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1. Abstract 
Red clover (Trifolium pratense L.) is an important forage crop able to fix atmospheric Nitrogen via symbiosis with 

Rhizobium bacteria. However, its cultivation is hampered by partially lost persistency, since following the first year 

after sowing, the tap root senesces and becomes entry for fungal agents such as Sclerotinia spp. and Fusarium 

spp., resulting in reduced crop yields.  

In this project, hexaploid hybrid plants were screened using flow cytometry. Relative nuclear DNA content of plants 

was estimated and converted to hypothetical chromosome numbers. These chromosome numbers were validated 

in several plants by chromosome counting. Only 4% of the plants were found to be hexaploids, whereas other 27% 

belonged to the near to hexaploid category. Phenotypic screening of these plants was performed for the presence 

of rhizomes as an indicator of persistency. Ongoing work will help establish a new nursery based on two plants 

identified as hexaploids. 

In future work, the hexaploid population selected during the project will be backcrossed with the zigzag clover and 

should be stabilized before being recognized as a new cultivar.  

Keywords: red clover; zigzag clover; artificial interspecific hybridization; persistency; hybrids; flow cytometry 
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2. Introduction  

2.1. Legumes and red clover 
Perennial legumes in general are used for green and dry mass production on arable land in monocultures and in 

mixtures. The use of these legumes in meadows and in pastures is also well established and can serve purposes 

other than production. The importance of forage grasses and forage legumes in terms of ecosystem services, 

leisure and amenity has been also discussed (Abberton, 2013). Legumes fall within Fabaceae family, and include 

about 250 species from the genus Trifolium, according to Taylor and Quesenberry (1996); 16 species of the genus 

Trifolium are cultivated (Gillet and Taylor, 2001), whereas the others are wild (Ištvánek et al., 2017). The Trifolium 

species belong to forage legumes - as opposed to grain legumes (De Ron, 2015), and their perennial members are 

believed to be the most important perennial legumes (Watson et al., 2000; Šantrůček et al., 2008). The importance 

of clovers per se is seen in four main aspects: i) they are cheap to produce; ii) they require the smallest energy 

allocation of all legumes; iii) clovers are nutritious and are a good source of energy - as regards energy gain, clovers 

are comparable to maize and only fodder beet is better; and iv) they have very good green mass production – even 

in nutrient-poor soils – and can be successfully used in mixtures in conditions not suitable for clover monocultures 

(Šantrůček et al., 2008). The rationale underpinning these positive aspects is that clovers saturate the soils with 

nutrients and have favorable impacts on the soil structure. Most importantly, clovers do not require nitrogen (N) 

fertilisers and positively affect overall N-balance thanks to symbiosis (nodulation) with bacteria of the genus 

Rhizobium, which enables fixation of aerial N2 and subsequent deposition of N to soils. Nodulation has been 

observed in 131 Trifolium species (Sprent, 2009).  

One of the most important cultivated species within the genus is Trifolium pratense L. known as red clover. Red 

clover is grown worldwide (Taylor and Quesenberry, 1996) and is described as the second most important clover 

plant in territories with moderate climate (Šantrůček et al., 2008). Red clover is valued as it is easy to establish, 

grows fast and shows good vigor (Taylor and Quesenberry, 1996). The plant is a source of carbohydrates, proteins, 

fibers, polyphenol oxidases (PPOs) and tannins. It also contains polyunsaturated fatty acids, which are beneficial 

in human nutrition (Jakešová et al., 2011). Just like other clovers, red clover is partly suited for direct grazing, but 

is predominantly used for hay production and hay silage production (Zohary and Heller, 1984) and its nectar attracts 

pollinators (Abberton and Thomas, 2011). Agronomically, red clover can be used as a temporary “cover crop” and 

“green manure crop” (Ištvánek et al., 2017) or as a “companion crop” (Dluhošová et al., 2016). Red clover can 

provide for solution of environmental problems because i) it prevents soil erosion; ii) preserves water quality, and 

iii) reduces problems with pests that otherwise pertain to modern monoculture systems (Taylor and Quesenberry, 

1996). Based on ploidy level, red clover genotypes are divided into two groups – “diploid” and “tetraploid”. 

Compared to diploid varieties (2n = 2x = 14), tetraploids (2n = 4x = 28) show higher green matter yield, bigger 

growth habitus, higher dry matter production and higher N and water content, despite a lower seed gain (Šantrůček 

et al., 2008). 

2.2. Limited persistency in red clover 
An important negative trait in red clover is a low “persistency”, improvement of which is a target in breeding 

(Klimenko et al, 2010). Persistency (or “persistence”) is understood as “individual plant longevity” (Taylor, 2008) 

and is connected to overall adaptability and yield (Jalůvka, 2009). Persistency is a complex trait influenced by 

several factors – the most important ones are referred to as abiotic (cold, drought) and biotic factors (pests and 

diseases) (Larsen, 1994; Klimenko et al, 2010), the third category of factors is defined by the nature of the plant´s 

root system. Final group of factors is presented by agronomics, basic number and ploidy. All these factors are 

interconnected. 

The most important abiotic stressor in moderate regions so far is cold. Ability to survive cold conditions is referred 

to “winter hardiness” and is composed of “freezing tolerance” and ability to resist fungal pathogens under snow 

cover (Larsen, 1994; Klimenko et al, 2010). Cold is perhaps the least severe factor as plants can adapt to it. Adapted 

genotypes, under moderate stress, are more persistent, in a given moment, which can postpone senescence in the 

particular case (Taylor and Quesenberry, 1996). Even in the case of cold as stressor there is some negative 

https://link.springer.com/article/10.1007/s00122-009-1253-5#CR34
https://link.springer.com/article/10.1007/s00122-009-1253-5#CR16
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complexity, however. Cope and Taylor (1985) state that there is a difference between adaptable genotypes that 

tend to have good performance in all localities but show only average yield in comparison with varieties bred for 

local conditions. Regional varieties face higher risk, on the other hand, as concern weather conditions not typical 

for the given locality.  

The most serious biotic factors are fungal pathogens Sclerotinia spp. and Fusarium spp. (Klimenko et al., 2010). It 

can be added that, according to some authors, persistency cannot be enhanced, in this case, via resistance 

breeding as there always is a whole complex of root pathogens in soils (Taylor and Quesenberry, 1996). Red clover 

also suffers from viral diseases, according to Vícha (2010) the most important are bean yellow mosaic virus (BYMV) 

and white clover mosaic virus (WClMV). As to pests, the most dangerous are field mice, insect pests and 

nematodes. Jalůvka (2009) argues that here persistency can be positively influenced by resistance breeding to 

pest and diseases (presumably other than Sclerotinia spp. and Fusarium spp.) and, elsewhere, it is argued that 

breeding for adaptability often results in enhanced resistance to pests and diseases (Taylor and Quesenberry, 

1996). On the other hand, even if persistent plant is gained, the heritability in its narrow sense tends to be low 

(Taylor and Quesenberry, 1996). It is also concluded that persistency depends on intensity of the stressors (Taylor 

and Quesenberry, 1996; Hejduk, 2013). 

Taylor and Quesenberry (1996) argue that persistency of clover cultures, even without presence of pests, would 

not exceed 3 or 4 seasons. The reason is, apart from fungal pathogens and cold, the tap root system. Red clover 

plants are, due to lacking underground “rhizomes” (or “stolons” or “tillers”), understood “closed systems” and root 

system is the main limit to red clover persistency (namely to freezing tolerance). Dieback of tap root system 

(“internal breakdown”) is the very first step in the natural senescence that is usually expedited by pathogen invasion 

(root rot) later on (Taylor and Quesenberry, 1996; Šimandlová, 2013). Root rot is therefore understood “unavoidable 

disease” (Taylor and Quesenberry, 1996). This is the core of the “persistence (senescence) hypothesis” with its 

origins in Sweden (Rufelt, 1982; Taylor and Quesenberry, 1996). A serious weak point in the root anatomy is also 

root-collar which is above ground and suffers from low temperatures (Pulkrábek and Capouchová, 2019). Another 

problem with the root system and lacking rhizomes (plant soil stems) is vulnerability to heavy mechanization use 

and grazing (Jakešová et al., 2011). It is envisaged that presence of adventitious roots can be helpful, but the 

heritability is low, and the progeny tests would be inevitable (Taylor and Quesenberry, 1996). Similarly, some 

authors suggest use of stoloniferous type and indeed there have been such varieties already gained.  

