has been having
a significant impact in many areas of research, including the sequencing of complex
genomes of important crops and gene cloning. This review discusses these applications,
describes their contribution to advancements in plant genome analysis and gene cloning,

and outlines future directions.
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4.4 Conference presentations

3.3.1 Comparative analysis of repetitive parts of genomes in eight Loliinae
representatives

(poster presentation; Appendix I1I)
3.3.2 Comparative analysis of repetitive DNA in eight representatives of fescues

and ryegrasses

(poster presentation; Appendix IV)
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4.4.1 Comparative analysis of repetitive parts of genomes
in eight Loliinae representatives

Zwyrtkova, J., Kapustova, V., Dolezel, J., Hfibova, E.

In: Abstracts of the International Conference “Plant Genome Evolution”

P1.24, Sitges, Spain, 2017

Abstract:

Loliinae subtribe is one the largest among Poeae (family Poaceae). Loliinae 1is
represented by species with complex genomes with monoploid genome size range
between 1.58 —4.03 pg. Thanks to frequent and repeated genome size gain and loss events
in the evolution of grasses about 70% of the species are polyploid. In our study, we have
focused on a group of 'broad-leaved' Festuca, including different types of fescues
and their sister genus ryegrass (Lolium ssp.). Six fescue species (Festuca arundinacea,
F. gigantea, F. glaucescens, F. mairei and two cultivars of F. pratensis) and two ryegrass
species (Lolium multiflorum, L. perenne) with different ploidy levels. Nuclear genomes
of studied species contained from 3 to 10 Gbp and included large amount of repetitive
DNA. Repetitive fraction of genomes evolved much faster than coding parts, which
makes it suitable tool for genetic diversity analysis or genome evolution studies.
In the present study, we used partial [llumina genome sequencing data for de-novo repeat
identification and characterization using application of graph-based clustering done
by RepeatExplorer pipeline to determine contribution of repetitive DNA to nuclear
genome size, to assess inter-genomic differences and to identify new cytogenetic
landmarks. The most abundant repetitive elements across all species under study were
retrotransposons. Out of them, Ty3/Gypsy elements were the most frequent, followed
by Tyl/Copia and DNA transposons. LINE elements were less common in their nuclear
genomes. High percentage of similarity was found between two groups of grasses —
Festuca and Lolium. The lowest level of similarity in DNA repetitive elements was shown
in F. mairei and F. glaucescens, as compared to other tested fescues. Dotter analysis
identified large number of tandem organized repeats which can be used as robust
cytogenetic landmarks. The work provides detailed information about genome

composition and variation in species of Festuca and Lolium.
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4.4.2 Comparative analysis of repetitive DNA in eight
representatives of fescues and ryegrasses

Hiibova, E., Zwyrtkova, J., HoluSova, K., Cizkova, J., Kopecky, D., Dolezel, J.

In: Book of Abstracts of the International Conference on Polyploidy, Hybridization
and Biodiversity

P. 70. Rovinj, Croatia, 2016

Abstract:

Fescues (Festuca spp.) and ryegrasses (Lolium spp.) are economically important grass
species widely distributed over all continents except Antarctica. Fescues are used for turf
and high-quality forage for livestock, while ryegrasses are the most important forage
and turf grass species. Both genera include diploid and polyploid species and their
artificial hybrids called Festuloliums, which may differ in the contribution of parental
genomes, combine superior agronomical traits from both parents. Fescues and ryegrasses
have large nuclear genomes (1C ranging from about 3,000 Mbp to 10,000 Mbp), which
consist mainly from repetitive DNA. This class of DNA sequences evolves more rapidly
than coding sequences and can be used to analyze genetic diversity and study processes
accompanying speciation and genome evolution. The present work aims to characterize
repetitive part of nuclear genomes of seven species of ryegrass and fescue (L. multiflorum,
L. perenne, F. arundinaceae, F. gigantea, F. glaucescens, F. mairei and two cultivars
of F. pratensis) and identify the contribution of DNA repeats to their genome diversity.
Partial genome sequence data were obtained by illumina sequencing and used for all-to-
all comparisons. The RepeatExplorer pipeline was used for genome-wide comparative
analyses, to estimate genomic abundance, identify orthologous repeat families
and to estimate inter-genomic differences. Retrotransposons were the most abundant
repeat type identified in all species. Out of them, Ty3/gypsy elements were the most
frequent (more than 3.5 and 6 times more abundant than Tyl/copia in fescues
and ryegrasses, respectively). DNA transposons and LINE elements were less frequent,
but relatively high number of different tandem repeats was identified in nuclear genomes
of all species. In general, high number of similarity hits was found between the species
of Festuca and Lolium. Within the fescues, F. mairei and F. glaucescens showed
the lowest similarity of DNA repeats as compared to other species of Festuca. This work

provides detailed insights into the genome composition and its variation in fescues
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and ryegrasses; it will be a useful resource for repeat masking during genome sequence
analyses and facilitate development of new cytogenetic markers suitable for studying

of genome organization by FISH.
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5 Conclusions

I Comparative analyses of repetitive elements and identification
of centromeric element in representatives of fescues and ryegrasses

Repetitive sequences content of ten Festuca and Lolium species were compared. The most
abundant repeat in Lolium, Athila element of the Ty3/gypsy family, was about 5 times
more frequent than in Festuca species. A novel centromeric element called Fesreba has
been observed and confirmed with the help of molecular methods, mainly
by a combination of immunostaining and fluorescence in sifu hybridization. These
comparative analyses confirmed the close relationships between fescues and ryegrasses.

The work has been published in BMC Plant Biology (Zwyrtkova et al., 2020).

1T Genome organization and molecular chromosome structure of Agropyron
cristatum

The genome of Agropyron cristatum has been dissected by flow-sorting into individual
chromosomes, which were sequenced and assembled. The resulting draft sequences were
used to develop chromosome and chromosome-arm specific SSR markers, which were
successfully verified by molecular methods. Comparative analyses of individual
Agropyron chromosomes with wheat subgenomes were performed to study their
orthologous relationships. Repetitive and genic sequence content was characterized
and some agronomically important genes were identified. The results of the study will
support the use of 4. cristatum in wheat introgression breeding and the manuscript will

be submitted to a journal with an impact factor.

I Comparison of chromosome genomic approaches

The review (Zwyrtkova et al., 2021) focuses on experimental approaches to genome
complexity reduction with the aim to simplify genome sequencing and gene cloning
in plants with large genomes. The potential of flow cytometric chromosome sorting is
discussed and overview of the range of applications in molecular biology and genomics

is provided. The review has been published in Biotechnology Advances.
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6 List of abbreviations

1C Holoploid genome

1Cx Monoploid genome

A Adenine

AFLP Amplified fragment length polymorphism
BAC Bacterial artificial chromosome

bp Base pair

C Cytosine

CENH3 Centromeric histone H3

CENP-B Centromere protein B

COS Conserved ortholog set

DArT Diversity arrays technology

DNA Deoxyribonucleic acid

FISH Fluorescence in situ hybridization

FISHIS Fluorescence in situ hybridization in suspension
G Guanine

Gbp Gigabase pair

HMW High molecular weight

HvCSIF Hordeum vulgare cellulose synthase-like gene
IT Intron targeting

IWGSC International Wheat Genome Sequencing Consortium
kbp Kilobase pair

LARD Large retrotransposon derivative

LINE Long interspersed nuclear element

LTR Long terminal repeat

Mbp Megabase pair

MISA Microsatellite identification tool

MTP Minimum tilling path

NGS Next-generation sequencing



PCR
pg
Pol
QTL
RAPD
RFLP
RICh
RIM
rRNA
RT
SINE
SNP
SSR
STR
STS

TRIM
VRN2

Basic Agropyron genome

Polymerase chain reaction

Picogram

Polymerase

Quantitative trait loci

Random amplified polymorphic DNA
Restriction fragment length polymorphism
Rearrangement identification and characterization
Repeat-junction marker

Ribosomal ribonucleic acid

Reverse transcriptase

Short interspersed nuclear element

Single nucleotide polymorphism

Simple sequence repeat

Short tandem repeat

Sequence-tagged site

Thymine

Terminal-repeat retrotransposons in miniature

Vernalization gene
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Abstract

Background: Cultivated grasses are an important source of food for domestic animals worldwide. Increased
knowledge of their genomes can speed up the development of new cultivars with better quality and greater
resistance to biotic and abiotic stresses. The most widely grown grasses are tetraploid ryegrass species (Lolium) and
diploid and hexaploid fescue species (Festuca). In this work, we characterized repetitive DNA sequences and their
contribution to genome size in five fescue and two ryegrass species as well as one fescue and two ryegrass
cultivars.

Results: Partial genome sequences produced by Illumina sequencing technology were used for genome-wide
comparative analyses with the RepeatExplorer pipeline. Retrotransposons were the most abundant repeat type in all
seven grass species. The Athila element of the Ty3/gypsy family showed the most striking differences in copy
number between fescues and ryegrasses. The sequence data enabled the assembly of the long terminal repeat
(LTR) element Fesreba, which is highly enriched in centromeric and (peri)centromeric regions in all species. A
combination of fluorescence in situ hybridization (FISH) with a probe specific to the Fesreba element and
immunostaining with centromeric histone H3 (CENH3) antibody showed their co-localization and indicated a
possible role of Fesreba in centromere function.

Conclusions: Comparative repeatome analyses in a set of fescues and ryegrasses provided new insights into their
genome organization and divergence, including the assembly of the LTR element Fesreba. A new LTR element
Fesreba was identified and found in abundance in centromeric regions of the fescues and ryegrasses. It may play a
role in the function of their centromeres.
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Background

Grasses (Poaceae) are an important source of food for
domestic animals worldwide and perform important
ecological and environmental functions. The tribe Poeae
is the largest tribe in family Poaceae, and species from
its largest subtribe, Loliinae, grow in a range of habitats,
including wetlands, dry areas, and regions with cold and
temperate climates; some are even well adapted to the
extreme conditions of mountain, arctic, and sub-
Antarctic regions [1]. The subtribe Loliinae comprises a
cosmopolitan genus Festuca and its satellite genera [2,
3]. Festuca is the largest genus of the family Poaceae,
containing more than 600 species, and Torrecilla and
Cataldn [4] discriminated its two main evolutionary
lines: broad leaved and fine leaved (Fig. 1). Broad-leaved
Festuca species (hereafter “fescues”) include the sub-
genus Schedonorus, which gave rise to Lolium species
(hereafter “ryegrasses”), a sister group of fescues (Fig. 1)
[1]. The evolution of grasses, including Loliinae, has
been accompanied by frequent polyploidization and
hybridization events, and about 70% of grass species are
polyploid [6]. The species of Loliinae have large genomes
ranging from 2.6 Gbp/1C to 11.8 Gbp/1C [7, 8].

This study focuses on species from the subgenus
Schedonorus, a complex of species with various ploidy
levels [7, 9] that includes important species widely used
for forage and turf. Although some Schedonorus species
are diploid, such as Festuca pratensis Huds. (2n =2x =
14) and Lolium multiflorum Lam. (2n =2x=14) and L.
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perenne L. (2n = 2x = 14), the majority of species are allo-
polyploid [10, 11], including tetraploids F. glaucescens
Boiss. (2n = 4x = 28) and F. mairei St. Yves (2n = 4x = 28)
and hexaploids F. arundinacea Schreb. (2n=6x =42)
and F. gigantea (L.) Vill. (2n=6x =42) [3, 11]. Fescues
are more tolerant than ryegrasses of abiotic stresses, pro-
vide high-quality forage for livestock, and are grown es-
pecially for turf purposes. In contrast, ryegrasses are
characterized by high yield and excellent nutritional
value and are mostly cultivated as pasture. Artificial
intergeneric hybrids of fescue and ryegrass species have
been developed to combine the most favorable charac-
teristics of both genera [12-14].

Although fescues and ryegrasses have been intensively
studied, their evolution and the origin of most polyploid
representatives remain obscure [11, 15, 16]. Like in other
species with large genomes, the nuclear genomes of
fescues and ryegrasses include a large number and var-
iety of repetitive DNA sequences [17, 18]. Their amplifi-
cation in the genome, accompanied by interspecific
hybridization and polyploidization, has expanded the
genome size [19-24]. However, these processes have
likely been counterbalanced by recombination-based
mechanisms that have removed substantial parts of nu-
clear genomes [25-27].

Repetitive DNA elements may play different roles in a
nuclear genome. Tandem organized ribosomal RNA
genes and telomeric sequences are the key components
of nucleolar organizing regions and chromosome
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termini, respectively. Centromeric regions in Arabi-
dopsis, Brachypodium, rice, and maize are partly
formed from specific satellite DNAs with ~ 130bp
long units [28-31], whereas in other plant species, in-
cluding cereals, these regions are formed by large
blocks of Ty3/gypsy retrotransposons containing chro-
modomain [29, 32-34]. In F. pratensis, a putative long
terminal repeat (LTR) element localizing preferentially
to centromeric regions has been identified [35]. In
addition to elucidating the molecular organization of
chromosome domains, characterization of repetitive
parts of nuclear genomes helps in the development of
cytogenetic markers [21, 35, 36]. Repetitive DNA
sequences are also used extensively to study genetic
diversity and processes of genome evolution and
speciation [37-40].

The main goal of the present work was to elucidate
the repetitive landscape and its impact on genome size
and genome divergence in closely related land grasses,
including natural polyploid species. We characterized re-
petitive DNA sequences in the nuclear genomes of 10
representatives of fescues and ryegrasses. We performed
global analyses of repetitive DNA sequences and charac-
terized their abundance and variability after partial Illu-
mina sequencing. Moreover, we characterized and
assembled the DNA sequence of an LTR element that
was highly enriched in centromeric and (peri)centro-
meric chromosome regions in all 10 genotypes. Co-
localization of the centromere-specific histone H3
variant CENH3 with the LTR element indicated its role
in centromere function.

Results

Genome size estimation

Flow cytometric analysis of propidium iodide—stained
nuclei was conducted to estimate nuclear DNA content
(Fig. 2). Because of the large differences in genome size
between the species analyzed, two internal reference
standards were used: Pisum sativum cv. Ctirad (2C =
9.09 pg DNA) [41] and Secale cereale cv. Dankovske
(2C=16.19pg DNA) [41]. All histograms of relative
DNA content represented two dominant peaks corre-
sponding to G1 nuclei of the sample and the standard.
The 2C nuclear DNA content thus determined ranged
from 5.32 pg in L. multiflorum to 20.17 pg in F. gigantea.
The monoploid genome (1Cx) ranged in size from 2.43
in F. mairei to 3.36 pg in F. gigantea (Table 1). The
remaining representatives of fescues and ryegrasses had
similar 1Cx sizes (~ 2.7 Gb).

Repeat composition and comparative analyses of
repetitive DNA sequences

Interspecific comparisons, reconstruction, and quantifi-
cation of major repeat families were performed with the
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RepeatExplorer pipeline [42]. The process, which in-
volved grouping orthologous repeat families from all an-
alyzed species in the same cluster, facilitated the
assembly, identification, and quantification of individual
repeat elements.

In all accessions, LTR retroelements were the most
abundant component of the nuclear genome (Table 2,
Fig. 3). Ty3/gypsy elements were more than 4 times
more abundant than Tyl/copia retrotransposons (Table
2). The biggest difference in copy number between
fescues and ryegrasses was for an LTR element from the
Athila clade. Whereas the nuclear genomes of both
Lolium species were enriched for the element, which
accounted for ~25-30% of their genomes, the ortholo-
gous Athila element accounted for only ~5-7% of the
nuclear genomes of fescues (Table 2). A relatively large
part of the genomes was represented by unclassified
LTR sequences, which indicates a high frequency of
unique LTR sequences. DNA transposons and long in-
terspersed nuclear element (LINE) elements were found
in low copy numbers, and tandem repeats accounted for
1.5% to more than 8% of the genome sequences (Table
2, Fig. 3).