Agronomically, persistency can be limited by the number of cuts per year (the more cuts the lower persistency), 

and it is important to prevent plants from blooming in the year of sowing (Choo, 1984; Hejduk, 2013). It is good 

when the plants are not too much grown-over immediately before winter and it is good to use rolls in the late autumn 

or even in the spring (Pulkrábek and Capouchová, 2019). Red clover is also more sensitive to irrigation when 

compared to alfalfa (Pulkrábek and Capouchová, 2019). As to basic number, Merker (1984) points out the fact that 

in Trifolium spp. perennials usually possess basic number 8 and annuals have number 7, which is the case of T. 

pratense. It is better to use tetraploids as persistency is slightly higher in tetraploids than in diploids (Chloupek, 

1995), tetraploid varieties are late-season crops and show slower senescence and it is argued that tetraploid 

monocultures can be bred for three years (Šantrůček et al., 2008) whilst persistency of clover grass mixtures is 

even better (Šantrůček et al., 2008). However, even such persistency is viewed insufficient.  

2.3. Introgression of persistency via interspecific hybridization  
Many researchers therefore suggest using wild species as genetic donors for further introgression of the persistency 

traits to T. pratense genotypes. Among the wild species, T. medium known as zigzag clover (2n = 6x – 8x = 48 – 

80), is mentioned as the most important donor (Abberton, 2007; Šantrůček et al., 2008). Just like red clover, zigzag 

clover is widespread in Europe. This species can be found in meadows and pastures – young plants in particular 

are considered suitable for feeding and they are also sought after by pollinators (Pelikán et al., 2016). Zigzag clover 

is intended as a donor since it shows high persistency due to higher resistance to biotic factors such as viruses 

(Pelikán et al., 2016) and namely bean yellow mosaic virus – BYMV (Smrž et al., 1987). T. medium shows 

resistance to abiotic factors as well, as it has better freezing tolerance. The persistency of zigzag clover is enhanced 

by the presence of rhizomes. Some authors name rhizomatous growth habit “a character desirable in T. pratense” 

about:blank
about:blank
about:blank
about:blank
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and are suggesting that the particular character (together with good winter hardiness) makes T. medium a long-

lived perennial (Sawai and Ueda, 1987). 

As a suitable method for introgression of these traits, interspecific hybridisation has been suggested. In recent 

years, novel methods have been introduced to plant breeding. The identification of “candidate genes” and the 

utilization of approaches based on “marker-assisted selection” or on “next-generation sequencing” data can 

increase the speed of specific trait selection (Dluhošová et al., 2016). Genetic transformation using Agrobacterium 

tumefaciens has already been reported in red clover (Khanlou et al. 2011). However, some highly complex negative 

traits, such as low persistency, cannot be easily overcome even by these sophisticated molecular methods. The 

introduction of these qualities by interspecific hybridisation with closely related species thus still remains an 

irreplaceable choice (Dluhošová et al., 2016). Though interspecific hybridization is an important mean enabling 

introgression of important trait(s), this is not easy to carry out.  

First, relevant for successful hybridization is gene pools theory that is based on affinity of red clover to other clover 

species, that was first suggested by Harlan and de Wet (1971) and was further elaborated on by Zohary and Heller 

(1984). Among primary pool species, to obtain hybrids is easy, and hybrids are fertile and gene transfer is without 

complications. In the first pool there are some six species and T. mazanderanicum (Taylor and Quesenberry, 1996). 

In the second gene pool, there are botanical species that can be combined with cultivated species by the mean of 

“standard” methods. Obtained hybrids are semi- or almost sterile, chromosome pairing is not ideal, and it is not 

easy to ensure that the plants reach their maturity. In this red clover gene pool, there are T. diffusum and T. pallidum 

(Zohary and Heller, 1984). In the third gene pool there are species that can be combined with cultural species only 

with problems. In the third pool there are T. sarosiense, T. medium and T. alpestre - hybrids are usually sterile 

and overall gene transfer is complicated but they are exactly the wild species from within the third pool that bear 

important traits that could improve red clover genotypes (Harlan and de Wet, 1971) or that could be introgressed 

to new hybrid cultivars. 

Second, there have been two groups of obstacles to interspecific hybridization – these are referred to “pre-

fertilisation” and “post-fertilisation” barriers (Řepková et al., 2006) or, alternatively, “pre-zygotic” and “post-zygotic” 

barriers (Evans, 1962). Evans (1962) divided pre-fertilisation barriers into two groups: i) “mechanical barriers” 

include absence of pollen germination and pollen tube establishment failure; ii) “physiological barriers” include 

incompatibility of pollen tube and style tissues – pollen tube does not get down through the style. The most important 

post-fertilisation barriers are, according to Taylor and Quesenberry (1996): i) “embryo abortion” (caused by 

abnormal endosperm development and insufficient embryo nutrition as showed by Kazimierska, 1980); ii) “hybrid 

seedlings chlorosis” and iii) non-establishment of “floral reproductive elements” – these barriers are referred to 

“hybrid weakness”. Additional post-fertilisation barrier is “maternal or paternal sterility” in F1 hybrid progeny (Taylor, 

1985). 

There have been several methods suggested how to overcome these barriers (Taylor and Quesenberry, 1996). As 

to pre-fertilization barriers, the methods are: i) temperature “pre-treatment of the style”; ii) comparison of the pollen 

tube growth with the length of the style; iii) further method is “manipulation with ploidy”; iv) another method is that 

of “mentor pollen” and v) finally, the last method is referred to “self-compatibility” of the maternal element. Taylor 

and Quesenberry (1996) conclude that the only plausible method is manipulation of the ploidy level. They further 

provide list of methods how to overcome post-fertilisation barriers, the most important ones being: i) “in vitro 

pollination”; ii) “protoplast fusion” and iii) “embryo culture”, which is probably the most important of these methods 

(Řepková et al. 2003).  

The importance of embryo culture for interspecific hybridization including red clover was studied by Cleveland 

(1985). The author divided analyzed species into three groups. Within the first group it is possible to obtain, by the 

mean of crossing, fertile (or at least partly fertile) progeny this without embryo culture. The first group contains T. 

pratense and two annual diploid species - T. diffusum and T. pallidum. The second group is described “T. medium 

– sarosiense complex”. In the second group hybridization is again possible without embryo culture but when it 

comes to hybridization between species in the first and in the second group, only the cross between diploid T. 

pratense and T. sarosiense is possible without embryo culture. As to combinations between T. pratense and T. 
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medium only cross between tetraploid red clover and T. medium (2n = 72 and 2n = 80) is envisaged and the cross 

requires embryo culture (Cleveland, 1985). In the third group there are T. alpestre, T. heldreichianum, T. noricum 

and T. rubens. As concerns combinations between the first and the third group, combinations are possible between 

tetraploid red clover and T. alpestre (2n = 2x = 16 and 2n = 4x = 32) but again with the use of embryo culture 

(Cleveland, 1985). 

2.4. Obtained interspecific hybrids 
Despite obstacles to interspecific hybridization and thanks to methods that make it possible to overcome these 

obstacles, there were successful crosses reported between T. pratense and five other species, namely: i) T. 

sarosiense Hazsl., ii) T. medium L., iii) T. alpestre L., iv) T. ambiguum M. Bieb., and v) T. diffusum Ehrh. (Řepková 

et al., 2006; Abberton, 2007; Jakešová et al., 2011). The hybrids between T. pratense and T. medium have been 

obtained for several times (Merker, 1984; Sawai et al., 1995; Isobe et al., 2002). Researchers in Czech Republic 

succeeded in crossing T. pratense and T. medium with the use of the following – i) T. pratense was used as 

maternal and T. medium as paternal component; ii) tetraploid (not diploid) T. pratense plants were used for crossing; 

and iii) it was necessary to proceed with the excision of the embryos at the stage of early torpedo (Řepková et al., 

1991; Nedbálková et al., 1995; Řepková et al., 2006).  