Comparative analyses with RepeatExplorer showed
that most clusters of orthologous repeat families
contained reads from all accessions and that a large
number of similar sequences were present in fescues and
ryegrasses. Among the fescues, F. mairei and F. glauces-
cens showed the lowest similarity in DNA repeats. The
composition as well as the abundance of DNA repeats in
ryegrasses were highly conserved. Tandem organized
repeats were the most diverged elements among the
fescues and ryegrasses studied, and some of the repeats
were species specific (Fig. 4, Additional file 1: Table S1).
In addition to tandem repeats, some small sequence
clusters contained reads from only a few species.
Species-specific variants of the majority of repetitive
elements within and between fescues and ryegrasses
were identified only after detailed analyses of individual
repeat clusters with SeqGrapheR (Fig. 5a—c). Detailed
analyses revealed the presence of species-specific DNA
contigs, which may be used to develop molecular and
cytogenetic markers.

To confirm the differences determined in silico, we an-
alyzed selected repetitive DNA elements using Southern
hybridization. We designed specific probes for those
DNA repeats that seemed to have species-specific vari-
ants. A probe for the Ty3/gypsy Athila element that was
reconstructed in cluster CL1 and showed the largest
copy number variation between fescues and ryegrasses
(Table 2) gave strong hybridization signals on genomic
DNA from ryegrasses but no or weak signals on DNA
from fescues (Fig. 5d). Similarly, a probe for the Ty3/
gypsy Athila element that was reconstructed in cluster
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CL38 and contained mostly Festuca sequence reads (Fig.
5b) provided strong visible signals only with fescue gen-
omic DNA (Fig. 5e). Finally, Southern hybridization was
performed with a probe for the Ty3/gypsy Ogre-Tat
retrotransposon, identified in cluster CL20. The probe,
which was designed from contigs representing fescues
(Fig. 5¢), provided strong hybridization signals on all fes-
cues analyzed and low intensity signals on ryegrasses
(Fig. 5f). In general, the signal intensities obtained after
Southern hybridization corresponded to the copy num-
bers identified in silico.

Centromere composition

Partial genome sequence data obtained using Illumina
sequencing technology made it possible to reconstruct
nearly complete centromeric LTR elements in all 10
accessions of fescues and ryegrasses. Detailed
characterization of the element called Fesreba confirmed
that it belongs to the Ty3/gypsy Chromoviridae lineage.
Phylogenetic analyses of its reverse transcriptase (RT)
domain showed a close relationship with the Cereba
element (Fig. 6), which was identified earlier in barley
(Hordeum vulgare) [43].

Southern hybridization with a probe for the RT do-
main of Fesreba and a probe for its LTR region [35]
showed their presence in all fescues and ryegrasses in-
cluded in this work (Additional file 2: Fig. S1). Similar
hybridization patterns indicated sequence conservation

between Fesreba repetitive DNA elements in these spe-
cies. The results were supported by in silico data, which
showed high similarity at the DNA sequence level (most
abundant copies of Fesreba shared at least 92% similarity
at the DNA level within and between fescues and rye-
grasses) but lower abundance in ryegrasses. To confirm
the differences in Fesreba copy number, we performed
quantification for the RT domain and LTR sequence
using droplet digital polymerase chain reaction (ddPCR).
The results confirmed a two-fold higher copy number of
Fesreba in fescues compared to ryegrasses (Add-
itional file 3: Table S2). The assay also showed that the
majority of genotypes analyzed contained 5 to 50 times
more copies of the LTR region of Fesreba than its
coding region (Additional file 3: Table S2).

To confirm preferential localization of Fesreba to
centromeric chromosome regions, we conducted fluor-
escence in situ hybridization (FISH) on mitotic meta-
phase plates with probes derived from its RT domain
and LTR region. In all fescues and ryegrasses, both
probes localized preferentially to centromeric regions of
all chromosomes (Fig. 7). Whereas the hybridization sig-
nals of the RT domain were observed almost exclusively
in centromeric regions, a probe derived from the non-
coding LTR region resulted in stronger signals in centro-
meric and/or pericentromeric regions and weak signals
along the chromosomal arms, as shown previously in F.
pratensis [35]. Weak signals of the LTR part of Fesreba
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Table 1 Flow cytometric estimation of nuclear genome size
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Species Accession Code Ploidy level 2C nuclear DNA content Monoploid genome size (1Cx)
flame Mean [pg] +5D [pg] [Mbp)]
Festuca pratensis Fure FPF 2n=2x=14 64 0.04 32 3130
Festuca pratensis Westa FPW 2n=4x=28 12.79 0.09 32 3127
Festuca arundinacea ssp. arundinacea Dulcia FAR 2n=6x=42 16.85 024 2.81 2747
Festuca arundinacea ssp. glaucescens - FGL 2n=4x=28 10.79 0.07 2.7 2638
Festuca gigantea GR 11759 FGI 2n=6x=42 20.17 0.14 336 3288
Festuca mairei GR 610941 FMA 2n=4x=28 9.73 0.05 243 2379
Lolium multiflorum Lm2 LM2 2n=2x=14 5.32 0.03 2.66 2601
Lolium multiflorum Mitos LMM 2n=4x=28 11.13 0.05 278 2721
Lolium perenne GR 3320 LP2 2n=2x=14 5.54 0.03 2.77 2709
Lolium perenne Neptun LPN 2n=4x=28 10.94 0.15 2.74 2675

in distal parts of chromosomes indicate the presence of
unique LTRs spread over the genome and correspond to
a higher copy number of the LTR non-coding part of
Fesreba compared to its coding sequence.

In addition to the fescues and ryegrasses included in
this study, FISH was performed with the same probes on
mitotic metaphase plates from related grass species, oat,
barley, rye, bread wheat, and Aegilops tauschii. High
homology of the RT coding domain resulted in success-
ful in situ localization in all species. However, the probe
specific to the LTR region of Fesreba provided visible
signals only in A. sativa (Additional file 4: Fig. S2).

Table 2 Proportion of repetitive DNA sequences identified de novo

Finally, immunostaining with the centromere-specific
histone H3 variant CENH3 [44] in combination with
FISH with probes for the RT domain and LTR region of
Fesreba resulted in overlapping signals in all fescues and
ryegrasses studied (Fig. 8, Additional file 5: Fig. S3).

Discussion

Because of genome shock, the 1Cx size of polyploid
species is often, but not always, lower than that of their
progenitors [25, 45]. In this study, we performed com-
parative analyses of repeatomes and analyzed the impact
of DNA repeats on genome size in a set of Festuca and

Repeat Lineage/class Proportion of repeat in monoploid genomes [%]
FPF FPW  FAR  FGl FGL  FMA  LM2 LMM LP2 LPN
LTR retroelements Ty1/Copia Maximus-SIRE 1.72 1.65 169 178 184 193 089 087 1.16 1.25
Angela 443 453 333 4.86 2.83 2.54 3.63 332 4.52 413
TAR (Tont) 03 027 028 030 031 034 028 025 024 025
Tork (Tnt) 005 004 005 005 005 006 007 007 008 007
Ale (Hopscotch) 0.1 0.07 0.07 0.07 0.04 0.03 0.22 0.22 014 014
Ivana-Oryoco 005 005 003 007 002 002 003 002 001 002
Total Ty1/Copia 6.65 6.61 545 7.13 5.09 492 512 475 6.15 5.86
Ty3/Gypsy Athila 6.32 6.88 6.73 6.02 4.96 5.56 2569 2354 3033 244
Chromovirideae 96 9.57 797 740 7.35 6.17 711 6.63 749 6.97
Ogre-Tat 1261 1203 865 840 676 422 510 520 583 668
Total Ty3/Gypsy 28.53 28.48 23.35 21.82 19.07 15.95 37.90 35.37 43.65 38.05
Unclassified LTR elements 551 515 635 443 7.14 535 455 414 554 5.5
Other LINE 026 027 029 037 027 023 034 031 020 0.23
DNA transposons 235 216 195 1.81 144 145 238 225 208 215
Tandem repeats 552 553 341 1463 255 363 867 986 420 4.99
rRNA genes 113 107 057 050 043 056 148 203 123 210
Unclassified repeats 13.79 1394 10.82 1276 939 8.29 10.04 9.86 851 9.02
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Fig. 3 Genome proportion of the most abundant DNA repeats. The genome proportion of individual repeat types was obtained as a ratio of
reads specific to individual repeat types to all reads used for clustering analyses by the RepeatExplorer pipeline. Diploid Festuca pratensis cv. Fure
(FPF); tetraploid F. pratensis cv. Westa (FPW); hexaploid F. arundinacea subsp. arundinacea (FAR); hexaploid F. gigantea (FGI); tetraploid F.
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Lolium species differing in ploidy. The set comprised
hexaploids F. arundinacea subsp. arundinacea and F.
gigantea; tetraploids F. glaucescens and F. mairei; and
artificial autotetraploids F. pratensis cv. Westa, L. multi-
florum cv. Mitos, and L. perenne cv. Neptun developed
in breeding programs. We estimated nuclear DNA
amounts using flow cytometry, and a test of normality
confirmed that the data set had a normal distribution.
Our results suggest possible genome changes in hexa-
ploid F. arundinacea and tetraploid ryegrasses compared

to their probable progenitors. Although the differences
in the 1Cx size of natural polyploid F. arundinacea and
its probable parents (F. pratensis and F. glaucescens) are
small, they are statistically significant (P <0.01). The
same is true for tetraploid ryegrass cultivars obtained
after polyploidization. Genome downsizing was detected
in the case of F. arundinacea (~ 2% difference between
expected and estimated values) and tetraploid L. perenne
(~1% decrease). In the tetraploid cultivar of L. multi-
florum, a slight increase in genome size (~4%) was
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Fig. 5 Graphical layouts of selected DNA repeats and their validation by Southern blotting. Graphical layouts were obtained after clustering
analyses done by RepeatExplorer. a Cluster CL1. b Cluster CL38 containing the Ty3/gypsy Athila element. ¢ Cluster CL20 containing Ty3/gypsy
Ogre/Tat elements. Sequencing reads from Festuca species are in pink, whereas sequencing reads from Lolium species are in yellow. d—f
Validation of clustering results by Southern hybridization with sequences derived from clusters CL1, CL38, and CL20. Lanes contained genomic
DNA digested by Haelll restriction endonuclease. Lane 1: F. pratensis cv. Fure (2n =2x = 14); lane 2: F. pratensis cv. Westa (2n = 4x = 28); lane 3: F.
arundinacea subsp. arundinacea (2n =6x =42); lane 4: F. gigantea (2n = 6x =42); lane 5: F. glaucescens (2n =4x = 28); lane 6: F. mairei (2n = 4x = 28);
lane 7: L. multiflorum cv. Mitos (2n = 4x = 28); lane 8: L. multiflorum cv. Kuril (2n = 2x = 14); lane 9: L. perenne cv. Neptun (2n = 4x = 28); lane 10: L.
perenne GR 3320 (2n=2x=14)

detected, corresponding with Kopecky et al. [8]. In the DNA retrotransposons are major contributors to the
case of tetraploid fescue cultivars obtained after poly- variation in nuclear genomes in plants [24, 46, 47]. Vari-
ploidization, no statistically significant difference in 1Cx  ous approaches and tools have been developed to study
value was found (P > 0.01). these important parts of nuclear genomes, one of them
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Fig. 6 Phylogenetic tree of Chromoviridae elements. The tree was constructed from a Jukes-Cantor distance matrix of the reverse transcriptase
domains of Ty3/gypsy Chromoviridae elements described in Neumann et al. [34] and Fesreba elements identified in the present work with BioNJ
implemented in Seaview [5]. The tree was rooted on the Ty3/gypsy/Tat element. The subclade of the Cereba element (in red) and other closely
related elements identified in different plant species are labeled in blue. Fesreba elements identified in fescues and ryegrasses are also marked
in blue
J

being RepeatExplorer, which facilitates de novo repeat
identification and characterization [42, 48]. The pipeline
uses graph-based clustering and analyzes next-
generation sequencing data to reconstruct and
characterize DNA repeats in a particular species or to
compare DNA repeat composition in different genotypes
[23, 24, 49-51]. The pipeline has been frequently used
to reconstruct DNA repeats in diversity studies, to create
repeat databases for repeat masking [19, 46, 48], and to
identify tandem organized repeats suitable as probes for
molecular cytogenetics [35, 51-53].

Our work revealed that Ty3/gypsy elements had the
highest impact on genome size in fescues and ryegrasses.
Ty3/gypsy elements are also abundant in other Poaceae
species, including wheat, rice, maize, and barley [8,

54—56]. In barley, about 50% of the genome is made up of
15 high-copy transposable element (TE) families, with ele-
ments of the Angela lineage (Tyl/copia family) being the
most abundant and representing almost 14% of the gen-
ome [56]. The Ty3/gypsy superfamily is 1.5-fold more
abundant than the Tyl/copia superfamily [56].

Festuca and Lolium genera comprise closely related
complexes of species, and thus a high homology of DNA
repeats was observed in this study. The main difference
was the copy number. In Lolium species the Ty3/gypsy
Athila LTR retroelement accounted for ~25% of the
nuclear genomes, whereas in fescues it accounted for ~
0.7% in tetraploids F. glaucescens and F. mairei and for
~ 6% in other fescues analyzed. This indicates a burst of
Athila LTR element linked with Lolium speciation.
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Fig. 7 Localization of the centromeric LTR retrotransposon Fesreba on mitotic metaphase chromosomes. Localization was performed in Festuca
and Lolium species with fluorescence in situ hybridization (yellow-green or violet signals) with a probe for the reverse transcriptase domain of the
Fesreba element. a F. arundinacea subsp. arundinacea (2n=6x=42). b F. gigantea (2n=6x=42). ¢ F. mairei (2n =4x=28). d F. pratensis cv. Westa
(2n=4x=28). (E) L. perenne GR 3320 (2n=2x=14). f L. multiflorum cv. Mitos (2n = 4x = 28). Chromosomes were counterstained with DAPI (blue).
The bar corresponds to 10 um

Activation and integration of TEs (e.g., as a result of en-
vironment change) may lead to a rapid burst of the
Athila element in a species-specific manner [46, 47, 57]
and impact evolution and speciation [46, 58]. In some
species, a rapid increase in the number of lineage-
specific retroelements can also result in significant
genome upsizing [24, 58—60], which was not observed in
the fescues and ryegrasses included in our study.
Species-specific DNA elements identified in this
work were represented by tandem organized repeats
(Additional file 1: Table S1). Unique tandem repeats
are also found in other plant species, and thanks to
their genus or species specificity they have been
widely used in molecular cytogenetics (e.g., to identify
chromosomes using FISH) [61-64]. Tandem repeats

originally identified in F. pratensis chromosome 4F
are useful as probes for FISH to identify individual
chromosomes of the species [18, 35] and in compara-
tive karyotype analyses of its cultivars. The present
work resulted in the identification of other putative
tandem organized repeats, either genus or species
specific (Additional file 1: Table S1). These observa-
tions expand the number of potential cytogenetic
markers for comparative karyotyping and identifica-
tion of chromosomes in other fescue and ryegrass
species.