Obtained interspecific hybrids were characterized by cytogenetic methods, and flow cytometry was the first one 

used. Flow cytometry analysis (and preceding sample set up) is described as fast and easy, sample analysis as 

such is cheap and the method is precise (Čegan, 2007); flow cytometry allows for analysis of individual particle, 

can be used for diverse research objectives and enables large populations screening (Čegan, 2007). Flow 

cytometry is widely used for estimation of “absolute DNA amount”, “ploidy screening”, “detection of aneuploidy” or 

“cell cycle analysis”. It is also a method that enables estimation of “DNA content” present in cell nuclei (Doležel and 

Bartoš, 2005; Čegan, 2007; Vrána, 2016). The principle of the method is analysis of optical properties of stained 

microscopic particles (such as nuclei) in a liquid suspension. Individual nuclei are stained with a DNA-selective 

fluorochrome and directed to flow in single file (Čegan, 2007). Nuclei in single file get to “interrogation point” where 

each nucleus passes through the focus of intense (laser) light, optical sensors are then used to convert pulses of 

fluorescence and light scattered by nuclei into electric pulses that are further classified (Doležel and Bartoš, 2005; 

Čegan, 2007; Vrána, 2016). Since the genome of T. pratense is divided into chromosomes of approximately the 

same size, it is possible to convert the estimated nuclear DNA content into the hypothetical number of 

chromosomes within the analyzed plant. 

Clover hybrid progeny (T. pratense L. x T. medium L.) was screened repeatedly. During the period 2000 - 2003, 

BC2 generation was analyzed having chromosome numbers ranging from 26 – 44 (Řepková et al., 2003; Jakešová 

et al., 2011). During the second screening, carried out in F7/F8 and F8/F9 generations, plants were identified having 

22 - 47 somatic chromosomes. At that time most hybrid plants already possessed 28 chromosomes (Dluhošová et 

al., 2016). 

Jakešová et al. (2011) also compared morphological traits of interspecific hybrids and both parental species. As 

expected most of the analysed traits were found intermediate in hybrids, no significant differences between T. 

pratense and hybrids were found in several characteristics (including plant weight) and, interestingly, an increased 

number of stems per plant was observed in hybrid progeny compared to both T. pratense and T. medium, which 

trait could increase yield and possibly even seed yield (Jakešová et al., 2011).  

 

The possible introduction of rhizomatous root habit was thoroughly studied by Jakešová et al. (2011). The presence 

of rhizomes was observed only in several hybrids, however, a specific type of root branching referred to as “loose 

root branching” was identified in 30 hybrids out of 102 plants analyzed. This atypical root structure different from 

the one characteristic for T. pratense was first discovered in 2007 and confirmed in 2009 (Jakešová et al., 2011). 

 

Part of the hybrid progeny presented by hybrids with 29 - 30 chromosomes provided basis for gain of cv. Pramedi 

that was recognized in 2013. The variety is a result of cooperation of the Hana Jakešová Clovers and Grass Plant 

Breeding Company Hladké Životice/Seitendorf (Czech Republic) with the Department of Experimental Biology of 
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the Masaryk University in Brno (Czech Republic) and with the Research Institute for Fodder Crops, Ltd. Troubsko 

(Czech Republic). The gain of such a hybrid variety has not been reported to this date either in Europe or in the 

rest of the World. 
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3. Aims – the Research Project 
This Master project is part of a larger project with the overall goal to transfer the persistency trait present in the wild 

type clover (T. medium L.) to clover hybrid genotypes (T. pratense L. x T. medium L.) using artificial interspecific 

hybridization.  

The specific aims of this Master project were the following: 

a) to establish two nurseries of F10/11 hybrid progeny in Hladké Životice/Seitendorf (Czech Republic);  

b) to estimate the DNA content of hybrid plants using flow cytometry and then calculate the hypothetical 

chromosome numbers; 

c) to verify the hypothetical chromosome numbers by chromosome counting; 

d) to proceed with phenotypic evaluation of plants in field conditions; 

e) to further cross-pollinate the hexaploids in nurseries; 

f) to do phenotypic screening for the presence of rhizomes in the hexaploid hybrids, as indicator of 

persistency; 

Within the longer time span (about nine years) and from the point of view of both novelty and intellectual property 

rights, the long-term aim also is to obtain genotype that will pass ‘DUS tests’ as defined by the International 

Convention for the Protection of New Varieties of Plants (UPOV) so that new hexaploid variety can be recognized. 

For that reason and for the aim of stability in particular, the hybrid genotype will be backcrossed with zigzag clover. 

We would also like to see that the new variety is competitive in green and dry matter production.  
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4. Material and Methods 

4.1. Plant material  
The hybrid progeny was originally gained in 1991 at the Research Institute for Fodder Crops, Ltd. Troubsko 
(Czechoslovakia) via artificial interspecific hybridization done between tetraploid red clover variety Tatra (2n = 4x = 
28, 1C = 418 Mbp) that was used as maternal component and octoploid zigzag clover clone 10/8 (2n = 8x = 64, 1C 
= 3154 Mbp) that was used as a paternal component. Following fertilization done in 1991, 12 F1 hybrid plants were 
obtained via in vitro cultivation. Hybrid progeny was open to pollination in nursery (one generation of intercross) 
and was backcrossed with the use of tetraploid red clover cv. Amos (backcross was done for 5 generations – from 
1992 to 2004). The progeny was referred to as “JEH” (the Czech abbreviation “JEH” stands for “Clover hybrid”) and 
was subjected to phenotypical selection whereby the plants were inoculated with two different pathogens (JEH1V 
plants were inoculated by BYMV virus and JEH1F plants were inoculated by a mix of Fusarium spp.).  
 
As a starting material for nurseries establishment in this project, two plants (one former JEH1F and one former 
JEH1V, respectively) belonging to the F10/F11 generation were used. Both plants were identified as hexaploids 
(43 chromosomes). The plants were obtained via selection in cv. Pramedi that was recognized as a new variety in 
2013 and was based on plants having 2n = 29 to 30 (scheme of family breeding of T. pratense L. x T. medium L. 
hybrid, cv. Pramedi in shown in Appendix 2. in the Appendices section). The use of cv. Pramedi was coincidental 
and not necessary as it has been proved that at least some hexaploids do occur in every generation of the hybrid 
germplasm so far. Both plants were obtained from the company of Dr. Hana Jakešová (Clovers and Grass Plant 
Breeding Company, Hladké Životice, Czech Republic). The plants were signed JEH 35/7 (JEH1F) and JEH 26/7 
(JEH1V). The numbers 35 and 26 are numbers of the pedigree, numbers 7 and 6 pertain to the particular family.  
 
Further research in the two plants was done at the Department of Experimental Biology of the Masaryk University 
in Brno, Czech Republic – the two plants were sent to Brno in April 2012. As next, the two plants were cloned in 
Brno and one cutting/clone per each plant were sent back to Hana Jakešová Plant Breeding Company in 2015. 
The two plants/cuttings were placed to greenhouse and were cross pollinated – seeds were harvested in seasons 
2015/2016, 2016/2017, 2017/2018. In 2018 there were more than 120 seeds at disposal. 110 seedlings were gained 
that were used for establishment of the first pedigree nursery JLKT6n.  
 
As to the second nursery, it will only be composed of JEH 26/7 clones. On July 12th 2019, seeds were collected 
from JEH 26/7 plants that were kept in flower pots in the season 2018/2019 and that were harvested in 2019. There 
were 10 seeds obtained in total from plants in the flowerpots signed 3, 5, 7 and 8. Seeds were put to petri dishes 
with filtration paper and water so that germination could proceed. During week 30 (in year 2019) germinating seeds 
were put to small flowerpots and, finally, 6 seedlings were gained.  