Although the sequencing of F. pratensis chromosome
4F revealed a relatively high number of tandem repeats,
none of them localized to chromosome centromeric re-
gions [18, 35]. However, the mapping of other types of
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to 10 um

Fig. 8 Co-localization of CENH3 with the Fesreba element in Festuca and Lolium. Combination of immunolocalization of the histone H3 variant
CENHS3 (red) and FISH on interphase nuclei with probes for: a the reverse transcriptase (RT) domain (green); and b the non-coding LTR part of the
Fesreba element (green). F. pratensis cv. Fure (FPF); F. arundinacea subsp. arundinacea (FAR); F. mairei (FMA); L. multiflorum cv. Mitos (LMM).
Column 1 shows merged images, column 2 shows CENH3 signals (red), and column 3 shows FISH signals corresponding to the Fesreba element.
In all accessions, the signals of CENH3 and FISH probes are overlapping. Nuclei were counterstained with DAPI (blue). The bar corresponds

DNA repeats on mitotic metaphase chromosomes
showed preferential localization of one uncharacterized
DNA element CL38 to centromeric regions of F. praten-
sis chromosomes [35]. In this work, the entire DNA
element homologous to the CL38 repeat was recon-
structed and its nature was clarified. Phylogenetic ana-
lyses of its coding domains (Fig. 6) confirmed close
relationships with other plant centromeric elements of
Ty3/gypsy Chromoviridae lineage, such as Cereba-like
elements [43]. Preferential localization of the Cereba
element to centromeric regions of barley chromosomes
was shown by Hudakova et al. [33], and more complex
study of centromere-specific elements belonginging to
the lineage of Centromeric retrotransposons in maize
(CRM) of the Ty3/gypsy family in larger set of plant spe-
cies followed [20, 34]. These studies imply a role for TEs
at the structural level and their impact on centromere
structure. Li et al. [65] showed that the Cereba element
was strongly associated with the histone H3 variant
CENHS3, which plays a role in centromere function. Co-
localization of the centromere-specific element Fesreba,
reconstructed in this work with histone CENH3 (Fig. 8,
Additional file 5: Fig. S3), indicates a role for this

element in the function of fescue and ryegrass centro-
meres as well.

Conclusions

Partial sequencing of genomes of 10 fescues and
ryegrasses revealed various types of retrotransposons as
the most abundant repeat. These comparative
repeatome analyses increase knowledge of genome
organization in fescues and ryegrasses and confirm
close relationships between Festuca and Lolium. The
most striking difference was observed for the Athila
element, which was ~ 5 times more abundant in Lolium
than Festuca. Highly diverged DNA repeats were repre-
sented by tandem organized repeats, which are candi-
dates for species-specific cytogenetic markers. In
addition to tandem repeats, other species-specific vari-
ants of the majority of repetitive DNA sequences within
and between fescues and ryegrasses were identified. A
nearly complete LTR element Fesreba was assembled
and found to be highly enriched in centromeric and
(peri)centromeric chromosome regions in all species. A
combination of FISH with a probe for Fesreba and im-
munostaining with CENH3 antibody showed their co-
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localization and indicated a possible role of Fesreba in
centromere function.

Methods

Plant material

Lolium perenne GR3320 (2n = 2x = 14), Festuca arundina-
cea subsp. arundinacea (2n=6x =42), Festuca gigantea
GR11759 (2n=6x=42), and Festuca mairei GR610941
(2n = 4x = 28) were obtained as seeds from the Leibniz In-
stitute of Plant Genetics and Crop Plant Research (Gate-
rsleben, Germany) gene bank. Seeds of Festuca pratensis
cv. Fure (2n = 2x = 14) were obtained from Dr. Arild Lar-
son (Graminor, Norway). Lolium perenne cv. Neptun
(2n =4x =28), Lolium multiflorum cv. Kuril (2n=2x=
14), and two commercially available cultivars, Lolium.
multiflorum cv. Mitos (2n = 4x = 28) and Festuca pratensis
cv. Westa (2n = 4x = 28), were obtained from Dr. Vladimir
Cernoch (DLF Seeds, Czech Republic). Festuca glauces-
cens genotype C-45 (2n = 4x = 28) was obtained from Seed
Bank, W. Reg. P. I. Station, Pullman, WA.

Seeds of barley (Hordeum vulgare) cv. Morex, rye
(Secale cereale) cv. Dankowskie Diament, and oat (Avena
sativa) cv. Atego were obtained from the Leibniz Insti-
tute of Plant Genetics and Crop Plant Research gene
bank. Seeds of Triticum aestivum cv. Chinese Spring
were obtained from Professor Takashi R. Endo (Kyoto
University, Japan), and seeds of Aegilops tauschii (lineage
AL 8/78; collected by V. Jaaska, University of Estonia,
Tartu, Estonia) were provided by Dr. Valdrik (Institute
of Experimental Botany, Czech Republic). Seeds of pea
(Pisum sativum cv. Ctirad) and rye (Secale cereale cv.
Dankovske), which served as internal reference standards
in flow cytometric analyses, were provided by one of us
(JD) and are available at the Institute of Experimental
Botany, Czech Republic (https://olomouc.ueb.cas.cz/en/
technology/flow-cytometry-1/reference-dna-standards).

Estimation of nuclear genome size

Nuclear DNA amounts were determined according to
Dolezel et al. [66] following the two-step procedure of
Otto [67] with modifications. Samples of isolated nuclei
stained with propidium iodide were analyzed with a
Sysmex CyFlow Space flow cytometer (Sysmex Partec,
Miinster, Germany) equipped with a 532 nm laser. Two
reference standards were used to estimate DNA
amounts in absolute units. Pea (Pisum sativum cv.
Ctirad; 2C=9.09 pg DNA) [41] served as an internal
standard for estimating DNA content in all accessions
except F. mairei, for which rye (Secale cereale cv.
Dankovske; 2C =16.19 pg DNA) [41] was used. Three
plants were measured per accession, and each plant was
analyzed three times on three different days. At least
5000 nuclei per sample were analyzed. Nuclear amounts
were calculated from measurements of individual
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samples as follows: 2C nuclear DNA content (pg) =2C
nuclear DNA content of reference standard x sample G,
peak mean / standard G; peak mean.

Mean nuclear DNA content (2C) was estimated for
each plant, with 1 pg DNA equal to 0.978 x 10° bp [68].
The statistical significance of the differences between
1Cx sizes was determined with one-way ANOVA.
Analyses were conducted with NCSS 97 (Statistical Solu-
tions, Cork, Ireland). The significance level a =0.01 was
used.

Phylogenetic analyses

Phylogenetic analyses of Loliinae subtribe were based on
data published by Cataldn et al. [3]. Sequences of ITS re-
gions were downloaded from the NCBI GenBank (GB
codes: AF303401-407, AF303410-416, AF303418-419,
AF303421-425, AF303428, AF478475-476, AF478478—
491, AF478493, AF478498-499, AF519975-981, AF5199
83, AF532937, AF532939-948, AF532951-952, AF53295
4, AF532956-960, AF532962-963, AF543514, AF5480
28, AJ240143, AJ240146, AJ240148, AJ240153, AJ24015
5-157, AJ240160, AJ240162, AY099007, AY118087-088,
AY118090-092, AY118094—096, AY228161). Brachypo-
dium distachyon (GB code AF303339) was used as an
outgroup species. Multiple sequence alignment was done
with MAFFT v7.029 (—-localpair --maxiterate 1000) [69],
and phylograms were constructed with PhyML 3.0 [70]
implemented in SeaView v5.0.2 [5]. Approximate likeli-
hood ratio tests [71] were performed to assess branch
support. Final phylogenetic trees were depicted with
FigTree (http://tree.bio.ed.ac.uk/software/figtree/).

lllumina sequencing and data analyses

Genomic DNA was isolated with the NucleoSpin PlantIl
kit (Macherey-Nagel, Diiren, Germany) according to the
manufacturer’s recommendations and used to prepare
[lumina libraries with a Nextera® DNA Sample Prepar-
ation Kit (Illumina, San Diego, CA, USA). Briefly, 50 ng
DNA was fragmented, purified, and amplified according
to the protocol. The DNA concentration in individual li-
braries was measured with a Qubit fluorometer, adjusted
to an equal molar concentration, and pooled prior to se-
quencing. DNA sequencing was done with an Illumina
MiSeq with either single or paired-end sequencing to
produce up to 500 bp reads. Sequence reads were depos-
ited in the Sequence Read Archive (BioProject ID:
PRJNA601325, accessions SAMN13866227, SAMN1386
6228, SAMN13866229, SAMN13866230, SAMN138662
31, SAMN13866232, SAMN13866233, SAMN13866234,
SAMN13866235, SAMN13866236).

[llumina reads were trimmed for adapters and for quality
with the FASTX-Toolkit (-q 20 -p 90; http://hannonlab.
cshl.edu/fastx_toolkit/index.html). Detailed characterization
of repeat families was performed with a stand-alone version


https://olomouc.ueb.cas.cz/en/technology/flow-cytometry-1/reference-dna-standards
https://olomouc.ueb.cas.cz/en/technology/flow-cytometry-1/reference-dna-standards
http://tree.bio.ed.ac.uk/software/figtree/
http://hannonlab.cshl.edu/fastx_toolkit/index.html
http://hannonlab.cshl.edu/fastx_toolkit/index.html

Zwyrtkova et al. BMC Plant Biology (2020) 20:280

of the RepeatExplorer pipeline [37] running on an IBM
server with 16 processors, 100 Gb RAM, and 17 Tb disk
space. In the first step, comparative analyses of repetitive
parts of the genomes were performed with the RepeatEx-
plorer pipeline according to Novak et al. [49]. Random
data sets represented the same amount of reads (0.5x
coverage of individual accessions) were used to recon-
struct repetitive elements using a graph-based method ac-
cording Novik et al. [48]. The RepeatExplorer pipeline led
to the characterization of assembled sequences using dif-
ferent tools (e.g, BLASTN and BLASTX, phylogenetic
analysis) [37, 48]. Tandem organized repeats were identi-
fied with Dotter [72].

In the second step, the RepeatExplorer pipeline was
applied to a merged data set containing all species
marked by specific prefixes to perform comparative ana-
lyses [49]. The results of the clustering were then used
to create repetitive databases. Databases of Illumina
reads were deposited in the Sequence Read Archive (ac-
cessions: SRX7566047—-SRX7566056). Assembled contigs
from different types of repetitive DNA elements are pub-
licly available online (https://olomouc.ueb.cas.cz/en/con-
tent/dna-repeats) and in the Dryad digital repository
(doi:https://doi.org/10.5061/dryad.xksn02vch).

Southern hybridization

Genomic DNA corresponding to 3 x 10° copies of a 1Cx
nuclear genome was digested by Haelll enzyme (New
England Biolabs, Ipswich, MA, USA). DNA fragments
were size-fractionated by electrophoresis in 1.2% agarose
gel and then transferred onto Hybond™ N+ nylon mem-
branes (GE Healthcare, Chicago, IL, USA). Probes were
prepared with F. pratensis genomic DNA as a template
and polymerase chain reaction (PCR) with biotin-labeled
dUTP (Roche, Mannheim, Germany) and specific
primers (Additional file 6: Table S3, Additional file 7:
Fig. S4). Southern hybridization was performed at 68 °C
overnight, and hybridization signals were detected with a
Chemiluminescent Nucleic Acid Module (Thermo
Fisher Scientific, Waltham, MA, USA) according to the
manufacturer’s recommendations with 90% stringency.
Hybridization signals were visualized with chemiluminis-
cent substrate on Medical X-Ray Film Blue (Agfa
Healthcare, Mortsel, Belgium).

ddPCR

Based on the assembled DNA contigs from the Fesreba
retrotransposon, two restriction endonucleases with
unique restriction sites in the retrotransposon (Hpal and
Hpall) were identified and used for further analyses.
Briefly, 3 ug genomic DNA was digested according to
the manufacturer’s recommendations (Bio-Rad Labora-
tories, Hercules, CA, USA) and then diluted 1000-fold to
reach a starter concentration of 0.06 ng/ul. ddPCR was
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performed on a QX200 Droplet Digital PCR machine
(Bio-Rad Laboratories) following the manufacturer’s rec-
ommendations with EvaGreen Supermix (Bio-Rad La-
boratories), template DNA, and specific primers for
Fesreba (Additional file 6: Table S3). Three independent
replicates were performed for every accession analyzed.

Cytogenetic mapping and immunostaining

Cytogenetic mapping of selected repeats was done by
FISH on mitotic metaphase plates. Chromosome spreads
were prepared according to Kfivankova et al. [35], and im-
munostaining was performed according to Neumann et al.
[73]. Root tips were collected in ice water for 28 h; washed
in LBO1 buffer [74]; fixed in 3.7% formaldehyde for 25
min; and digested using 2% cellulose, 2% pectinase, and
2% cytohelicase in 1x phosphate-buffered saline (PBS) for
90min at 37°C. After the coverslip was removed, the
preparations were washed in 1x PBS and then in PBS-
Triton buffer (1x PBS, 0.5% Triton X-100, pH 7.4) for 25
min and then again in 1x PBS. For incubation with anti-
grass CENH3 primary antibody [75], the slides were
washed in PBS-Tween buffer (1x PBS, 0.1% Tween 20,
pH7.4) for 25min and then incubated with anti-grass
CENH3 primary antibody (diluted 1:200 in PBS-Tween)
overnight at 4 °C. The next day the slides were washed in
1x PBS, CENH3 antibody was detected using the anti-
Rabbit Alexa Fluor 546 secondary antibody (Thermo
Fisher Scientific/Invitrogen) diluted 1:250 in PBS-Tween
buffer for 1h at room temperature, and washed 1x PBS.
Before FISH, immunofluorescent signals were stabilized
with ethanol:acetic acid (3:1) fixative and 3.7% formalde-
hyde for 10 min at room temperature. FISH was per-
formed after three washes in 1x PBS.

Probes for FISH, derived from the RT and LTR regions of
the Fesreba element, were labeled with digoxigenin-11-
dUTP or biotin-16-dUTP (Roche Applied Science) using
PCR with specific primers (Additional file 6: Table S3). FISH
and detection of hybridization sites were performed accord-
ing to Ktivankova et al. [35]. The chromosomes were coun-
terstained with 4’,6-diamidino-2-phenylindole (DAPI) and
mounted in Vectashield (Vector Laboratories). The slides
were examined with an Axio Imager.Z2 microscope (Carl
Zeiss, Oberkochen, Germany) equipped with a Cool Cube 1
(Metasystems, Altlussheim, Germany) camera, and images
were prepared with ISIS 54.7 (Metasystems). Final adjust-
ments were made to figures in Adobe Photoshop 12.0.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/512870-020-02495-0.

Additional file 1: Table S1. List of clusters containing putative tandem
repeats identified in Festuca and Lolium.
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Additional file 2: Fig. S1. Southern blots for the RT domain and non-
coding LTR part of the Fesreba element. Southern blots were made with
probes for the reverse transcriptase domain (A) and non-coding LTR re-
gion (B) of the Fesreba element. Lanes contained genomic DNA digested
by Haelll restriction endonuclease. Lane 1: diploid F. pratensis cv. Fure;
lane 2: tetraploid F. pratensis cv. Westa; lane 3: hexaploid F. arundinacea
subsp. arundinacea; lane 4: hexaploid F. gigantea; lane 5: tetraploid F.
glaucescens; lane 6: tetraploid F. mairei; lane 7: tetraploid L. multiflorum cv.
Mitos; lane 8: diploid L. multiflorum cv. Kuri1; lane 9: tetraploid L. perenne
cv. Neptun; lane 10: diploid L. perenne.

Additional file 3: Table S2. Representation of the RT domain and non-
coding part of the LTR region of the Fesreba element estimated by
ddPCR. Copy numbers of the reverse transcriptase (RT) domain and non-
coding part of the LTR region of the Fesreba element were estimated
with droplet digital PCR. Values are averages of three independent experi-
ments with standard deviations.

Additional file 4: Fig. S2. Localization of the centromeric LTR
retrotransposon Fesreba on mitotic chromosomes with fluorescence in
situ hybridization. Mitotic metaphase plates were hybridized with a probe
for the reverse transcriptase domain of the Fesreba element (A, C, E, G, |)
and with a combination of probes for the non-coding LTR part of the
Fesreba element and 45S rDNA, which served as control (B, D, F, H, J). (A,
B) Avena sativa cv. Atego (2n = 2x = 14). (C, D) Secale cereale cv. Dankows-
kie Diament (2n = 2x = 14). (E, F) Hordeum vulgare cv. Morex (2n =2x =
14). (G, H) Triticum aestivum cv. Chinese Spring (2n = 6x=42). (I, J) Aegi-
lops tauschii (2n = 2x = 14). Signals corresponding to 45S rDNA loci are
marked by arrows. Hybridization signals of a probe for the LTR region of
the Fesreba element were absent in all related species (D, F, H, J) except
A. sativa (B). Chromosomes were counterstained with DAPI (blue). The
bar corresponds to 10 um.