4.2. Chemicals used 
Otto I solution (composed of citric acid monohydrate (0.1 M) and Tween 20 (0.5 %)) 
Otto II solution (0.4 M sodium phosphate dibasic dodecahydrate) 
DAPI stock solution (Sigma-Aldrich, cat no. D9542; Molecular Probes, cat. No. D-1306)  
Tween 20 (Sigma-Aldrich, cat. No. P2287) 
Acetic acid (Lachner, cat. No. 61019-001-P0000-1) 
Ethanol (Lachner, cat. No. 20025-A99-M2500-1) 
Cellulase Onozuka R-10 (Yakult, cat. no 201069) 
Pectolyase Y-23 (CAS number 9033-35-6) 
1x KCl buffer (75 mM KCl, 7.5 mM EDTA, pH 4) 
TE buffer (Tris-EDTA, pH 7.6) 
Methanol (Lachner, cat. No. 20038-AT0-M1000-1) 
Vectashield (Vector Laboratories, Cat. No. H-1200) 

4.3. Laboratory devices used 

4.3.1. Devices 
Flow cytometer - PARTEC PLOIDY ANALYSER I (Sysmex Partec, Gorlitz, Germany) 
Flow cytometer – CyFlow Space (Sysmex Partec GmbH, Gorlitz, Germany) 
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Axio Imager Z.2 Zeiss microscope (Zeiss, Oberkochen, Germany) equipped with a Cool Cube 1 camera 
(Metasystems, Altlussheim, Germany)  
Cool Cube 1 camera (Metasystems, Altlussheim, Germany) 
Water bath WNB7 (Memmert, Schwabach, Germany) 

4.3.2. Software 
Flow max software for processing flow cytometry data 
Corel draw 
ISIS software (Metasystems) 

4.4. Methods used 

4.4.1. Flow cytometry 
Samples for flow cytometric analysis were prepared from leaves of young plants (4 weeks old). About 50 mg of 
clean leaf tissue of both the sample and T. pratense cv. Start (2n = 14), which served as an internal reference 
standard, were chopped together with a razor blade in a glass petri dish containing 250 μl of ice-cold Otto I solution 
(Otto, 1990). The homogenate was filtered using a 50 μm polyamide mesh to get rid of tissue debris. As a next step 
500 µl Otto II solution supplemented with 15 μM DAPI (4´, 6-diamidino-2-phenylindole) were added to the 
suspension of isolated nuclei. After several minutes the sample was analysed using PARTEC PLOIDY ANALYSER 
I (Sysmex Partec, Gorlitz, Germany). Relative fluorescence intensity of at least 3000 particles was recorded. The 
cytometer was cleaned with deionized water after each measurement. The peak of the internal reference standard 
(T. pratense cv. Start) was set approximately on channel 100 on a histogram of relative fluorescence intensity. The 
hypothetical chromosome counts were then calculated based on the internal standard and sample peak positions 
following the formula: 

𝑐ℎ𝑟𝑜𝑚𝑜𝑠𝑜𝑚𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 (𝑠𝑎𝑚𝑝𝑙𝑒) =
𝑐ℎ𝑟𝑜𝑚𝑜𝑠𝑜𝑚𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 (𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑) × 𝑠𝑎𝑚𝑝𝑙𝑒 𝐺1 𝑝𝑒𝑎𝑘 𝑚𝑒𝑎𝑛

𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝐺1 𝑝𝑒𝑎𝑘 𝑚𝑒𝑎𝑛
 

4.4.2. Chromosome number verification 
Freshly cut roots (1 cm long) were synchronized overnight in ice-cold water. Root tips were then fixed in ice-cold 
90% acetic acid for 10 min, washed three times in 70% ethanol and stored in 70% ethanol at − 20 °C. Metaphase 
chromosome spreads were prepared using the drop technique previously described by Kato et al. (2004, 2006), 
with minor modifications according to Danilova et al. (2012). Individual roots were washed three times with ice-cold 
water and incubated in 1x KCl buffer for five minutes. Root tips were cut off and transferred to tubes containing 20 
µl of 4% cellulose and 1% pectolyase enzyme mix. Tubes were moved to water bath and incubated 75 minutes at 
37°C. Reaction was stopped by adding 500 µl TE buffer and five minutes incubation on ice. Root tips were washed 
three times with 100% ethanol and then carefully homogenized in 8µl of freshly prepared ice-cold acetic 
acid:methanol mix 9:1 v/v. Protoplast suspension was then dropped onto glass slide placed in a humid Styrofoam 
box.  Chromosomes were counterstained with DAPI in Vectashield media. The number of chromosomes was 
determined in five to ten complete well-spread mitotic plates using Axio Imager Z.2 Zeiss microscope (Zeiss, 
Oberkochen, Germany) equipped with a Cool Cube 1 camera (Metasystems, Altlussheim, Germany). The signal 
capturing and picture processing were performed using ISIS software (Metasystems). 

4.4.3. Phenotypical selection 
9-point scale was used to evaluate phenotype of the plants in the first nursery - JLKT6n, 1 point marking less 
vigored, small plants, while 9 points are given to big, healthy plants. Individual column in the Excel software used 
was provided for individual plants health assessment. Individual hybrid plants in the first nursery were observed 
three times during year: i) in the spring; ii) after the first cut and iii) in the autumn. Nokia smartphone is used for 
phenotypical selection whereby Excel files are uploaded to the phone that are filled with data in the field. The Excel 
files with data are saved to the mobile device and are exported via Bluetooth to PC subsequently. 

4.4.4. Cross pollination  
On July 3rd, 2019 there was a nylon crossing cage constructed over the hexaploid or near to hexaploid plants 

selected for further cross pollination. Because of the size of the nylon crossing cage (3 x 3.15 x 2,15 m) we were 

not able to include all the hexaploid plants. Nylon crossing cage was constructed over just five hexaploid or near to 

hexaploid plants (plants 4, 5, 6 in the row 6 and plants 2 and 6 in row 7). Cross pollination of the selected progeny 

was secured with the help of bumblebees (Bombus bombus spp.) - a small bumblebee nest was placed into the 

cage and there shall be about 20 bumblebee individuals in the nest, part of the nest also is source of feed. 
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Bumblebee nest and the crossing cage were purchased from the Research Institute for Fodder Crops Ltd. 

Troubsko, Czech Republic.  

4.4.5. Rhizomatous root habit assessment  
The assessment of the rhizomatous root habit by the mean of simple observations of plants in field conditions (in 

spaced nursery) was planned: i) after the first cut in June 2019 and ii) in the autumn 2019. Because of the young 

age of plants, a non-invasive method was used. As the second nursery establishment is planned for spring 2020, 

the root system of individual plants was observed only in the first nursery. 
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5. Results 

5.1. Establishment of the first pedigree nursery JLKT6n and other 26/7 
plants 
The first pedigree nursery, signed “JLKT6n”, originally consisted of 110 plants which were transferred to field 
conditions on September 4th, 2018. As to the actual organization of the first nursery, there were 96 seedlings 
included that were the progeny of JEH 35/7 plant clone and the remaining 14 seedlings were progeny of the JEH 
26/7 plant clone. The layout of the first nursery is shown in Table 1.  

Table 1 – Plant material – Scheme of the pedigree nursery No. 1 founded on September 4
th

 2018, 

at the venue Za Matusem, Hladké Životice/Seitendorf 

 

There were 9 rows of JEH 35/7 plants and 1 row of JEH 26/7 plants. Another row (row no. 7) consisted of 4 JEH 
26/7 and of 6 JEH 35/7 plants, respectively. In November 2018, during preparatory work before flow cytometry 
screening, it was found out that three plants belonging to JEH 35/7 progeny were not alive. Furthermore, in spring 
2019 during control observations, ten plants were found not alive. During observations after first cut carried out in 
June 2019, twelve plants were found not alive (Table 2). 

Table 2 – Losses of the plant material in the pedigree nursery No. 1 founded on September 4
th

 

2018, at the venue Za Matusem, Hladké Životice/Seitendorf 

 

As to the second nursery, following germination in 2019 (week 30) 10 JEH 26/7 seedlings were gained and 
transferred from small flowerpots to bigger flowerpots during week 33 – in total 6 seedlings survived the transfer. It 
was decided that the second nursery will be established only after the flow cytometric screening (and possibly after 
chromosome count validation). The results of the flow cytometry screening are shown infra (Table 5 and Appendix 
4) and the establishment of the second nursery from cuttings of JEH 26/7 hexaploid plants is planned in June 2020.  
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5.2. Flow cytometry screening of JLKT6n and of other 26/7 plants  
Flow cytometry screening of the plants belonging to the first nursery signed JLKT6n was performed during 
November and December 2018 in the laboratory belonging to Hana Jakešová Company in Hladké Životice, Czech 
Republic. Three plants were found not alive at that time, and, unfortunately, we were not able to analyze plant no. 
106 due to technical reasons. The other plants could be used for analysis, which resulted in histograms of relative 
DNA content with two dominant peaks corresponding to G1 nuclei of the internal standard (diploid T. pratense cv. 
Start) and the sample (Figure 1).  