Additional file 5: Fig. S3. Co-localization of CENH3 with the Fesreba
element in three Festuca and three Lolium species. Immunolocalization of
the histone H3 variant CENH3 (red) and FISH with probes for the reverse
transcriptase (RT) domain and non-coding LTR part of the Fesreba elem-
ent (green). F. gigantea (FGI); F. glaucescens (FGL); F. pratensis Westa
(FPW); L. multiflorum Lm2 (LM2); L. perenne Neptun (LP2); L. perenne (LPN).
Column 1 shows merged images, column 2 shows CENH3 signals (red),
and column 3 shows FISH signals corresponding to the Fesreba element.
In all accessions, the signals of CENH3 and FISH probes are overlapping.
Nuclei were counterstained with DAPI (blue). The bar corresponds to

10 pm.

Additional file 6: Table S3. Primers used for PCR amplification of DNA
repeats.

Additional file 7: Fig. S4. Original images of Southern hybridization
depicted in Fig. 5 and Additional file 2: Fig. S1, respectively. Original
images of Southern hybridization with sequences derived from cluster
CL1 (A), cluster CL38 (B), and cluster CL20 (C) and with sequences for the
reverse transcriptase domain (D) and non-coding LTR region (E) of the
Fesreba element. Lanes contained genomic DNA digested by Haelll re-
striction endonuclease. Lane 1: diploid F. pratensis cv. Fure; lane 2: tetra-
ploid F. pratensis cv. Westa; lane 3: hexaploid F. arundinacea subsp.
arundinacea; lane 4: hexaploid F. gigantea; lane 5: tetraploid F. glauces-
cens; lane 6: tetraploid F. mairei; lane 7: tetraploid L. multiflorum cv. Mitos;
lane 8: diploid L. multiflorum cv. Kuril; lane 9: tetraploid L. perenne cv.
Neptun; lane 10: diploid L. perenne.
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ABSTRACT

The identification of causal genomic loci and their interactions underlying various traits in plants has been
greatly aided by progress in understanding the organization of the nuclear genome. This provides clues to the
responses of plants to environmental stimuli at the molecular level. Apart from other uses, these insights are
needed to fully explore the potential of new breeding techniques that rely on genome editing. However, genome
analysis and sequencing is not straightforward in the many agricultural crops and their wild relatives that possess
large and complex genomes. Chromosome genomics streamlines this task by dissecting the genome to single
chromosomes whose DNA is then used instead of nuclear DNA. This results in a massive and lossless reduction in
DNA sample complexity, reduces the time and cost of the experiment, and simplifies data interpretation. Flow
cytometric sorting of condensed mitotic chromosomes makes it possible to purify single chromosomes in large
quantities, and as the DNA remains intact this process can be coupled successfully with many techniques in
molecular biology and genomics. Since the first experiments with flow cytometric sorting in the late 1980s,
numerous applications have been developed, and chromosome genomics has been having a significant impact in
many areas of research, including the sequencing of complex genomes of important crops and gene cloning. This
review discusses these applications, describes their contribution to advancements in plant genome analysis and

gene cloning, and outlines future directions.

1. Introduction

The breeding of crops resistant to diseases and pests and adapted to
climate change is critical to securing enough food for humankind in an
environmentally sustainable manner. New breeding techniques may
play an important role in this endeavor, as they promise to develop
improved cultivars in a faster and more precise manner than conven-
tional breeding (Aglawe et al., 2018; Lusser et al., 2011; Seyran and
Craig, 2018). To use these techniques efficiently, researchers must have
prior knowledge of genome organization, identify relevant genes, and
understand their function (Chen et al., 2019; Collard and Mackill, 2008;
Varshney et al., 2020). However, this is not easy to achieve for the many
agricultural crops and their relatives that have large and complex ge-
nomes (Pellicer and Leitch, 2020).

Early attempts to simplify genome analysis and gene discovery used
methyl filtration (Palmer et al., 2003) and Cot-based fractionation
(Peterson et al., 2002) to remove the repetitive parts of genomes to
reduce their complexity (Fig. 1A). Later, exome capture methods were
designed (Albert et al., 2007; Gnirke et al., 2009) to isolate protein-

* Corresponding author.

coding regions of genes in a genome and avoid non-coding and repeti-
tive DNA (Fig. 1B). Both approaches eliminated large genome fractions
and did not allow the assembly of longer stretches of DNA. To overcome
this disadvantage and support the analysis of polyploid genomes, such as
bread wheat, some authors sequenced genomes of diploid progenitors of
crops as surrogates to facilitate gene mapping and cloning (Ling et al.,
2018; Luo et al., 2017). Yet another, radically different, way of simpli-
fying genome analysis and gene cloning is to isolate natural genome
subunits — chromosomes (Dolezel et al., 2012). Chromosomes are
smaller and more defined parts of the genome, and dissecting a genome
to its chromosomes reduces its complexity in a lossless manner (Fig. 1C).
DNA prepared from individual chromosomes offers targeted approaches
to gene mapping and cloning and avoids problems due to DNA sequence
similarity between homologous chromosomes in polyploids.

Isolating chromosomal DNA requires cells in the metaphase of
mitosis and the ability to collect chromosomes of interest. This can be
done by picking up single chromosomes by micromanipulation (Mat-
sunaga et al., 1999; Schondelmaier et al., 1993). Although this approach
allows precise selection of chromosomes of interest, it results in low-
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throughput extraction of inferior-quality DNA (Hobza and Vyskot, 2007;
Ma et al., 2010). A high-throughput alternative is chromosome sorting
by flow cytometry. This method analyzes light scatter and the fluores-
cence properties of chromosomes at rates of 10° to 10*/s during their
movement in a single file within a narrow stream of liquid. If the optical
properties of a chromosome differ from those of other chromosomes,
that chromosome can be discriminated and purified in large quantities.
Flow-sorted chromosomes are mechanically intact, and high-molecular-
weight DNA can be prepared from them (Simkova et al., 2003).

De Laat and Blaas (1984) were the first to report flow cytometric
sorting of plant chromosomes, purifying both chromosome types from
Haplopappus gracilis. However, a broader use of the method was
hampered by difficulties preparing suspensions of intact chromosomes
suitable for flow cytometry. The two main problems were achieving a
high degree of mitotic metaphase synchrony and releasing intact chro-
mosomes from cells with rigid walls (Dolezel et al., 1994). Several

Fragmentation
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different biological systems were tested for chromosome isolation
(Fig. 2). The quality of suspensions of intact chromosomes prepared
from in vitro cultured cells of H. gracilis (de Laat and Blaas, 1984) and
some other species (Arumuganathan et al., 1994; Wang et al., 1992) and
from cultures of leaf mesophyll protoplasts (Conia et al., 1989, 1987) did
not meet expectations. Faced with these difficulties, Dolezel et al. (1992)
pioneered a different approach and prepared chromosome samples from
synchronized root tip meristems of young seedlings. Whereas previous
authors had released chromosomes by lysing cells in a hypotonic buffer
after removing cell walls with hydrolytic enzymes, Dolezel et al. (1992)
released chromosomes by mechanical homogenization of root tips fixed
mildly by formaldehyde. The method was originally developed in field
bean (Vicia faba) and to date has been used for chromosome sorting in 29
species (Supplementary Table 1). In some cases, genetically transformed
‘hairy’ root cultures were used as an alternative to young seedlings to
obtain actively growing root tips (Veuskens et al., 1995; Neumann et al.,
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Fig. 1. Methods for genomic DNA complexity reduction. (A) So-called Cot-based fractionation takes advantage of different renaturation kinetics of repetitive DNA
sequences and low-copy “genic” sequences to isolate the latter. (B) The exome-capture technique isolates protein-coding regions of genes by hybridizing sheared
genomic DNA to oligonucleotides on a microarray or on beads in solution. Both approaches reduce sample complexity at the expense of eliminating a significant part
of a genome. In contrast, chromosome sorting (C) reduces DNA sample complexity in a lossless manner by dissecting a genome into single chromosomes.
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1998).

Another obstacle in applying chromosome flow sorting to plant ge-
netics and genomics has been discriminating individual chromosome
types. Many plant species have two or more chromosomes with similar
DNA content that cannot be resolved based on size or the fluorescence of
a dye bound to the DNA. Simultaneous measurement of the fluorescence
of two dyes, one of them binding to AT-rich DNA regions and the other to
GC-rich regions, which has been the gold standard in humans and ani-
mals (Dixon et al., 2009; Gray et al., 1979; Silverman et al., 1995), failed
to improve chromosome discrimination in plants (Lee et al., 2000, 1997;
Lucretti and Dolezel, 1997). Alternative and successful approaches
suitable for dissecting plant genomes include the use of chromosome
deletion, translocation or addition lines (Dolezel and Lucretti, 1995),
fluorescent labeling of microsatellites using fluorescence in situ hybrid-
ization in suspension (FISHIS) (Giorgi et al., 2013), and single chro-
mosome sorting (Capal et al., 2015).

Since the first experiments demonstrated the possibility of isolating
particular chromosomes by flow cytometric sorting, numerous uses of
flow-sorted chromosomes in molecular biology, genomics and prote-
omics have been developed (Fig. 3). These applications were facilitated
by the ability to purify chromosomes in quantities required for partic-
ular applications (Fig. 4) and made the sorted chromosomes an invalu-
able resource for important endeavors, including large international
projects on sequencing complex plant genomes (International Wheat
Genome Sequencing Consortium, 2018, 2014; Kreplak et al., 2019;
Martis et al., 2013; Mayer et al., 2011). This review discusses these
applications (Supplementary Table 2) and outlines their contribution to
advancements in plant genome analysis and gene cloning (Fig. 5).
Readers interested in flow cytometric chromosome sorting technology
itself are referred to specialized publications (Dolezel et al., 1999; Vrana
et al., 2016).

2. Chromosome-specific DNA libraries

The isolation of chromosomes in large quantities by flow cytometry
may take several days, as the process involves not only flow sorting itself
but also the preparation of biological material, induction of cell cycle
synchrony, accumulation of dividing cells in the metaphase of mitosis,
and preparation of a suspension of intact chromosomes (Dolezel et al.,
1999; Vrana et al., 2016). If compatible with downstream applications,
repeated chromosome sorting may be avoided by storing and multi-
plying chromosomal DNA in a form of DNA library that can be used as a
permanent source of chromosomal DNA.

Cell suspension

Protoplasts
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2.1. Short-insert DNA libraries

The first plant chromosome-enriched DNA library was generated by
Wang et al. (1992) from 100,000 copies of flow-sorted chromosome 4A
of bread wheat (Triticum aestivum). The library was constructed in a
pUBs1 vector; half of the DNA clones were unique or low copy, and
about half detected sequences on chromosome 4A. The task of con-
structing short-insert DNA libraries was simplified by a protocol for
amplifying chromosomal DNA (Telenius et al., 1992), which reduced the
number of chromosomes needed to only several hundred to 1000. Using
this approach, Arumuganathan et al. (1994) prepared a library from
1000 copies of tomato (Lycopersicon pennellii) chromosome 2 using a
Bluescript plasmid vector; the size of cloned inserts ranged from 250 to
1600 bp. Macas et al. (1996) were the first to construct a complete set of
chromosome-specific DNA libraries covering a whole plant genome. The
libraries, cloned in a plasmid vector, were constructed from seven
chromosomes flow-sorted from two translocation lines of field bean.
They comprised about 10° clones each, and their average insert sizes
ranged from 310 to 487 bp. In a similar work, Pozarkova et al. (2002)
constructed a library from chromosome 1 isolated from field bean
translocation line JF. DNA amplified from the samples of 250 flow-
sorted chromosomes was subjected to one or two rounds of
hybridization-based enrichment for microsatellite (GA)n or (GATA)n
and cloned into a plasmid vector. The frequency of positive clones
increased 14.5-fold and 245-fold after one and two rounds of enrichment
for (GA)n, respectively.

2.2. Long-insert DNA libraries

Some projects require large-insert DNA libraries, which are, how-
ever, more difficult to construct from chromosomes because of the need
for microgram amounts of high-molecular-weight DNA. This translates
to millions of copies of chromosomes that need to be flow-sorted. The
preparation of high-molecular-weight DNA from flow-sorted chromo-
somes became possible after Simkova et al. (2003) modified the original
protocol for chromosome isolation from synchronized root tips (Dolezel
et al., 1992). This progress enabled Safér et al. (2004) to develop a low-
input protocol for the construction of DNA libraries cloned in bacterial
artificial chromosome (BAC) vector. The authors demonstrated its utility
by constructing a BAC library from chromosome 3B of bread wheat.
Following this, Janda et al. (2004) generated a BAC library from a pool
of bread wheat chromosomes 1D, 4D, and 6D. The next advance was
made by Janda et al. (2006), who constructed a BAC library from the
short arm of bread wheat chromosome 1B (1BS) and thus demonstrated

Seedlings Hairy roots

Fig. 2. Biological systems used for chromosome isolation. From left: Suspension-cultured cells, protoplasts isolated from leaf mesophyll, root tips of young seedlings,

root tips of hairy root cultures.
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Fig. 4. The number of chromosomes needed for various downstream applications. Abbreviations: BAC (bacterial artificial chromosome), DArT (diversity arrays
technology), PCR (polymerase chain reaction), SEM (scanning electron microscopy).

that even chromosome arm-specific BAC libraries can be constructed. To
date, BAC libraries have been generated from 34 bread wheat chromo-
some arms and four chromosomes, including a group of 1D, 4D, and 6D
chromosomes (International Wheat Genome Sequencing Consortium,

2018; Saféf et al., 2010) and two BAC libraries from the short arm of rye
(Secale cereale) chromosome 1R (Simkova et al., 2008a). While early
BAC libraries had an average insert size of <100 kb, those constructed
with improved protocol comprise 85-95% of clones with inserts
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Fig. 5. Timeline of applications for which flow-sorted chromosomes have been used. Abbreviations: DNA (deoxyribonucleic acid), DOP (degenerate oligonucleotide-
primed PCR), HICF (high information content fingerprinting), HMW (high molecular weight), MDA (multiple displacement amplification), PCR (polymerase chain
reaction), RICh (rearrangement identification and characterization), TACCA (targeted chromosome-based cloning via long-range assembly), WGP (whole

genome profiling).

>100kb
2020).

(https://olomouc.ueb.cas.cz/en/resources/dna-libraries,

3. Targeted development of DNA markers

DNA markers are an important resource for the development of ge-
netic maps, the anchoring of physical maps, gene cloning, as well as
marker-assisted selection (Powell et al., 1996). If a goal is to saturate the
genetic map at a particular genome region, marker development may be
simplified by targeting the relevant chromosome (Fig. 6). Restriction
fragment length polymorphism (RFLP) markers were the first markers to
be developed from isolated chromosomes (Arumuganathan et al., 1994).
In this work, RFLP markers were developed from chromosome 2 of L.
pennellii and used to saturate an RFLP linkage map of the species.
However, as RFLP analysis requires large amounts of DNA and is slow
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and cumbersome, RFLP markers were soon replaced by other marker
types.