 

Figure 1: Histograms of relative fluorescence intensities obtained after flow cytometric analysis of 

DAPI-stained nuclei of the internal reference standard (diploid T. pratense cv. Start) and studied 

plants. (A) plant no. 5 (row 1, position 5), estimated chromosome number: 28; (B) plant no. 54 (row 6, 

position 4), estimated chromosome number: 36; (C) plant no. 12 (row 2, position 2), estimated 

chromosome number: 38; (D) plant no. 59 (row 6, position 9), estimated chromosome number: 42; (E) 
plant no. 55 (row 6, position 5), estimated chromosome number: 43; (F) plant no. 66 (row 7, position 

6), estimated chromosome number: 46. 

The original data pertaining to flow cytometry analysis done in JLKT6n, including cv, can be found in Appendix 3 
in the Appendices section. Chromosome numbers of 106 plants measured ranged from 27 to 46. According to 
Dluhošová et al. (2016), plants were then divided into five groups based on the number of chromosomes (Table 
3). Different results were obtained pertaining to progenies of the two hexaploid plants originally selected. Among 
JEH 35/7, majority of plants possessed 29 to 30 chromosomes and only one plant was found to be hexaploid; over 
20% of plants were near to hexaploid, but the percentage of plants in this category was much lower than in the 
case of JEH 26/7 progeny. Among JEH 26/7 progeny, most plants belonged to near to hexaploid (71.43%) or 
hexaploid (21.43%) categories. Interesting in the case of JEH 35/7 plants is minor but not negligible percentage of 
plants with 28 chromosomes. On the other hand, none of the JEH 26/7 hybrid plants in JLKT6n spaced nursery 
possessed 28 or less than 28 chromosomes. 
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Table 3 - Distribution of chromosome numbers of 106 plants in the nursery JLKT6n founded on 

September 4
th

 2018, at the venue Za Matusem, Hladké Životice/Seitendorf  

JLKT6n 

CHROMOSO

MES 

2n < 28 2n = 28 2n = 29 to 30 2n = 31 to 40 2n = 41 to 46 

JEHs in total  

 

3 (2.83%) 17 (16.03%) 53 (50%) 29 (27.36%) 4 (3.77%) 

JEHs 35/7   

 

3 (3.26%)  17 (18.48%) 52 (56.52%)  19 (20.65%) 1 (1.09%) 

JEHs 26/7 

 

0 0 1 (7.14%) 10 (71.43%)  3 (21.43%) 

 

Due to problems with clones that did not generate roots, which impaired chromosome count validation, it was 
decided that plants identified as hexaploid or near to hexaploid will be screened by flow cytometry instrument one 
more time, this time  at the Institute of Experimental Botany in Olomouc (Czech Republic) (Table 4). 

Table 4 – Confirmation of chromosome number via flow cytometry of selected plants from 

JLKT6n founded on September 4
th

 2018, at the venue Za Matusem, Hladke Zivotice/Seitendorf  

Plant No. Pedigree Chromosome number 

estimated based on 

flow cytometry 

screening done in 

Hladké 

Životice/Seitendorf  

during autumn 2018 

Chromosome number 

estimated based on 

flow cytometry 

analysis in Olomouc 

on August 14
th, 

2019 

12 JEH 35/7 38 38 

52 JEH 26/7 39 39 

54 JEH 26/7 36 36 

55 JEH 26/7 43 43 

56 JEH 26/7 41 41 

57 JEH 26/7 40 Not alive 

59 JEH 26/7 42 42 

62 JEH 26/7 38 38 

66 JEH 35/7 46 46 

 

As concerns the second nursery, the estimation of chromosome numbers using flow cytometry was performed on 
October 7th, 2019 at the Institute of Experimental Botany in Olomouc. Out of the six surviving seedlings, two were 
found to be hexaploid or near to hexaploid, the chromosome numbers of the other plants ranged from 27 to 29 
(Table 5 and Appendix 4). 
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Table 5 – Estimation of the chromosome number using flow cytometry analysis of 6 plants gained 

from seeds of 26/7 plants obtained in the season 2018/2019  

Plant No. Pedigree Chromosome number 

estimated based on flow 

cytometry analysis performed 

in Olomouc on October 7
th

, 

2019 

3/1 JEH 26/7 28 

3/2 JEH 26/7 28 

3/3 JEH 26/7 27 

7/1 JEH 26/7 41 

7/2 JEH 26/7 29 

8/1 JEH 26/7 42 

5.3. Validation of chromosome number in JLKT6n 
The methodology for chromosome spreads preparation was optimized using young roots from germinating seeds 
of diploid T. pratense cv. Start and tetraploid T. pratense L. (Figure 2A, B). For chromosome count validation within 
the first pedigree nursery, only plants identified by flow cytometry as possessing more than 28 chromosomes were 
selected. In total, 14 plants with higher chromosome numbers were originally selected for the chromosome count 
validation. Two samples/clones from each plant were cut mid-May 2019 and were placed to the test tubes with 
water so that roots could develop. This methodology was successful during previous trials with zigzag clover. There 
was problem though in the case of hybrid plants. Most of the cuttings/clones cut, did not develop roots, which shows 
that this ability might be impaired in (at least) the hexaploid or near to hexaploid plants that were selected.  

Therefore, slightly different method was used whereby the cuttings/clones cut were treated with powder preparative 
stimulating root development in clones (Stimulát R AS-1, Zahrádkářské potřeby Lucie Němcová, Uhřetice 58); the 
clones were subsequently placed to plastic box (50x100 cm) with perlite substrate layer inside that was well 
watered. The plastic box was covered with non-woven textile. Clones were sprayed with water 5 times a day. During 
control of the clones in the plastic box on July 23rd, 2019 we have found that some clones of just three plants were 
developing roots. Rotten clones were eliminated during the control of the roots and living clones without roots were 
cut again and were dipped to stimulating powder again. During week 30, 4 clones with roots were transferred to 
flowerpots filled with perlite – it was planned that during the week 33 the 4 clones will be taken to Olomouc to the 
Institute of Experimental Botany where the chromosome count will be carried out. In the end it was decided that 
the bad quality of the roots disallows obtainment of quality sample and the clones were not used for further research.   

Afterwards we proceeded with a third try that was based on the observation that during previous attempts roots 
were developing in node areas, which fact is also mentioned by Taylor and Quesenberry (1996). The clones were 
put to plastic box again with the perlite layer and it was secured that the nodes are inside the perlite layer. This 
time, we were able to obtain several cuttings of two plants with roots suitable for chromosome spreads preparation 
– plant No. 2 and plant No. 62. Based on flow cytometric analysis plant No. 2 was supposed to possess 29 
chromosomes and plant No. 62 38 chromosomes. Both estimated chromosome numbers were validated by 
chromosome counting (Figure 2C, D). 



17 
 

 

Figure 2 – Validation of chromosome number of selected plants from the Pedigree nursery No. 1, 

founded on September 4
th

 2018, at the venue Za Matusem, Hladke Zivotice/Seitendorf. (A) Diploid 
T. pratense plant with 2n = 14 chromosomes; (B) Tetraploid T. pratense plant with 2n = 28 

chromosomes; (C) Plant no. 2 (JEH 35/7; row 1, position 2) with 2n = 29 chromosomes; (D) plant no. 

62 (JEH 26/7; row 7, position 2) 2n = 38 chromosomes. Chromosomes were counterstained with DAPI. 

Scale bar = 10 µm. 

5.4. Visual phenotypic screening of JLKT6n 
The phenotypic selection was done in the first pedigree nursery for three times in 2019, in the spring, after the first 
cut and in the autumn. The complete set of data can be found in the Appendix 5 in the Appendices section. In 
general, hexaploid plants were smaller and showed less vigor compared to other plants (with lower chromosome 
number) in the first nursery. However, because of the low number of hexaploid or near to hexaploid hybrid plants 
that were able to survive, the maximum number of plants was selected for further cross pollination. 

5.5. Cross pollination of JLKT6n 
We constructed crossing cage over as many plants as possible in the rows 6 and 7 of the nursery No. 1 (JLKT6n). 
Other living plants in the nursery were cut so that they could not bloom. Existing blossoms were cut also in the case 
of hexaploid or nearly hexaploid plants in the rows 6 and 7 that were selected for the cross pollination and were 
under the nylon crossing cage. At a later stage (July 22nd, 2019) there was a small bumblebee nest placed under 
the nylon crossing cage so that cross pollination of the hexaploid or near to hexaploid individuals could proceed 
with the use of blossoms that developed in the meantime. On September 2nd, 2019 five plants were harvested – 
these were plants 4, 5 and 6 from the row 6 and plants 2 and 6 from the row 7.  

The cross pollination of plants in the second pedigree nursery will be arranged in a different way. There were two 
plants identified as hexaploids that will be used for production of cuttings/clones during spring 2020. Assumed lower 
number of cuttings will enable to include all the selected plants under one crossing cage. The above mentioned 
shall be further juxtaposed with the fact that clover hybrids have lower seed gain even when compared to 
tetraploids. 
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5.6. Rhizomatous root habit assessment of JLKT6n 
There was non-invasive observation of the trait carried out in the first nursery after the first cut during June, 2019. 
No rhizomes could be found. Second observation was carried out during autumn 2019. Two living plants from the 
first nursery were removed from the field in October 2019. In the first plant, no rhizomes could be observed (Figure 
3)  

 

Figure 3 – Plant no. 56 (row 6, position 6) with no visible rhizomes  

A short rhizome was observed in the other plant, but different from rhizomes typical for Trifolium medium L. 
Rhizomes in the desired shape are shown in the Figure 4: 

 

Figure 4 – Young hybrid plant with rhizomes (A) rhizomes visible even when the plant is still in soil; 

(B) rhizomes in more detail after removal from soil (personal archive of Hana Jakešová).  

The second nursery will be established during 2020 and cannot be screened for the presence of rhizomes within 
the time frame of the thesis. 
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6. Discussion and Challenges 

6.1. Discussion 

6.1.1. Suitability of flow cytometry for chromosome number establishment 
There are differing opinions as to the use of the method for chromosome number estimation. First, it is argued that 

the method can analyze nuclear DNA content, but it does not allow for estimation of actual number of chromosomes 

(Doležel et al. 1991, Doležel et al. 2007). The ability to depict one surplus or one missing chromosome is limited, 

and plants cannot be effectively screened with chromosome number higher than 2n = 30 as the mass pertaining to 

one chromosome is negligible when compared to absolute DNA content (Suda, 2005). Next, small differences in 

nuclear DNA content can be accurately detected only if the following conditions are met (Roux et al. 2003): i) the 

coefficient of variance (cv) of DNA peaks is as low as possible; ii) nuclei of the sample and standard plant are 

equally distributed in both peaks; iii) there is a small difference in the DNA contents of standard and sample plant, 

because with the increasing difference the analysis is more prone to a larger variation due to e.g. instrument drift. 

Another limitation is the use of DAPI which is a fluorochrome that binds directly to DNA (or more precisely DAPI 

preferentially binds to AT-rich DNA regions) and, according to Doležel and Bartoš (2005) the method can therefore 

be used only for the estimation of DNA content in relative units. Further limit to the use of the method is that red 

clover contains tannins (secondary metabolites) that negatively affect binding of the fluorescence dye to plant´s 

DNA.  

On the other hand, Suda argues that the method has been successfully used for mapping of taxons, within which 

there are hybrid individuals present and the knowledge of ploidy level has become a fundamental tool for detection 

of hybridization (Suda, 2005). Example is provided of the successful flow cytometry use in morphological 

systematics in the case of depicting hybrid individuals in the genus Oxycoccus and the use of the method is reported 

also in other hybrid genotypes (Ochatt, 2008; Renny Byfield and Wendel, 2014).  

As to red clover x zigzag clover hybrids, Řepková et al. (2003) mention that flow cytometry was successfully used 

already for testing the original germplasm gained via (immature) embryo rescue (BC2 generation was tested after 

1 generation of intercross and BC1). Furthermore, as previously shown by Dluhošová et al. (2016) there is a strong 

correlation between (relative nuclear) DNA content and the number of chromosomes in clover hybrid plants. The 

rationale is that whilst the genome of this species is divided into chromosomes of similar sizes, flow cytometric 

values can be converted into chromosome counts.  

In the past there were problems with detection of aneuploid plants and mosaicism. The problem is that mixoploid 

plants cannot be detected via chromosome counting as the method makes use of just root meristems. Flow 

cytometry in general is a more reliable method (Vrána, 2016) and the reliability is enhanced based on the suggestion 

to use three different leaves per one plant as samples (Dluhošová et al., 2016) which is in accordance with previous 

recommendations (Doležel and Bartoš, 2005; Wang et al., 2015).  

6.1.2. Interpretation of flow cytometry data 
The results obtained here can be just partly compared with previous studies in the progeny. First flow cytometry 

screening was done in 1998/1999 whereby plants with 29-30 chromosomes were selected for further research 

(Appendix 2). Two subsequent screenings were done – in period from 2000 to 2003 in BC2 (backcross) progeny 

and in 2016 in F7/F8 (JEH 1V - established 2007, inoculated with BYMV) and F8/F9 (JEH 1F - established 2009, 

inoculated with Fusarium spp.) generations respectively.  

There have been differences between the two subsequent screenings. Within the BC2 generation, the majority of 

plants (98.4%) possessed 29-30 chromosomes and the rest of plants showed presence of 42 to 45 chromosomes 

(Řepková et al., 2003; Table 6). The flow cytometry screening provided by Dluhošová et al. (2016) among plants 

belonging to F7/F8 and F8/F9 generations respectively, showed more diverse distribution of chromosome numbers 

(Table 6). The majority of plants in both generations was characterized by 28 chromosomes, suggesting a tendency 

to shift the number of chromosomes towards the maternal plant component (tetraploid red clover cv. Tatra). 

However, there was still present a high number of individuals with chromosome number different from both parents. 
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In conclusion, there were 24.0% (F7/F8) and 34.3% (F8/F9) of plants found with chromosome numbers different 

from parental species. The ability to maintain genetically variable plants within the hybrid population is valuable 

given repeated backcrossing in the past with tetraploid red clover (Dluhošová et al., 2016). Isobe et al. (2002), who 

made a similar study, even states that 79% of BC4 plants possessed more than 28 chromosomes. 

Table 6 – Distribution of chromosome numbers in previous studies (percentages are given in 

parentheses) 

GENERATI

ON 

2N < 28 2N = 28 2N = 29 TO 

30 

2N = 31 TO 

40 

2N = 41 TO 

47 

REFERENCE

S 

F5 (BC2) 0 0 443 (98.4) 0 7 (1.6) Řepková et 

al. (2003) 

F7/F8 

(JEH1V) 

68 (8.5) 608 (76.0) 120 (15.0) 3 (0.4) 1 (0.1) Dluhošová et 

al. (2016) 

F8/F9 

(JEH1F) 

48 (6.4) 495 (65.7) 199 (26.4) 9 (1.2) 2 (0.3) Dluhošová et 

al. (2016) 

 

As mentioned above, any direct comparison of our results with the data gained in previous studies (including the 

research in Czech Republic) is of a partial relevance: i) we only have sample of 116 plants obtained from just two 

hexaploid plants (JEH 26/7 and JEH 35/7) whilst previously there were larger numbers screened with broader 

genetic basis; ii) red clover breeding is a population breeding and there always is a different equilibrium as concerns 

individual (consecutive) populations and the populations in general are more heterozygous compared to breeding 

lines; iii) there are also different conditions every new hybrid generation is faced with and, in particular, in the 

research here described, there was not inoculation with pathogens carried out, which would increase the selection 

pressure; iv) another aspect is open cross pollination/backcrossing with tetraploid red clover that has not been 

carried out in the research here presented; v) when comparing research in the Czech Republic with the research 

in Japan, zigzag clover with different ploidy (2n = 64 or 72) was used in Japan as a maternal component (Sawai et 

al., 1990) whilst during research in Czech Republic zigzag clover (2n = 64) was used as a paternal component;  

We have obtained just several hexaploid plants. Important is the discovered difference in the distribution of 

chromosome numbers between JEH 35/7 and JEH 26/7 progeny. Even though both plants used for the nursery 

establishment were hexaploid, only the progeny of JEH 26/7 plants is characterized by more hexaploid or near to 

hexaploid chromosome numbers and JEH 26/7 plants seem to be more promising for the utilization in future.  

Our research further shows that if we would not use intercross, backcross and selection after inoculation by 

pathogens and if we would use hexaploid plants as a starting material, we can obtain progeny that does not show 

immediate tendency to stabilize towards maternal component at all (as is the case of JEH 26/7) or, as in the case 

of JEH 35/7, only some plants possess 28 or less than 28 chromosomes.  

Finally, a high percentage of plants are different from both parental species, when it comes to chromosome number. 