3.1. Microsatellite (SSR) markers

Macas et al. (1996) showed that short-insert DNA libraries prepared
from flow-sorted chromosomes and cloned into a plasmid vector were
suitable for isolating microsatellite clones. To increase the microsatellite
yield, Koblizkova et al. (1998) optimized a protocol for enriching li-
braries for microsatellite motifs, and Pozarkova et al. (2002) used it to
develop SSR markers from field bean chromosome 1. The markers were
used to assign two genetic linkage groups to the chromosome and were
also included in a set of markers used by Roman et al. (2004) to
construct a composite map of field bean. The short arm of rye chromo-
some 1 (1RS) carries important genes (McIntosh et al., 1988; Wricke and
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Fig. 6. Targeted development of DNA markers from a chromosome of interest. DNA
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from flow-sorted chromosomes may be cloned in a suitable vector, and randomly

selected clones are sequenced. The yield of putative marker loci can be increased by prior selection of clones harboring particular DNA sequences. Alternatively, DNA
of sorted chromosomes is shotgun-sequenced, and putative marker loci are identified in silico.
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Wehling, 1985) and is present in many cultivars of bread wheat as
1BL-1RS and 1AL-1RS wheat-rye translocations (Baum and Appels,
1991). To saturate the 1RS genetic map, Kofler et al. (2008) flow-sorted
1RS telosomes and constructed four libraries enriched for microsatellite
motifs AG, AAG, AC, and AAC. After sequencing 1290 clones, they
developed 57 1RS-specific SSR markers. The potential of next-
generation sequencing for high-throughput in silico identification of
microsatellite loci on a particular chromosome was demonstrated by Nie
et al. (2012). After sequencing DNA from the long arm of bread wheat
chromosome 7D (7DL) on an Illumina HiSeq2000 platform, they iden-
tified 16,315 candidate markers from 161,061 assembled sequence
contigs. Out of 33 randomly selected primer pairs, 26 produced PCR
amplicons of the expected size, with 18 of them showing polymorphism
in a panel of 20 cultivars of bread wheat.

3.2. Markers based on transposable element insertions

Bartos et al. (2008) showed that chromosome arm-specific BAC li-
braries facilitate targeted development of DNA markers. After
sequencing BAC ends of 1536 clones from a 1RS-specific BAC library
(Simkova et al., 2008a), they identified transposable element junctions
and developed insertion site-based polymorphism (ISBP) markers. Out
of 64 primer pairs tested, 17 (26.6%) were found specific for 1RS. Next-
generation sequencing of flow-sorted chromosomes was also useful in
the development of chromosome-specific repeat-junction markers.
Mazaheri et al. (2014) used shotgun sequences obtained from barley
(Hordeum vulgare) chromosome 1H and from the arms of the remaining
six barley chromosomes (Mayer et al., 2011) to identify a total of
9,881,561 transposable element junctions, from which they designed
400,538 repeat-junction markers across the genome, yielding 39
markers/Mb on average. More than 94% of 96 tested markers amplified
one, or in a few cases two amplicons, and about 90% of them were
genome specific. This marker platform supported the assembly of the
barley genome.

3.3. Single nucleotide polymorphism (SNP) markers

The chromosome-centric approach has also been used to develop
SNP markers. To construct genotype-specific genetic maps of chromo-
some 3B from bread wheat cultivars Arina and Forno, Shatalina et al.
(2013) sequenced by Illumina technology to 10x coverage chromosome
3B isolated from both cultivars. Relying on a synteny with the Brachy-
podium genome and on gene annotation, they identified sequences close
to coding regions and used them to develop 70 SNP-based markers. This
work increased the number of markers 4-fold compared to the previous
map of chromosome 3B based on SSR and RFLP markers. Stankova et al.
(2015) used sequences from the flow-sorted chromosome arm to
develop 11 SNP markers associated with the gene region for Russian
wheat aphid resistance on wheat chromosome arm 7DS. Introgression of
important genes from wild relatives to agricultural crops has been
hampered by linkage drag and difficulties eliminating unwanted chro-
matin transferred simultaneously with the genes (Rey et al., 2015). To
develop markers to monitor introgressions from the short arm of chro-
mosome 5M? (5M8S) of Aegilops geniculata to bread wheat, Tiwari et al.
(2014) sequenced by Illumina technology DNA from the 5MSS arm,
which they flow-sorted from a bread wheat-Ae. geniculata disomic
chromosome substitution line. This led to the discovery of 2178 unique
5MBS-specific SNPs and the identification of a single SNP tagging
chromosome T5DL-5DS-5M®S, with the smallest introgression carrying
leaf rust Lr57 and stripe rust Yr40 resistance genes. Nsabiyera et al.
(2020) sequenced wheat chromosome 4B, which they flow-sorted from
two parental lines of a recombinant inbred line population used to map
the leaf rust resistance gene Lr49. They used the sequences from the
flow-sorted 4B chromosomes and high-density SNP genotyping to fine-
map the Lr49 locus as a starting point to develop a diagnostic marker
for use in breeding and to clone the resistance gene.

Biotechnology Advances 46 (2021) 107659
3.4. Intron length polymorphism markers

Haynaldia villosa is another important source of genes for improving
bread wheat, and its chromosome 4 V carries a wheat yellow mosaic and
a take-all resistance gene. Wang et al. (2017) flow-sorted the short arm
of 4V from a ditelosomic addition wheat-H. villosa line, assembled 4VS
reads obtained by Illumina sequencing, and compared the assembly to
the available assemblies of bread wheat and Ae. tauschii homoeologous
chromosome arms. This allowed for the identification of exon-exon
junctions and the localization of introns on the 4VS arm. A total of
359 intron length polymorphism markers were designed, 232 (64.62%)
of which were specific for 4VS chromatin and suitable for tracing it in
the background of bread wheat.

3.5. Diversity arrays technology (DArT) markers

Unlike the majority of DNA markers, the development of DArT
markers (Jaccoud et al., 2001) did not require prior knowledge of DNA
sequences. Wenzl et al. (2010) demonstrated that a chromosome-
enriched DArT array can be developed directly from only a few nano-
grams of chromosomal DNA. Of 711 polymorphic markers derived from
bread wheat chromosome 3B, 553 (78%) mapped to the chromosome,
and even higher efficiency (87%) was observed for the short arm of
bread wheat chromosome 1B (1BS). Linkage analyses showed that 553
of the 711 polymorphic 3B-derived markers (78%) mapped to chro-
mosome 3B, and 59 of the 68 polymorphic 1BS-derived markers (87%)
mapped to chromosome 1BS, confirming the efficiency of the
chromosome-centric approach.

4. Physical mapping
4.1. Anchoring of genes and transgenes to chromosomes with PCR

Early work by Macas et al. (1993) demonstrated the potential of
chromosome sorting for physical gene mapping, including the mapping
of genes that cannot be mapped genetically because of a lack of allelic
variants. Using chromosomes sorted from field bean (Lucretti et al.,
1993), Macas et al. (1993) localized seed storage and non-storage pro-
tein genes to particular chromosomes using PCR with gene-specific
primers. Lysak et al. (1999) confirmed the suitability of this approach
for physically mapping genetic markers in barley and showed that PCR
with translocation chromosomes flow-sorted from cytogenetic stocks
permitted physical mapping at the subchromosomal level (Fig. 7A).
Until a study by Neumann et al. (2002), the assignment of genetic
linkage groups IV and VII of pea (Pisum sativum) to particular chromo-
somes was ambiguous. These authors flow-sorted chromosomes from
translocation line JI148 and used them as templates for PCR to localize
genetic markers selected from the two linkage groups. By assigning the
linkage groups IV and VII to chromosomes 4 and 7, respectively, this
work completed the assignment of all genetic linkage groups to indi-
vidual chromosomes in pea. Using PCR with DNA amplified from single
chromosomes that were flow-sorted from three transgenic lines of bread
wheat as a template, Capal et al. (2016) confirmed chromosomes car-
rying a transgene.

4.2. Physical mapping of conserved orthologous set (COS) markers with
PCR

To investigate the structure and evolution of the C genome of Aegi-
lops, an important source of genes for improving bread wheat, Molnar
et al. (2015) flow-sorted chromosomes from Ae. markgrafii
(2n=2x=14; CC) and its allotetraploid hybrids Ae. triuncialis
(2n = 4x = 28; U'U'C'CY) and Ae. cylindrica (2n = 4x = 28; DDCCCCE).
DNA of sorted chromosomes was used for PCR with COS markers
covering all seven wheat homoeologous chromosome groups. Various
degrees of homology were observed between bread wheat and C-
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Fig. 7. The use of flow-sorted chromosomes for physical mapping of DNA sequences using PCR and microscopy. (A) Mapping two DNA markers (1 and 2) from

chromosome 3 to subchromosomal regions using PCR is facilitated by reciprocal

translocation between chromosomes 3 and 7. This separates two regions of

chromosome 3 on translocation chromosomes 37 and 7°. PCR with DNA of the sorted translocation chromosomes as templates assigns each of the two markers to a
different region of chromosome 3. (B) Large numbers of chromosomes are flow-sorted onto a microscope slide and used as template for fluorescence in situ hy-
bridization (FISH). Many chromosomes concentrated on a small spot facilitate microscopic evaluation. As the preparation is free of cell walls and cytoplasmic
remnants, and the chromosome can be longitudinally extended, FISH mapping can be done without nonspecific background signals and at a higher spatial resolution.

genome chromosomes, with chromosome 7C being the most rearranged
relative to bread wheat. In similar work, Molnar et al. (2016) flow-sorted
chromosomes from Ae. umbellulata (2n = 2x = 14; UU), Ae. markgrafii
(2n =2x =14; CC), Ae. speltoides (2n =2x =14; SS), and Ae. comosa
(2n=2x=14; MM). Mapping of COS markers revealed significant
rearrangements in the U and C genomes, whereas the M and S genomes
exhibited a structure similar to bread wheat. The results of both studies
support alien introgression breeding of bread wheat.

4.3. Mapping of marker sequences on DNA arrays

A protocol for representative amplification of chromosomal DNA
(Simkova et al., 2008b) provided an opportunity for high-throughput
physical mapping on DNA arrays. Using DNA amplified from flow-
sorted chromosomes and chromosome arms of barley and oligonucleo-
tide arrays BOPA1 and BOPA2, Munoz-Amatriain et al. (2011) localized
2930 genes and improved marker order and the resolution of the barley
consensus genetic map by almost 20%. The results confirmed the posi-
tion of 2545 SNP-mapped loci and added chromosome or chromosome
arm allocations to an additional 370 SNP loci. The availability of DNA
from the arms of chromosomes 2H-7H enabled the delineation of peri-
centromeric regions for these chromosomes. Using flow-sorted chro-
mosomes was a more robust approach to allocating SNP loci than using
DNA isolated from disomic bread wheat-barley chromosome addition
lines.

4.4. Cytogenetic mapping

Lucretti et al. (1993) showed that chromosomes sorted onto a mi-
croscope slide could be used as a template for localizing DNA sequences
using fluorescence in situ hybridization (FISH). This observation stimu-
lated the use of FISH to identify flow-sorted chromosomes based on
chromosome-specific fluorescent labeling patterns of various types of
repeats (Kubalakova et al., 2003, 2005; Molnar et al., 2016). Performing
FISH on hundreds of chromosomes in a small area of a slide has an
advantage over performing traditional FISH on preparations made
following the traditional methods (Fig. 7B). Thus, after localizing GAA

microsatellites on flow-sorted chromosomes by FISH, Kubalakova et al.
(2002) not only described polymorphisms in banding pattern among the
cultivars of bread wheat but also revealed unexpected intravarietal
variation in the GAA banding pattern. Performing FISH on a large
number of B chromosomes flow-sorted from a line of rye, Kubalakova
et al. (2003) identified and characterized rare A-B translocations.

As thousands of chromosomes can be sorted in a short time, are free
of cell walls and cytoplasmic remnants, and are longitudinally extended,
FISH mapping is done without nonspecific background signals and at a
higher spatial resolution. Using this approach, Janda et al. (2006)
localized low-copy subclones shorter than 2 kb developed from a wheat
1BS-specific BAC library on flow-sorted 1BS arms. Capal et al. (2016)
used FISH with flow-sorted chromosomes to determine the chromo-
somal location of a barley sucrose transporter construct in three trans-
genic lines of bread wheat.

With the aim of increasing the spatial resolution of FISH, Valarik
et al. (2004) developed a protocol for the longitudinal extension of
chromosomes sorted onto a microscope slide more than 100 times the
size of the original mitotic metaphase. The maximum observed sensi-
tivity was 1kb, and the spatial resolution of neighboring loci was
improved from 5 to 10 Mb to 70 kb with mitotic metaphase spreads. An
alternative protocol for hyperexpansion of flow-sorted chromosomes
produced chromosomes more than 7-fold longer (Endo et al., 2014).

4.5. Clone-based physical mapping

Clone-by-clone sequencing was the method of choice for genome
sequencing before the advent of next-generation sequencing technolo-
gies (International Rice Genome Sequencing Project and Sasaki, 2005;
Schnable et al., 2009; The Arabidopsis Genome Initiative, 2000). This
approach required physical contig maps developed by ordering large-
insert DNA clones. The original plan to sequence the huge genome of
hexaploid bread wheat envisaged constructing BAC-based physical maps
for each of its 21 chromosomes and sequencing clones from minimum
tiling paths. Paux et al. (2008) demonstrated the feasibility of devel-
oping such maps by constructing a physical map of the largest bread
wheat chromosome, 3B. They fingerprinted a 3B BAC library created by
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Safaf et al. (2004) with a High Information Content Fingerprinting
SNaPshot protocol (Luo et al., 2003) and assembled 82% of the chro-
mosome into 1036 contigs, which were anchored with 1443 genetic
markers. The map also opened up avenues for the targeted development
of molecular markers and map-based gene cloning. A similar approach
was used to develop physical maps for chromosome arms of other bread
wheat chromosomes (Akpinar et al., 2015b; Barabaschi et al., 2015;
Belova et al., 2014; Breen et al., 2013; Feng et al., 2020; Holusov4 et al.,
2017; Keeble-Gagnere et al., 2018; Lucas et al., 2013; Philippe et al.,
2013; Raats et al., 2013; Salina et al., 2018; Tulpova et al., 2019a).

BAC-based physical maps from bread wheat chromosomes were also
developed with whole genome profiling (WGP) technology (Van Oeve-
ren et al.,, 2011). One of the advantages of WGP was the production of
sequence tags, which allowed for in silico anchoring of almost 80% of the
map against genetic markers with known sequences (Poursarebani et al.,
2014). Thus, Poursarebani et al. (2014) constructed physical maps of
both arms of bread wheat chromosome 6A, and subsequently physical
maps were constructed after WGP of both arms of chromosome 6B
(Kobayashi et al., 2015); chromosomes 2B, 2D, and 4B; and chromosome
arms 5BL and 5DL (International Wheat Genome Sequencing Con-
sortium, 2018).

5. Clone-by-clone chromosome sequencing

The availability of a clone-based physical map of bread wheat
chromosome 3B (Paux et al., 2008) allowed Choulet et al. (2014) to
produce a reference sequence of the first and largest chromosome of the
species. They used a hybrid sequencing and BAC pooling strategy to
sequence by Roche 454 technology 8452 BAC clones from the minimum
tiling path. They then built a chromosome 3B pseudomolecule repre-
senting 774.4 Mb (93% of the complete sequence) by ordering 1358
scaffolds along the chromosome. Keeble-Gagnere et al. (2018) produced
the assembly of wheat chromosome 7A after sequencing pools of 20 or
more BAC clones from minimum tiling paths of both chromosome arms
using Illumina paired-end technology. Tulpova et al. (2019a) used
Mlumina technology to complete paired-end sequencing of 4608 BAC
clones from the minimum tiling path of bread wheat chromosome arm
7DS using a pooling strategy, in which each pool consisted of four non-
overlapping clones. The assembly comprised 9063 scaffolds with an
average size of 63 kb. BAC clones from chromosome (arm) BAC libraries
were used for many other chromosomes, chromosome arms, or partic-
ular genome loci (Feng et al.,, 2020; International Wheat Genome
Sequencing Consortium, 2018; Lu et al., 2018; Nesterov et al., 2016;
Sergeeva et al., 2017; Shorinola et al., 2017). Researchers obtained the
bread wheat reference genome RefSeq v1.0 (International Wheat
Genome Sequencing Consortium, 2018) by combining available BAC
assemblies with a whole genome short-read (Illumina) assembly. The
sequences were ordered with information from the BAC-based physical
maps; chromatin-conformation-capture-based technique Hi-C; and ge-
netic, optical, and radiation-hybrid maps.