In spite of the partial relevance of the direct comparison of our results with previous data, we can repeat the general 

conclusion pertaining to research made in previous generations (Dluhošová et al., 2016) about the existing genetic 

diversity within the progeny studied. This genetic diversity is valuable for the breeding purposes in general and it 

can be possibly combined with the modern methods of molecular biology.  

6.1.3. Chromosome count validation of flow cytometry data 
In this study, hypothetical chromosome numbers of the hybrid progeny were estimated based on the flow cytometric 

analysis of DAPI-stained nuclei. Some authors argue that chromosome counting still defeats flow cytometry as to 

chromosome number estimation. Counting is often time demanding and laborious but provides the full picture about 

the number of chromosomes, their sizes and basic morphology. For chromosome count validation, root tissues 

were used. There were problems with obtaining cuttings with roots (Section 5.3.) Finally, we obtained roots 
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developing from node areas but we were only able to validate chromosome numbers in two plants. Results obtained 

by flow cytometry measurements were confirmed in both cases.  

Yet, as previously shown by Dluhošová et al. (2016) there is a strong correlation between the relative nuclear DNA 

content and the number of chromosomes in clover hybrid plants. Since the genome of this species is divided into 

chromosomes of similar sizes, flow cytometric values can be converted into chromosome counts. Dluhošová et al. 

(2016) did chromosome count verification randomly on the sample of 28 plants. The pool for the random selection 

was represented by all the plants with chromosome number differing from the most numerous group having 28 

chromosomes. The conclusion was that all the numbers established via flow cytometry were confirmed. The most 

serious discrepancy was in the case of a plant with estimated 2n = 44 that only possessed 2n = 43 according to 

chromosome count validation. Furthermore, there were problems in the case of 5 mosaic plants.  

6.1.4. Field tests – vigor and persistency  
We only selected hexaploid plants for further pollination in the pedigree nurseries. Unexpectedly, we did not get 

too many plants for this purpose. Therefore, the field test was only informative. In the past Isobe et al. (2002) argued 

that their BC2 crosses (unlike BC4 crosses) could not be utilized as germplasm due to their poor vigor and fertility. 

There is some difference as to this point as concerns research in the Czech Republic. First, the goal was not to get 

germplasm for improvement of red clover variety, but to obtain a new hybrid variety. Second, if there was a serious 

problem with vigor and fertility in the past, it was in plants having less than 25 chromosomes (Dluhošová et al., 

2016). It can be further added that hexaploid clover hybrids research might be similar to the process of getting first 

festulolium plants, where the population/variety was sometimes based on just one original hybrid plant with not too 

satisfactory vigor (Hana Jakešová, pers. comm).  

6.1.5. Rhizomatous root habit and distinct root branching 
The observation of distinct branching has been reported previously by Taylor and Quesenberry (1996), who state 

that i) “low growing plants” possess more fibers in the root system; and that ii) “widely spaced nursery” results in 

general plants with more root branches. As to the research in the Czech Republic, presence of rhizomes was not 

observed in the original cross. The search for rhizomes was first reported in 2007 (Řepková et al., 2011) and distinct 

root branching was studied in a parallel study (Jakešová et al., 2011) – there were 30 plants having root branching 

whilst roots of 72 plants were compact.  

 

It has been suggested that lower number of plants with rhizomes in subsequent hybrid generations is caused by 

backcrossing with tetraploid red clover (Řepková et al., 2011) which suggestion seems to be supported by Isobe et 

al. (2002). Japanese researchers were able to acquire better persistency in similar hybrid germplasm (61% of their 

BC4 generation survived year four), their results do not correlate, however, with rhizomatous root habit as this trait 

was only found up to BC1 generation (rhizomes were in 3 out of 7 hybrids). The Japanese researches are skeptical 

as to the results too, as rhizomes in their original hybrid and in BC1, too, were different, as to the growth habit and 

extend, from those in zigzag clover, and the same was observed by Merker (1985). The same proceeds from study 

by Jakešová et al. (2011). The conclusion is that hybrids often possess different root morphology when compared 

to tetraploid red clover. It is not clear, however, whether the “loose root branching” or presence of “short 

underground rhizomes”, though distinct from compact root system of red clover, is comparable to rhizomatous root 

habit of zigzag clover.   

As to the research described here, no rhizomes were observed in the first nursery neither after first cut nor in the 

autumn 2019. It was suggested that it would be more suitable to observe plants in the second year after sowing, 

since roots will be more developed and more invasive method could be used. Plants would be removed from field 

and the root system would be freed from soil and would be washed with water (Hana Jakešová, pers., comm.).  

As to the future research of rhizomatous root introgression, Isobe et al. (2002) concluded that there might be more 

efforts or even new techniques needed. Indeed, we would like to explore one more avenue - it is planned to 

backcross the hexaploid hybrid genotype with (rhizomatous, hexaploid) zigzag clover. The hypothesis is that the 

rhizomatous root habit could occur in higher numbers after several rounds of backcrossing with zigzag clover. 
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6.2. Challenges 

6.2.1. Morphological traits comparison and statistical evaluation thereof  
It was also planned, as part of the project, to carry out comparison of morphological traits of hexaploid hybrids and 

parental species as well as statistical evaluation of the traits. This comparison was not possible to do due to the 

low number of hexaploids in the hybrid progeny. In the present study we only had innumerous hexaploid hybrids at 

disposal whilst in 2006, 2008 and 2009 they were 500 hybrids, 746 hybrids and 112 hybrids analyzed (Řepková et 

al., 2011). In addition, as to the current research, some of the hexaploids were partly damaged during construction 

of the nylon crossing cage. The low number of hexaploids is seen a complication for the future as the method is 

deemed important for the research of future generations of the hybrid progeny that will be backcrossed (if possible) 

with zigzag clover.      

6.2.2. Stoloniferous root habit 
An alternative for rhizomatous root habit have been plants with stolons and first stoloniferous red clover variety was 

really gained in 1986 (Smith and Bishop, 1993). The variety was named Astred and was based on (naturally) 

stoloniferous germplasm collected in Portugal (Smith 1992; Smith and Bishop 1993; Taylor and Quesenberry, 1996; 

Smith and Bishop 1998). Other varieties followed as reviewed by Riday (2010). Important cultivar is Rubitas (Hall 

and Hurst, 2013; Watson et al., 2015). Advantage of plants with stolons is their better persistency in field. Yet, it 

must be underlined that plants with rhizomatous root habit are even better suited for both stands in field and grazing 

as rhizomes, unlike stolons, are underground organs. 

6.2.3. Other limits to persistency in red clover 
Marshall et al. (2001) and Abberton and Marshall (2005) discuss abiotic stresses in white clover and red clover. In 

relation to white clover, apart from winter hardiness, “summer survival” is mentioned as concerns negative abiotic 

conditions. Though summer survival is not usually connected to red clover, it can be concluded that with the climate 

change, the summer survival can become an issue, too. Indeed, there has been research carried out specifically in 

red clover water stress tolerance which was explored on the following levels i) “transcript tags” expression; ii) 

(senescence) “genes overexpression” and finally iii) “metabolic pathways” (Yates et al., 2014). Also part of the 

research was search for “drought tolerance candidate genes” (Yates et al., 2014). From the practical point of view, 

it can be, however, concluded that already in the more arid areas of temperate regions in Europe alfalfa has proved 

to be more suitable legume – due to deep root system (Taylor and Quesenberry, 1996).  
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7. Conclusion and Future Prospects 
This Master thesis has been a part of a wider project, which aims at obtaining new red clover cultivars with 

persistency improved via interspecific hybridization with zigzag clover. This approach has been successfully used 

to gain cv. Pramedi, recognized in 2013, which is a variety based on hybrids with 29-30 chromosomes. The main 

aim of this thesis was to contribute to obtaining a cultivar, which would be based on hexaploid hybrids. For this 

purpose, two plants (JEH 26/7 and JEH 35/7), which had been previously detected as hexaploid, were used. These 

two hexaploid plants are part of the hybrid progeny originally gained in 1991 via combination of tetraploid red clover 

and zigzag clover clone 10/8. The 2 plants were part of the cv. Pramedi population.  