6. Shotgun chromosome sequencing

The advent of de novo genome assemblers suitable for short sequence
reads from next-generation sequencing technologies made chromosome-
based sequencing more accessible and attractive by avoiding the labo-
rious construction of BAC libraries. High molecular weight DNA was not
needed for the short-read technologies, and thus microgram amounts of
DNA could be obtained after multiple displacement amplification
(Simkova et al., 2008b). The few tens of thousands of chromosomes
needed as a template, equal to tens of nanograms of DNA, could be
isolated within 1h of flow sorting. Amplified chromosomal DNA was
found suitable for a range of downstream applications, including short-
read next-generation sequencing (Mayer et al., 2009) and physical
mapping on DNA arrays (Munoz-Amatriain et al., 2011). Further prog-
ress in the preparation of Illumina sequencing libraries and release of
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protocols requiring nanogram amounts of DNA, or less, made it possible
to skip the chromosome amplification step, resulting in better assem-
blies compared to those from amplified DNA (Dracatos et al., 2019).
Difficulties discriminating and sorting a particular chromosome may
compromise the potential of chromosome genomics in some species or
their accessions. To overcome this bottleneck, Capal et al. (2015)
developed a protocol for amplifying DNA from single copies of chro-
mosomes. In a pilot experiment, 1.4 pg amplified DNA was obtained on
average from three single chromosomes of bread wheat chromosome 3B,
with fragment sizes ranging from 300 bp to more than 20 kb; the ma-
jority of fragments were around 10 kb. Sequencing DNA pools from the
three amplifications resulted in coverage of 60% of the 3B reference
sequence and entire coverage of 30% of the genes on the chromosome,
with only 16% of genes not mapped. This advance expanded the po-
tential of chromosome genomics as it may be applied to any plant spe-
cies from which chromosome samples suitable for flow cytometric
sorting can be prepared. It also opened up new avenues for studies on
chromosome structural heterozygosity and haplotype phasing in plants
similar to those done in humans (Chen et al., 2017; Yang et al., 2011).

6.1. Draft sequences from particular chromosomes in agricultural crops

Mayer et al. (2009) were the first to demonstrate that low-pass
(~1.3x coverage) next-generation sequencing (Roche 454 technology)
of amplified chromosomal DNA is sufficient to characterize DNA repeats
and identify genic sequences on a chromosome. By comparing barley
chromosome 1H sequences with the genomes of rice (Oryza sativa) and
Sorghum and with expressed sequence tags of barley and bread wheat,
the authors identified more than 5000 genic sequences on the chromo-
some. Based on synteny-based analyses they constructed a virtual gene
order map of barley chromosome 1H.

The ability to sequence DNA from a particular chromosome free of
DNA from other chromosomes made it possible to study the molecular
organization and evolution of rye B chromosomes, which remained a
mystery until the work of Martis et al. (2012). This team sequenced by
Roche 454 technology DNA amplified from flow-sorted B chromosomes
to 0.9x coverage to characterize the molecular composition of these
chromosomes and identify almost 5000 gene-derived sequences. This
work traced the origin of rye B chromosome to fragments of A chro-
mosomes and dated its origin ~1.1-1.3 Mya, close to the origin of the
genus Secale ~ 1.7 Mya.

Because of its relative ease, chromosome shotgun sequencing was
used extensively in species with large genomes for which whole genome
assemblies were either not yet available or not available from a partic-
ular genotype. This cost-effective approach provided chromosome-
specific and, in the case of polyploids, homoeologue-specific informa-
tion. Thus, Wicker et al. (2011) sequenced the arms of bread wheat
chromosome 1 group by Roche 454 technology, identified genic se-
quences, and analyzed their conservation between barley and bread
wheat and between the subgenomes of bread wheat. Vitulo et al. (2011)
sequenced bread wheat chromosome 5A by Roche 454 technology to
identify transposable elements, genes, and miRNAs and inferred a vir-
tual gene order. Chromosome 4A of bread wheat has a unique structure
because of evolutionary changes (Devos et al., 1995). After sequencing
flow-sorted arms of 4A by Roche 454 technology, Hernandez et al.
(2012) constructed an ordered chromosome gene map and used it to
localize translocation and inversion breakpoints that differentiate the
chromosome from a putative ancestor of the tribe Triticeae.

The sequencing of flow-sorted chromosomes was instrumental in
numerous other studies for unraveling molecular organization and
evolution, characterizing repeat content, identifying miRNA and tRNA
genes, and localizing genes underlying agronomically important traits
for breeding programs (Akhunov et al., 2013; Akpinar et al., 2015c;
Belova et al., 2013; Berkman et al., 2012, 2011; Garbus et al., 2015;
Helguera et al., 2015; Kantar et al., 2012; Liu et al., 2016; Lucas et al.,
2014; Sergeeva et al., 2014; Tanaka et al., 2013; Thind et al., 2018).
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6.2. Draft chromosome sequences of crop wild relatives

Flow sorting was used extensively to sequence particular chromo-
somes from crop wild relatives. Akpinar et al. (2015a) sequenced by
Roche 454 technology DNA amplified from chromosome 5D of Ae.
tauschii, the D genome donor of bread wheat. Among other things, the
authors characterized the DNA repeat content of the chromosome,
predicted 6188 gene loci, and assessed the conservation of gene order
between wheat and Ae. tauschii. A more distant relative of bread wheat,
Ae. geniculata belongs to its tertiary gene pool and is an attractive source
of important genes. To facilitate its use in introgression breeding, Tiwari
et al. (2015) sequenced by Illumina technology chromosome 5Mg pu-
rified from a bread wheat-Ae. geniculata disomic chromosome substitu-
tion line, constructed the chromosome virtual gene order, and used the
data to develop SNP markers specific for chromosome 5 Mg. H. villosa is
another member of the tertiary gene pool of bread wheat and a source of
disease resistance genes. Xiao et al. (2017) flow-sorted and sequenced by
[lumina technology the short arm of its chromosome 4 V (4VS) to pro-
vide an insight into its organization and facilitate the discovery of
candidate genes. Apart from characterizing DNA repeats and precursors
of miRNAs, and assessing synteny between genomes of homoeologous
chromosome group 4 of Triticeae and other grasses, this work resulted in
the identification of 1977 gene loci and a virtual gene order map
comprising 735 gene loci on the 4VS arm.

6.3. Chromosome-based draft genome assemblies

Mayer et al. (2011) extended the chromosome-based approach to
obtain a draft sequence of the whole barley genome and improved it by
incorporating full-length cDNA and DNA hybridization microarray data.
The assembly of more than 21,000 genes in a putative linear order
(“genome zipper”) enabled the analysis of structural conservation be-
tween model grass genomes of Brachypodium, rice and Sorghum, and
barley and bread wheat. As only chromosome 1H could be discriminated
from other barley chromosomes, chromosome arms 2HS to 7HL were
flow-sorted from bread wheat-barley telosome addition lines. This
turned out to be advantageous, as it made it possible to identify
centromere positions and genes located in these regions. A similar
approach based on sequencing amplified chromosomal DNA by Roche
454 technology was used by Martis et al. (2013) to produce a draft
genome sequence of the ~8 Gb genome of rye. Whereas chromosome 1R
could be flow-sorted directly from a rye accession, chromosomes 2R-7R
were sorted from wheat-rye disomic chromosome addition lines. The
work delivered a virtual linear gene order model comprising 22,426
genes representing 72% of the identified 31,008 genes. Among other
things, the study recognized six major translocations that shaped the
genome of modern rye compared to the genome of a putative ancestor of
the tribe Triticeae.

Probably the best demonstration of the power of the chromosome-
centric approach to sequencing complex genomes has been the devel-
opment of an ordered and structured draft sequence of the ~17 Gb
genome of hexaploid bread wheat by International Wheat Genome
Sequencing Consortium (2014). To overcome difficulties discriminating
individual chromosomes, they flow-sorted chromosome arms from
telosomic lines of bread wheat. Unlike in the sequencing of chromo-
somes in barley and rye, amplified chromosomal DNA was sequenced by
[lumina technology to a depth of 30x to 241 x. A total of 124,201 gene
loci were annotated and more than 75,000 genes were positioned along
chromosomes after high-density wheat SNP mapping and based on
synteny to sequenced grass genomes. Apart from delivering a draft
genome for the important crop, the authors anchored more than 3.6
million marker loci to chromosome sequences, uncovered the molecular
organization of the three homologous genomes, and described patterns
in gene expression across the three genomes. The study also provided
new insights into the phylogeny of hexaploid bread wheat.
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7. Validation and improvement of whole genome assemblies

Despite the progress being made in whole genome sequencing
technologies and sequence assembly algorithms, genome assemblies
may be compromised by misplaced or chimeric contigs and scaffolds. To
assess and validate the assembled pseudomolecules from the genome
assemblies of kabuli and desi varieties of chickpea (Cicer arietinum),
Ruperao et al. (2014) flow-sorted individual chromosomes from both
varieties and sequenced amplified chromosomal DNA by Illumina
technology. Mapping of the chromosome sequence reads to the available
genome assemblies (Jain et al., 2013; Varshney et al., 2013) revealed
short misassembled regions in the kabuli genome assembly and large-
scale misassemblies in the desi genome assembly. The identification of
the misplaced regions provided an opportunity to relocate these
genomic regions to their correct pseudomolecules and produce
improved genome assemblies.

The production of the reference genome of pea by Kreplak et al.
(2019) was supported by the availability of chromosome-derived se-
quences. Because of difficulties discriminating pea chromosomes, the
authors sequenced DNA amplified from single copies of particular
chromosomes. Mapping chromosome-specific reads to the genome as-
sembly identified scaffolds that contained contigs from different chro-
mosomes and allowed them to be split into smaller scaffolds. In the same
work, Kreplak et al. (2019) identified chromosome translocations
discriminating cultivated P. sativum from its wild relatives P. fulvum,
P. sativum elatius, and P. sativum southern humile. They did this by
sequencing DNA amplified from single flow-sorted chromosomes from
the three wild species and comparing the sequences to the genome as-
sembly of P. sativum (Fig. 8).

7.1. Optical mapping

The assembly of complex genome regions is facilitated by optical
mapping technology (Schwartz et al., 1993; Lam et al., 2012), which
produces maps of short sequence motifs (restriction sites) from single
long DNA molecules. Using the short arm of bread wheat chromosome
7D (7DS), Stankova et al. (2016) demonstrated the feasibility of
generating optical maps from DNA of flow-sorted chromosomes (Fig. 9).
The 7DS map comprised 371 contigs with an N50 of 1.3 Mb. The power
of optical mapping was confirmed in this study with the identification of
an array of tandem repeats about 800 kb long that could not be assem-
bled by any other available sequencing technology. Tulpova et al.
(2019a) used the 7DS optical map to validate and anchor a BAC-based
physical map of the 7DS arm. Keeble-Gagnere et al. (2018) developed
optical maps from flow-sorted arms of bread wheat chromosome 7A and
combined them with sequence scaffolds of BAC clones to obtain 18
super-scaffolds across the chromosome. Optical maps constructed from
the bread wheat chromosomes 7A, 7B, and 7D were also used to support
the production of the reference genome of bread wheat (International
Wheat Genome Sequencing Consortium, 2018).

8. Gene cloning

Chromosome genomics facilitates the cloning of genes from species
and/or genotypes for which whole genome reference assemblies are not
available (Bettgenhaeuser and Krattinger, 2019; Zhang et al., 2020). To
discover molecular mechanism controlling the dominant, environmen-
tally dependent chlorosis phenotype in wheat, Harrington et al. (2019)
screened the TILLING population of the sequenced T. turgidum cv. Kro-
nos and identified a single region on chromosome 3A: Yellow Early
Senescence 1 (YES-1). Additional SNP markers for fine-mapping were
identified after the sequencing of flow-sorted chromosome 3A. By
mapping the reads against both the bread wheat reference genome and
cv. Kronos assembly, the authors identified SNPs in non-coding regions
within the YES-1 region, which enabled fine-mapping of the YES-1 locus
to 4.3 Mb with 59 genes. To identify introgressed alien chromatin and
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Fig. 8. Identification of chromosome translocation discriminating cultivated Pisum sativum from its wild relative, P. fulvum. DNA amplified from single flow-sorted
P. fulvum chromosomes was sequenced and the reads were mapped to P. sativum pseudomolecules. Reads from a P. fulvum chromosome corresponding to P. sativum
chromosome 3 were mapped on P. sativum pseudomolecules of chromosomes 3 and 5. This indicated a translocation between chromosomes 3 and 5 in P. fulvum as
compared to P. sativum. The translocation was confirmed by the lack of mapping reads from P. fulvum chromosome corresponding to P. sativum chromosome 5 from

~465 Mb to its end (Kreplak et al., 2019, modified).

support cloning of introgressed genes, Abrouk et al. (2017) developed an
in silico method called rearrangement identification and characteriza-
tion (RICh). To characterize a chromosome segment transferred from
T. militinae to the long arm of chromosome 4A (4AL) of bread wheat cv.
Tahti, the team developed a virtual gene order of cv. Tahti chromosome
4A. A sequence comparison of the wild-type 4AL arm and 4AL arm with
the introgression, which carried powdery mildew resistance gene QPm-
tut-4A, identified alien chromatin with 169 putative genes originating
from T. militinae. A similar approach was used by Bansal et al. (2020) to
fine-map leaf rust and stripe rust resistance genes Lr76 and Yr70 intro-
duced from Ae. umbellulata to bread wheat. These authors sequenced
flow-sorted chromosomes 5 U of Ae. umbellulata, 5D from a bread wheat-
Ae. umbellulata introgression line, and 5D from the recurrent parent.
Using the sequences thus obtained, newly developed markers, and
comparisons to the bread wheat reference genome (International Wheat
Genome Sequencing Consortium, 2018), the authors delineated the
introgression to a 9.47 Mb region, in which they identified candidates
for Lr76 and Yr70 genes.

To clone Russian wheat aphid resistance gene Dn2401, mapped to
the short arm of chromosome 7D of a resistant line CI2401 of bread
wheat, Tulpova et al. (2019b) used several resources developed from
flow-sorted chromosomes. These included shotgun sequences from short

10

arms of homoeologous group 7 chromosomes of bread wheat cv. Chinese
Spring, sequences of five BAC clones from a 7DS-specific library that
spanned the Dn2401 interval in Chinese Spring, and optical maps of 7DS
arms from cv. Chinese Spring and from the CI2401 line. The complete
sequence of the Dn2401 region in cv. Chinese Spring together with op-
tical maps of the susceptible and resistant lines facilitated the identifi-
cation of six high-confidence genes, with Epoxide hydrolase 2 being the
most likely Dn2401 candidate.

Thind et al. (2017) successfully cloned wheat leaf rust resistance
gene Lr22a after producing a high-quality de novo assembly of chro-
mosome 2D from resistant line CH Campala Lr22a. DNA of the flow-
sorted chromosome was sequenced, and the resulting sequences were
scaffolded with Chicago long-range linkage (Putnam et al., 2016). The
assembly comprised 10,344 scaffolds with an N50 of 9.76 Mb, and the
longest scaffold was 36.4 Mb. The development of additional markers
reduced the Lr22a region to 438 kb and facilitated the identification of
the Lr22a gene. The authors called this approach “targeted chromosome-
based cloning via long-range assembly” (TACCA). The TACCA strategy
was then used by Xing et al. (2018) to clone powdery mildew resistance
gene Pm21, which was introduced to bread wheat from H. villosa chro-
mosome 6 V. After identifying the candidate gene NLR1-V at the Pm21
locus using multiple experimental methods, the authors flow-sorted,
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targeted analyses in complex/polyploid genomes.

sequenced, assembled, and scaffolded translocation chromosome
6 VS-6AL via Chicago long-range linkage. This provided the physical
structure of the Pm21 locus and revealed mutations in NLR1-V ortho-
logues in the subgenomes of bread wheat.

A gene cloning strategy that does not require high-resolution genetic
mapping and does not exclude any DNA sequence from being targeted
was developed by Sanchez-Martin et al. (2016). Mutant chromosome
sequencing (MutChromSeq) involves comparing sequences from wild-
type parental chromosome to chromosomes from several indepen-
dently derived mutants to identify causative mutations in a candidate
gene (Fig. 10). The authors demonstrated the benefits of this approach
by re-cloning barley Eceriferum-q gene and de novo cloning wheat
powdery mildew resistance gene Pm2. Ford et al. (2018) used

MutChromSeq to identify a semi-dwarfism gene in bread wheat.
Sequencing chromosome 6A from mutants of semi-dwarf T. turgidum cv.
Icaro with a range of tall phenotypes revealed independent mutations in
the coding region of GA20xA9 predicted to encode gibberellin 2-oxidase.
The lower plant height was the result of increased expression of
GA20xA9, which led to a lower content of bioactive gibberellin. Mut-
ChromSeq was also used to clone the first leaf rust resistance gene Rphl
from barley (Dracatos et al., 2019). Flow-sorted chromosome 2H from
wild-type barley cv. Sudan and six mutants were sequenced and
compared to identify a single gene candidate encoding a coiled-coil
nucleotide binding site leucine-rich repeat (NLR) receptor protein.
Recently, Hiebert et al. (2020) used MutChromSeq to isolate the SuSr-D1
gene that suppresses resistance to stem rust in bread wheat by
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Fig. 10. The MutChromSeq approach towards gene cloning is suitable for any gene with a strong phenotype (Sanchez-Martin et al., 2016). The method compares
sequences of a gene-bearing chromosome isolated from a wild type and several independently derived mutants, respectively, to identify causative mutations in a
candidate gene. Its application does not require a prior assumption about the gene product and the only information needed is the chromosome location of the gene.
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comparing sequences from chromosome 7D of a susceptible cv. Can-
thatch to those from resistant lines and mutants. The gene encodes the
Med15b.D subunit of a mediator complex that functions as transcrip-
tional coactivator, and its nonsense mutations result in the expression of
stem rust resistance. To support attempts to improve the lysine content
of barley for animal feed, Orman-Ligeza et al. (2020) used Mut-
ChromSeq to identify a gene underlying this trait. Comparison of se-
quences from chromosome 5H isolated from wild-type lines and from
high-lysine mutants identified the LYS3 gene, which encodes PBF tran-
scription factor.

The results obtained with MutChromSeq show the superiority of the
approach for gene cloning, provided the gene or a regulatory sequence
has a strong phenotype and independent mutants either are available or
can be developed. If these conditions are met, the whole project can be
completed in less than 4 months (Sanchez-Martin et al., 2016) and at
very reasonable cost. However, the TACCA approach, which relies on
the production of a reference-quality de novo assembly of a chromosome,
provides a straightforward alternative to map-based gene cloning. Its
main advantage over a whole genome approach is in reducing
complexity by targeting a particular chromosome or even chromosome
arm. As it separates homoeologous sequences, it is particularly useful in
polyploids such as hexaploid bread wheat.

9. Conclusions and perspectives

Since the first successful experiment on chromosome isolation by
flow cytometric sorting, applications of chromosomal DNA samples
have kept pace with progress in molecular biology and genomics.
Thanks to this, chromosome genomics has been having a significant
impact in many areas of research, including the sequencing of complex
genomes of important crops and gene cloning. This has been achieved
now that researchers have overcome two major bottlenecks of the
technology: the ability to discriminate and sort individual chromosomes
and the ability to deliver sufficient amounts of intact DNA. The former
was overcome by sorting chromosomes from cytogenetic stocks with
altered chromosome sizes (Dolezel and Lucretti, 1995), by fluorescent-
labeling some DNA repeats (Giorgi et al., 2013), and by sorting single
chromosome copies (Capal et al., 2015). The latter has been resolved by
the development of protocols for representative amplification of chro-
mosomal DNA (Simkova et al., 2008b) and preparing DNA sequencing
libraries from small amounts of DNA.

A future challenge is to develop a procedure for fluorescent-labeling
particular DNA sequences on chromosomes in suspensions prior to flow
cytometry. Here CRISPR/Cas9-based methods (Ishii et al., 2019) hold
great promise. Another challenge is to reduce the amount of DNA
needed to produce reference-quality de novo assemblies. Here the use of
long-read sequencing technologies such as those of Pacific Biosciences
and Oxford Nanopore Technologies will be vital. For example, the
release by Pacific Biosciences of a low-input protocol, which requires as
little as 150 ng input DNA to produce a highly contiguous assembly for a
genome up to 300 Mb (Kingan et al., 2019), offers a great opportunity.
The possibility of coupling chromosome flow sorting with Oxford
Nanopore sequencing was demonstrated recently by Yano et al. (2020).
Finally, although single chromosome sequencing can be done after
manual collection of single chromosome fractions, this approach is
cumbersome and low-throughput. Coupling chromosome sorting with
droplet-based microfluidic technology similar to that used by Nishikawa
et al. (2015) would provide an opportunity to prepare multiplexed DNA
sequencing libraries from thousands of single chromosomes for next-
generation sequencing.

Currently the major applications of chromosome genomics involve
gene cloning and related applications, such as the development of DNA
markers from genome regions of interest. Chromosome-based ap-
proaches continue to be useful for sequencing particular chromosomes
from species for which whole genome assemblies are not yet available,
such as crop wild relatives. Because flow cytometric sorting purifies
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mitotic metaphase chromosomes, it has great potential for studies of
their molecular organization and the three-dimensional arrangement of
chromatin fibers in particular (Beseda et al., 2020). Various research
projects to date have analyzed chromosomal DNA, while the identifi-
cation of RNA in mitotic metaphase chromosomes remains unexplored.
Finally, given that flow-sorted nuclei are suitable for proteomics (Pet-
rovskd et al., 2014), it may be expected that proteomic analysis of flow-
sorted chromosomes will contribute to the characterization of proteins
contributing to the structure and function of the condensed chromo-
somes in the metaphase.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.biotechadv.2020.107659.
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Introduction

of Festuca contains more than 500 species.

species.

» Monoploid genome size ranges between 1.58 - 4.03 pg.

» Loliinae subtribe is one of the largest of the Poeae tribe. Broad genus
» Festuca and Lolium genera represent closely related complex of

» The evolution of grasses was accompanied by frequent and repeated
genome size gain and loss. About 70% of species are polyploid.

Aims of the study

» Complementing the information about the repetitive part of
selected fescue and ryegrass species.

» Identify and quantify groups of repeats, assessing their
diversity using Repeat Explorer pipeline.

» Studying their contribution to nuclear genome sizes.

> Analysis of centromeric regions.

> Generating bioinformatic resources and cytogenetic markers.

In silico repeat analysis

» Clustering was done on 250 bp long reads, representing
~0.1 % of monoploid genomes.

» Clusters representing at least 0.01% of analyzed data
were used for further characterization.

» blastn and blastx program and phylogenetic analysis of
coding domains were used to characterize sequences

oo P T Leo M
within individual clusters. <= = |
> All putative tandem organized repeats were identified by £ 30 =
=1
Dotter. S 0 -
o
1 g %
o
2
: s g2
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» SeqGrapheR enables to visualize distribution of reads
along the graph
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Results

Genome proportion of different types
of repeats in nuclear genomes of
analyzed accessions

FMA LM2 LMM LP2 LPN

Tyl/Copia retroelements
B Ty3/Gypsy retroelements
M Unclassified LTR elements
W Unclassified repeats

FMA: F. mairei (2n=4x)
LM2: L. multifiorum (2n=2x)
LMM: L. multifiorum (2n=4x)
LP2: L.perenne (2n=2x)
LPN: L. perenne (2n=4x)

Centromere specific repeats

Conclusion

v We provide detailed insights into the genome composition and its
variation in fescues and ryegrasses.

v Within the fescues, F. mairei and F. glaucescens showed the lowest
similarity of DNA repeats as compared to other species of Festuca

v Ty3/Gypsy elements were the most frequent repetitive elements.

v Relatively high number of different tandem repeats was identified in
nuclear genomes of all species. None of them is centromere
specific.

v Centromeric region of all analyzed species contains specific
Ty3/Gypsy element closely related to Cereba element identified in
Hordeum vulgare.

v Co-localization of CEN-H3 protein and centromeric Ty3/Gypsy
element indicates role of this LTR elements for proper function of the
centromeres.

v Databases of repeats were created and are well suited for
annotation of genome assemblies.
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» Fescue and ryegrass centromers contain LTR element from Ty3/Gypsy
Chromoviridae family which co-localize with CEN-H3 protein
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regions of fescues and ryegrasses do not contain typical

CL5 - LTR probe

Imuno-FISH on mitotic chromosomes
of L. multiflorum.
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Graph examples - comparative
analysis
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Experimental verification by Southern hybridization

> Species-specific variants of selected repetitive elements between
broad-leaved fescues identified using detailed analysis of individual
clusters in SeqGrapheR program were used to design probes for
Southern hybridization.
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v/ Results of Southern hybridization confirmed in silico data.

This work has been supported by the National Program of Sustainability | (grant award LO1204). The computing was supported by the National Grid Infrastructure MetaCentrum (grant No. LM2010005 under the program Projects of

Large Infrastructure for Research, Development, and Innovations).
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COMPARATIVE
EIGHT REPRE!

IVED

Infroduction

®Broad genus of Fesfuca contains more than 500 species.

*Distributed in holarctic region and in temperate zones of Southern
hemisphere.

® Festuca is a complex genus divided into several sub-genera and
sections.

®The evolution of grasses was accompanied by frequent and repeated
genome size gain and loss.

®Monoploid genome size range from 1.58 - 4.03 pg.
®Hybridization and polyploidy play important role in their evolution.
® About 70% of species are polyploid.

Objectives of the study

®Complementing the information about the repetitive part of seven
fescue and ryegrass species (F. arundinaceae, F. gigantea, F.
glaucescens, F. mairei, two cultivars of F. pratensis, and L. perenne and
L. multiflorum).

®ldentifying and quantifying major groups of repeats, assessing
sequence diversity of repeats between and within selected species
using graph-based clustering done by RepeatExplorer pipeline.

®Studying the contribution of repetitive DNA to nuclear genome size.

®Generating bioinformatic resources for development of markers and
for repeat identification for future genome assembly projects.

Repeat analysis — methods and results

Global repeat identification and characterization using

RepeatExplorer
X ) F. pratensis 'Fure' L. perenne 'Neptun'

=Clustering was done on 250 bp long reads, representing ~ 0.1 % of nuclear genome. | | | ... PR P “
=Clusters representing at least 0.01% of analyzed data were used for further 1) i == : !

characterization. i ‘
=plastn and blastx program was used to characterize sequences within individual ”H” I il

Clusters. (I ——— D S—
=Phylogenetic analysis of coding domains was used for detailed characterization of mi/cypsy Ty;/Gypsy

transposable elements. Athlila lineage Athlila lineage

= All putative tandem organized repeats were identified by Dotter.

Examples of graph-based clustering

Comparative analysis of repetitive DNA using RepeatExplorer

=RepEx pipeline enables to analyze infra- and inter-specific similarities as well as to
reconstruct and quantify major repeat families not only within one species but also

between several species — process called comparative analysis

= Orthologous repeat families from different species are grouped in the same cluster,
which facilitates their identification and quantification between the species. Cluster FPF FPW FAR  FGI  FGL  FMA LMM PN

= SeqGrapheR enable to visualize distribution of reads along the graph

Comparative analysis

Genome representation of repeats in individual species

Conclusions

= We provide a detailed characterization
of repeat composition of genomes
representing the group of 'broad-leaved'
Festuca.

= Ty3/Gypsy elements were the most
frequent (more than 3.5 fimes more

chromosomes (A).

= New DNA transposon from a CACTA
family was preferentially localized in
subtelomeric region and distal part
of all chromosomes (B).

= LTR elements from Chromoviridea

Cytogenetic mapping of repetitive DNA

= Most of all fransposable elements resulted in typical dispersed signals on all

(repeat type)

a':m[a) 516% 5.60% 3.62% 3.67% 057% 061% 21.46% 22.18%
cL2 o o o o 0 % o o
(Angela) 4.11% 419% 2.76% 4.44% 2.24% 1.99% 292% 3.82%
GL3 |9 19 9% o 9 9,
(Tandem) 1.64% 224% 0.70% 6.40% 0.21% 021% 5.26% 1.95%
cLa

(Chromoviridea) ~ 322% 326% 242% 196% 153% 171% 198%  286%
(ch:mmovmde,) 242% 220% 1.66% 130% 1.78% 141% 067%  0.65%

Table: Examples of five most abundant repeats (clusters) obtained after comparative
analysis. Individual species are marked by specific prefixes: F. pratensis ‘Fure' (FPF); F.
pratensis 'Westa' (FPW); F. arundinacea (FAR); F. gigantea (FGI); F. glaucescens (FGL);
F. mairei (FMA); L. multiflorum 'Mitos' (LMM) and L. perenne ‘Neptun' (LPN).

abundant than Ty1/Copia in fescues and
6 times more abundant than Ty1/Copia
in ryegrasses).

= Relatively high number of different
tandem repeats was identified in nuclear
genomes of all species.

= We provide detailed insights info the
genome composition and its variation in
fescues and ryegrasses.

= In general, high number of similarity hits
was found between the species of
Festuca and Lolium.

= Within the fescues, F. mairei and F.
glaucescens showed the lowest similarity
of DNA repeats as compared to other
species of Festuca

= Databases of repeats were created and
are well suited for annotation of genome
assemblies.

lineage of Ty3/Gypsy family was
preferentially localized to centromeric
regions of all chromosomes (C).

= Tandem organized repeats e
are one of the most popular Fure
cytogenetic markers

= They are organized in tandem
clusters on the chromosomes
and gave good visible signals [
after FISH

= Tandem repeats are often F. protensis
species-specific or ertest
chromosome-specific

. pratensis
‘Dedinovskaya’

F. pratensis
Paradus'

Figure: Localization of fpTR7 , fpTR15
and rRNA gznzs- 5S IDNA (arows)
and 455 rDNA (arrowheads) on
metaphase chromosomes.

F. pratensis
Tomosakae

» Visualization of reads distribution along
! ) the graph using SeqGrapheR

F. pratensis ‘Fure’ (2x)

. pratensis 'Westa' (4x)

F. gigantea (6x)

F. arundinacea (6x)

F. glaucescens (4x)

F. mairel (4x)

L. multfiorum 'Mitos’ (4x)

L. perenne ‘Neptun' (4)

Grey dofts represent all sequence reads used for construction of graph
(all species), pink dots represent reads specific to different fescue species
and yellow dost represent reads specific to Lolium species.

This work has been supported by the National Program of Sustainability | (grant award LO1204). We thank V. Cemoch (DLF Seeds, Hiadké Zivotice, Czech Republic) for providing seeds of F. pratensis and L. perenne cv. Neptun. The computing was
supported by the National Grid Infrastructure MetaCentrum (grant No. LM2010005 under the program Projects of Large Infrastructure for Research, Development, and Innovations).
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1 Introduction

The growth of the world's population places great demands on producing enough food,
including the efficient use of arable land. Representatives of the Poaceae family,
including the important cereals such as wheat (Triticum aestivum), barley (Hordeum
vulgare), rye (Secale cereale), and oat (Avena sativa) play a significant role in human
nutrition. This plant family also includes grass species, which are the main component
of pastures and meadows. In addition to providing feed for livestock, they have
an important anti-erosion role, help to retain water in the landscape, and perform other
functions in the ecosystem. Many types of grasses are grown in decorative gardens,
in sports fields, and have many more uses. This Thesis focuses on two groups of grasses,
cereals, and fodder crops/amenity grasses.

Meadows, pastures, and lawns are one of the largest ecosystems worldwide. They
are sustainable in various geographic and climatic variation (Reheul et al., 2010) and are
important from the ecological, economical, and aesthetical points of view (Kopecky and
Studer, 2014). Permanent lawns are suitable for biomass production (Searchinger et al.,
2008). Lolium perenne L. has a high water-soluble carbohydrate content as a polymeric
fructan that is easy to extract, split to the separate fructose units, and fermented to bio-
ethanol (Farrar et al., 2012). Grasses serve as a readily available source of feed
for ruminants that is an economic-friendly way for animals important in agriculture, such
as cattle and other farm animals (Reheul et al., 2010). However, in the last decades,
meadows are modified by farmers and declining alarmingly due to frequent conversion
to arable land (Obermeier et al., 2020). Since the grasses are an important source of feed
for farm animals, the need for understanding their genomes to support breeding
of improved cultivars is essential. The aesthetical function of grasses is important
in decorative areas in parks, around houses, as a recultivation, or in sports ground as a golf
course or football field (Kopecky and Studer, 2014).

Growing demands on the performance of new varieties of agricultural crops,
including the resistance to biotic and abiotic stresses, are compromised by limited genetic

variation in current cultivars, resulting in part from the loss of potentially important genes



during the domestication and breeding. In contrast, wild relatives of crops, which are
characterized by larger genetic variation, may serve as an important source of genes
and their alleles for breeding. However, the use of this variability is hampered by limited
knowledge of their nuclear genomes. Obtaining the missing information is thus necessary
for a wider use in the so-called introgressive breeding, which has the potential
to contribute to breeding of new varieties that will have higher and stable yields under
environmentally sustainable conditions.

Agropyron cristatum (crested wheatgrass) belongs to the family Poaceae. It is
a perennial low maintenance grass, which can be grown permanently and needs a little
additional treatment or special care, such as the application of fertilizers. It has been used
for pasture, rangeland, and hayland. Therefore, it has economic importance as a forage,
for example, for livestock (Han et al., 2019). It is grown worldwide, but mainly cultivated
in arid regions of the United States (Asay et al., 2003; Asay and Jensen, 1996).
Wheatgrass has not been domesticated or bred, exhibits large genetic variation, and thus
appears a potential source of new genes for wheat improvement (Han et al., 2014).
Introgression of its genes to wheat can improve yields, increase resistance to diseases,

and improve tolerance to drought (Said et al., 2018).



2 Aims of the Thesis

With the aim to improve the knowledge of genome organization in selected
representatives of Poaceae and develop molecular resources to support the breeding

of crops, this Thesis focuses on three activities:

I Comparative analyses of repetitive DNA elements and identification
of centromeric element in representatives of fescues and ryegrasses

The first aim of the Thesis was to characterize repetitive DNA elements in the nuclear
genomes in ten representatives of Festuca and Lolium and provide more insights into

DNA sequences in their centromeres using molecular and cytogenetic approaches.

1T Genome  organization and  molecular chromosome  structure
of Agropyron cristatum

The second aim was to characterize repetitive and genic DNA sequences in Agroypron
cristatum, a wild relative of wheat (Triticum aestivum), develop chromosome-
and chromosome-arm specific microsatellite (SSR) markers from A. cristatum,

and perform a comparative genome analysis with the orthologous subgenomes of wheat.

I Comparison of chromosome genomic approaches
The third aim was to review the past and current methods for genome complexity
reduction with a focus on flow cytometric chromosome sorting and the use of this method

in plant molecular biology and genomics.



3 Materials and Methods

Plant material
Considering the aims of the Thesis a range of plant materials was used. Seeds of fescues
and ryegrasses were kindly provided by the Leibniz Institute of Plant Genetics and Crop
Plant Research (Gatersleben, Germany), Dr. Arild Larson (Graminor, Norway),
Dr. Vladimir Cernoch (DLF Seeds, Czech Republic) and Seed Bank Pullman
(Washington, USA). Seeds of barley cv. Morex, rye cv. Dankowskie Diament, and oat
cv. Atego were obtained from the Leibniz Institute of Plant Genetics and Crop Plant
Research (Gatersleben, Germany). Seeds of wheat cv. Chinese Spring were obtained from
Prof. Takashi Ryu Endo (Kyoto University, Japan) and Dr. Pierre Sourdille (INRA,
Clermont-Ferrand, France), and seeds of Aegilops tauschii were provided by Dr. Miroslav
Valarik (Institute of Experimental Botany, Olomouc, Czech Republic).

Seeds of Agropyron cristatum cv. Parkway were provided by Dr. Joseph Robins
(ARS Forage and Range Research Laboratory, USDA, Logan, USA). Seeds of wheat
(cv. Chinese Spring)-A. cristatum chromosome disomic addition lines 1P, 2P, 3P, 4P, 5P,
6P, wheat (cv. Chinese Spring)-A4. cristatum chromosome telosomic arm lines 2PS, 2PL,
4PS, 5SPL, 6PS, 6PL, and wheat (cv. Chinese Spring)-A. cristatum Robertsonian
translocation line TH4 comprising the long arm of wheat chromosome 1B and the short
arm of chromosome 1PS of tetraploid A. cristatum were provided by Dr. Adoracion
Cabrera (University of Cordoba, Spain). Seeds of wheat (cv. Chinese Spring)-
A. cristatum chromosome telocentric arm line 3PS were provided by Dr. Mahmoud Said

(Institute of Experimental Botany, Olomouc, Czech Republic).

Chromosome sorting and amplification of DNA

Intact mitotic metaphase chromosome suspensions were prepared from root tips of young
seedlings. Three batches of 100,000 chromosomes were flow-sorted following
the method of Dolezel et al. (1992) and the identity of flow-sorted chromosomes
and contamination of the sorted fractions by other chromosomes were checked using

fluorescence in situ hybridization (FISH, Said et al.,, 2018) and genome in situ



hybridization (GISH, Cabrera et al., 2002). Chromosomal DNA was amplified using
standard protocols (Capal et al., 2015; Simkova et al., 2008).

Illumina sequencing and data analyses

Samples of genomic DNA and DNA from flow-sorted chromosomes were used to prepare
[llumina libraries. Briefly, DNA was fragmented, purified, end-repaired, adenylated, size-
selected, and ligated with adapters according to the Illumina protocol. DNA sequencing
was performed on [llumina MiSeq and HiSeq sequencing platforms (Illumina, San Diego,
USA). The sequence reads were processed and used for further bioinformatic analyses,

including genome content studies at different levels and SSR markers development.

SSR marker development

Simple sequence repeat (SSR) markers were identified using Microsatellite identification
tool (Leibniz Institute of Plant Genetics and Crop Plant Research, Gatersleben, Germany)
and appropriate primers were designed. The verification of putative markers was

performed by polymerase chain reaction.

Southern hybridization

Genomic DNA was digested by Haelll enzyme, size-fractionated by electrophoresis
in 1.2% agarose, and transferred onto a nylon membrane. Probes for selected sequences
were prepared by polymerase chain reaction with the appropriate template, specific
primers, and biotin-labeled dUTP. Southern hybridization was performed overnight

at 68 °C and detected with a chemiluminescent approach and 90% stringency.

Immunostaining of chromosomal centromeric regions

To prepare quality chromosome spreads, root tips underwent a preparative process - they
were washed in ice water, lysed in LBO1 buffer (Dolezel et al., 1989), fixed
in formaldehyde, and digested in enzymes. Root tips were squashed onto slides and
washed in PBS with Triton X-100 and Tween 20. Incubation of chromosome spreads with
anti-rabbit primary antibody CENH3 (Nagaki et al., 2004), which was used
for centromeric regions labeling, were performed overnight at 4 °C. Detection of signals
was done with anti-rabbit Alexa Fluor 488/546 secondary antibody for 1 h at room
temperature. Signals were stabilized with ethanol:acetic acid fixative and formaldehyde.

Stabilized signals were followed by fluorescent in situ hybridization (FISH). Probes



for targeted loci or sequence were prepared by polymerase chain reaction with
the appropriate template, specific primers, and biotin or digoxigenin-labeled dUTP.
Chromosomes were counterstained with 4’°,6-diamidino-2-phenylindole (DAPI),

mounted in Vectashield, and examined with a fluorescent microscope.
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4 Summary of results

I Comparative analyses of repetitive elements and identification
of centromeric element in representatives of fescues and ryegrasses

Repetitive sequences content of ten Festuca and Lolium species were compared. The most
abundant repeat in Lolium, Athila element of the Ty3/gypsy family, was about five times
more frequent than in Festuca species. A novel centromeric element called Fesreba has
been observed and confirmed with the help of molecular methods, mainly
by a combination of immunostaining and fluorescence in sifu hybridization. These
comparative analyses confirmed the close relationships between fescues and ryegrasses.

The work has been published in BMC Plant Biology (Zwyrtkova et al., 2020).

1T Genome  organization and molecular chromosome  structure
of Agropyron cristatum

The genome of Agropyron cristatum has been dissected by flow-sorting into individual
chromosomes, which were sequenced and assembled. The resulting draft sequences were
used to develop chromosome and chromosome-arm specific SSR markers, which were
successfully verified by molecular methods. Comparative analyses of individual
Agropyron chromosomes with wheat subgenomes were performed to study their
orthologous relationships. Repetitive and genic sequence content was characterized
and some agronomically important genes were identified. The results of the study will
support the use of 4. cristatum in wheat introgression breeding and the manuscript will

be submitted to a journal with an impact factor.

I Comparison of chromosome genomic approaches

The review (Zwyrtkova et al., 2021) focuses on experimental approaches to genome
complexity reduction with the aim to simplify genome sequencing and gene cloning
in plants with large genomes. The potential of flow cytometric chromosome sorting is
discussed and overview of the range of applications in molecular biology and genomics

is provided. The review has been published in Biotechnology Advances.
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S Summary

The Thesis aimed to improve the knowledge of genome organization in selected
representatives of the family Poaceae. Their genomes were compared, both at the level
of genera, species and cultivars. Important results were obtained using advanced
molecular biology methods, including flow cytometry and next-generation sequencing.
In order to compare repetitively arranged DNA sequences and identify a novel
centromeric element in the representatives of the Festuca and Lolium genera, various
molecular and genomics approaches were employed. For comparative analyses,
sequencing of their genomes by Illumina technology with a small depth of coverage
and subsequent in silico analyses of the sequence data were used. The analyses showed
that retrotransposons were the most abundant type of repetitive DNA sequences
in the genomes of fescues and ryegrasses. The biggest difference in the representation
of repetitive sequences between genomes was observed for the Athila element, which
belongs to the family of Ty3/gypsy retroelements, when the occurrence of this element
in ryegrasses was up to five-fold more frequent than in the fescues. The Ty3/gypsy family
includes the Cereba element, which typically localizes to (peri)centromeric chromosome
regions, as shown for example in barley or wheat. In this work, the long terminal repeat
(LTR) element Fesreba was identified, whose relationship with the Cereba element was
confirmed by phylogenetic analysis and further confirmed by colocalization with
the histone variant CENH3 in cytogenetic experiments. The location of the Cereba
element in the centromeric and pericentromeric chromosome regions suggested a possible
role of the Fesreba element in these chromosome domains in the studied grass species.
With the aim to facilitate the use of Agropyron cristatum, a wild relative of wheat,
in introgressive wheat breeding, highly polymorphic microsatellite (SSR) markers
specific for individual chromosomes and chromosome arms of this species were
developed. The first step in the experimental procedure was the sorting of chromosomes
and chromosome arms by flow cytometry. This approach allowed targeted development
of SSR markers. The chromosomal DNA was sequenced by Illumina technology

and the data were analyzed using appropriate bioinformatics procedures. This led
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to in silico identification of 250 SSR markers that were verified using PCR. Out of these,
72 were specific for a particular chromosome, or chromosomal arm. The newly developed
SSR  markers will enable rapid identification of introduced segments
of the A. cristatum genome into the wheat genome and subsequent monitoring of their
transfer to future generations during the breeding process.

There is an increasing need to understand genome organization and function
in important crops, many of them with large genomes. The last part of this work reviewed
experimental approaches to facilitate the analysis of complex genomes. The focus was
on flow cytometric chromosome sorting and on coupling this technology with
the methods of molecular biology and genomics. The successful applications include
targeted development of DNA markers, physical mapping, chromosome sequencing,
and gene cloning.

In summary, the presented Thesis contributed to the improvement
of the knowledge on the genome organization in important crops. The results obtained
will facilitate the application of molecular and genomic techniques in breeding of new

varieties of agricultural crops.
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8 Souhrn (Summary in Czech)

Néazev prace: Analyza genomi vybranych zéastupcti Poaceae

Cilem disertacni prace bylo prohloubit znalost struktury genomt vybranych zastupcii
celedi Poaceae. Jejich genomy byly porovnavany jak na urovni rodd, tak na urovni druhti
a kultivart. Pomoci metod molekularni biologie, véetné pritokové cytometrie a metod
sekvenovani nové generace, byly ziskdny vyznamné vysledky.

Rzné molekularni a genomické pristupy byly pouzity za ufelem srovnani
zastoupeni repetitivné usporddanych sekvenci DNA a identifikace nového
centromerického elementu u zastupci rodt kostfava (Festuca) a jilek (Lolium).
Pro komparativni analyzy bylo vyuZzito sekvenovani jejich genomt technologii Illumina
s malou hloubkou pokryti a nasledné in silico analyzy sekvenacnich dat. Tyto analyzy
ukazaly, Ze retrotranspozony jsou nejcetnéjSim typem repetitivnich DNA sekvenci
v genomech kosttav a jilkli. Nejvetsi rozdil v zastoupeni repetitivnich sekvenci mezi
genomy byl pozorovan v piipadé elementu Athila, ktery patii do rodiny Ty3/gypsy
retroelementtl, kdy vyskyt tohoto elementu u jilkil byl az pétkrat Cetnéjsi nez u kostiav.
Do rodiny Ty3/gypsy patii Cereba element, ktery se typicky vyskytuje
v (peri)centromerickych oblastech, napiiklad u je¢mene ¢i pSenice. V této praci byla
identifikovana dlouhd terminalni repetice (LTR) element Fesreba, jehoz piibuznost
s Cereba elementem byla potvrzena fylogenetickou analyzou a také kolokalizaci
s histonovou variantou CENH3 pomoci cytogenetickych experimenti. Vyskyt Cereba
elementu byl potvrzen v centromerickych a pericentromerickych oblastech, coz
naznacuje jeho moznou roli v téchto chromozomalnich doménéch u studovanych druha
trav.

S cilem prohloubit znalosti o potencialnich zdrojich dutlezitych gent
pro introgresni Slechténi pSenice byl studovan jeji plany ptibuzny druh Agropyron
cristatum. V prub¢hu disertacni prace byly vyvinuty vysoce polymorfni mikrosatelitni
(SSR) markery specifické pro jednotlivé chromozémy a ramena chromozémii tohoto

druhu.  Vychozim experimentdlnim  postupem bylo tfidéni chromozému
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a chromozémovych ramen pomoci pritokové cytometrie. Tento pfistup umoznil zacileny
vyvoj SSR markert. DNA chromozémt byla sekvenovéna technologii Illumina a data
byla zpracovéna odpovidajicimi bioinformatickymi postupy. To umoznilo in silico
identifikaci 250 SSR markert, které byly ovéfeny pomoci PCR. Z nich 72 bylo
specifickych pro urcity chromozoém ¢i rameno chromozému. Noveé vyvinuté SSR markery
umozni rychlou identifikaci vnesenych segmentl genomu A. cristatum do genomu
pSenice a sledovani jejich pienosu do dalSich generaci v pribéhu Slechténi.

S ohledem na rostouci potfebu znalosti organizace a funkce genomu dulezitych
zemé&délskych plodin, které maji obvykle velké genomy, byly v pfehledném clanku
shrnuty experimentalni pfistupy pro usnadnéni jejich studia. Byla popsdna kombinace
metod tfidéni chromozému pomoci pratokové cytometrie a metod molekularni biologie
a genomiky. Usp&$né aplikace zahrnuji cileny vyvoj DNA markert, fyzické mapovani,
sekvenovani na chromozémové urovni a klonovani gent.

Ve svém souhrnu predkladand disertacni prace pfispéla k prohloubeni znalosti
organizace genomu dulezitych rostlin a vytvoftila pfedpoklady pro snadnéjsi aplikaci

molekularnich a genomickych technik ve Slechténi novych odrid zeméd¢€lskych plodin.
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