Two pedigree nurseries were to be established. First nursery was planted in autumn 2018 (110 plants) and other 

10 JEH 26/7 seeds were sown on July 15th, 2019. From the 10 seeds they were 6 plants gained, 2 of which were 

established hexaploid. These 2 plants shall be used for production of cuttings/clones and the clones will provide for 

basis of the second pedigree nursery that will be established in spring 2020. In the meantime, the 2 plants are kept 

in flowerpots placed in field.  

Starting from the very first year, a selection was carried out in the first nursery that was based on plants´ 

chromosome numbers detected via flow cytometry, whereby only plants confirmed as hexaploids or near hexaploids 

were selected for subsequent cross pollination. It was planned to validate the estimated chromosome numbers via 

chromosome counting, however, due to difficulties with obtaining clones with developed roots, the validation was 

successfully accomplished only in two plants. Therefore, an alternative approach was chosen whereby all hexaploid 

plants were screened for the second time with the use of flow cytometry but in another laboratory and with the use 

of a different flow cytometer.  

Within the first nursery, there was a difference in the distribution of chromosome numbers between the progeny of 

JEH 35/7 and JEH 26/7. While among JEH 35/7 progeny majority of plants possessed 29 -30 chromosomes and 

only one plant was found to be hexaploid, almost all JEH 26/7 plants belonged to near to hexaploid or hexaploid 

categories. Therefore, the progeny of JEH 26/7 seems to be more promising for the future research. The reason 

might be a mistake in identification of JEH 35/7 plant (or its cutting) at the Masaryk University in Brno or the reason 

might be external source of pollen infiltrating greenhouse conditions in which the plants were kept from 2015 to 

2019. As to the second nursery, it has been mentioned above that 2 JEH 26/7 hexaploid plants were found via flow 

cytometry screening that will be used for production of cuttings in spring 2020.  

As to phenotype, pro forma selection was carried out based on traditional phenotypic selection matrix. The same 

is planned in the case of the second nursery. As to one distinct phenotype trait, branching characteristic of rhizomes 

was previously detected in the hybrid progeny gained in the Czech Republic, and it is expected that it could 

positively influence the persistency and yield. So far, the longevity of Pramedi plants, including those with distinct 

root branching, is comparable to just tetraploid red clover. As to rhizomatous root habit, only non-invasive 

observations could be performed on the plants in the first pedigree nursery established in autumn 2018. No 

rhizomes were observed during the first year after sowing. However, the presence of rhizomes could be more 

precisely evaluated during the second year after sowing. As to the plants intended for the second nursery, these 

cannot be screened for the purpose of the thesis as they are too young.  

Even if the introgression of the rhizomatous root habit was not successful, there could still be other beneficial traits 

introgressed from T. medium - such as better freezing tolerance or resistance to biotic stressors (most important is 

the resistance to BYMV virus and powdery mildew). The hybrid population per se can be important for the future 

breeding as a source of genetic diversity/variation. 

Once the genetic diversity is obtained, a possibility of accelerating the process of producing new improved varieties 

is the utilization of molecular breeding methods (Řepková and Nedělník, 2014). In this approach, different types of 

DNA markers linked to individual phenotypic traits are used to assist in the selection part of the breeding process. 

The first step is the identification and characterization of suitable genetic markers – such as RAPD (random 

amplified polymorphic DNA), RFLP (restriction fragment length polymorphism), AFLP (amplified fragment length 

polymorphism) or SSR (simple sequence repeats) (for DNA markers theory see Jalůvka, 2009). The recent quick 



24 
 

development of “next generation sequencing” (NGS) technologies brings new possibilities to modern breeding and 

as to red clover de novo genome assembly was gained (Ištvánek et al., 2014). “Whole genome sequencing” of red 

clover provided important novel information as to the number of “protein-coding” versus “nonprotein-coding” genes 

and “gene families” as well as their respective functions were described (Ištvánek et al., 2014). “Repetitive DNA 

sequences”, which represent about 45% of the genome, were also characterized (Ištvánek et al., 2014). What is 

more, comparison could be done with other species (Ištvánek et al., 2014). In the follow-up research there were 

other DNA markers identified (Ištvánek et al., 2017). 

There are some general assumptions pertaining to the project. We believe in the growing importance of legumes 

in the post BSE agriculture models. We would also like to contribute to emerging EU policy with traces observable, 

for instance, in the EUCLEG project, which aims at decreasing the dependency of the EU (and China) on protein 

imports from Americas via enhanced production and quality in the EU of forage (alfalfa, red clover) and grain 

legumes (peas, faba bean and soybeans) – please see www.eucleg.eu; of course, there must be some complexity 

seen behind the projects like this as soybean-corn rotation (as well as the use of monocultures) is a system 

replacing or at least competing traditional crop rotation systems that were including red clover and the use of 

soybean-corn rotation systems has already been supported for a long time (Taylor and Quesenberry, 1996).  

Even more general goal, behind the research described, is to support the efforts to decrease the dependence of 

conventional agriculture on fossil fuels (needed for production of mineral N fertilizers that were so crucial for the 

“Green Revolution” model of agriculture). Low price of N fertilizers is proclaimed the main cause of limited use of 

red clover that has been observed since last century (mid 80s) (Taylor and Quesenberry, 1996) and we believe 

that there is an urgent need for action on national, regional and global levels. Less fossil fuels would also contribute 

to at least partial solution of “Global Change” problems and, at the same time, problems of Nitrogen leaching, and 

subsequent eutrophication would be mitigated. Use of legumes does not preclude positive solution to food scarcity 

resulting from the phenomenon of global population growth. “Green Revolution” concept that has led, in recent 

years, to just minor yield improvements in innumerous crops, has to be replaced with policy using potential of 

broader scope of crops and more alleles reshuffling (Abberton et al., 2016). Moreover, research in legumes, and in 

red clover, did not stagnate (despite past support to “Green Revolution” cornerstones) and there are now better 

yielding and more resistant varieties at disposal (Taylor and Quesenberry, 1996). 
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10. Appendices 
 

Appendix 1. Popular Science Summary  

Clovers belong to the group of forage legumes and are important for overall Nitrogen balance in agricultural 
production, are important for soil fertility and are used as beef feed. As to Nitrogen balance and soil fertility, clovers 
saturate soils with nutrients, they have positive impact on soil structure and, most importantly, there is no need for 
artificial Nitrogen fertilizers application as clovers, in symbiosis with bacteria, fix aerial Nitrogen. As to clovers use 
as beef feed, clovers are cheap to produce, require smallest energy allocation as to agronomics, they are nutritious 
and provide a good source of energy. Clovers have very good green mass production in pure stands even in nutrient 
poor soils and can be used in even worse soils as clover mixtures or as clover grass mixtures.  
 
Though red clover is deemed a perennial plant it shows limited individual plant longevity (also referred to as 
“persistence”). The species can be grown only for three or four years in pure stand. Therefore enhanced persistency 
has been a priority in modern breeding programs. Combination of red clover with wild perennial species serves as 
a tool for introduction of longevity traits to hybrid red clover cultures. Red clover breeding has a long tradition in the 
Czech Republic and the Czech researchers achieved a particular success as concerns hybridization between clover 
species as they gained interspecific cultivar (T. pratense L. x T. medium L.) with brand name Pramedi based on 
hybrid plants having 29-30 chromosomes.  
 
The goal of the research here presented is to contribute to obtainment of another variety this time based on plants 
with 41–47 chromosomes (referred to as “hexaploids” as they possess six copies of basic genetic information). We 
have had at disposal a progeny gained via cross pollination, done in the course of four seasons, of two plants with 
43 chromosomes (seeds were harvested from season 2015/2016 to 2018/2019). The progeny was divided in two 
groups. In 2018, the first group, containing 110 seedlings, was transferred to field conditions and thus the first 
nursery was established. To identify plants with 41–47 chromosomes necessary for further work, chromosome 
numbers of all plants were determined using flow cytometry (a method, which enables estimation of the relative 
DNA content in nuclei) and validated in several plants by chromosome counting. Later on, five plants identified as 
hexaploid or near to hexaploid were cross pollinated by bumblebees under a nylon crossing cage. Five plants were 
successfully harvested in 2019 providing valuable material for further research. The other group of seedlings was 
gained from seeds harvested in 2019 and was also subjected to flow cytometry screening. Two out of six plants 
were found to be hexaploid. These two plants will be used for cuttings production and obtained clones will be cross 
pollinated in field conditions thus providing material for the second nursery. 
 
Evaluation of the growth habitus within the first nursery showed that hexaploid plants were smaller and were less 
vigorous compared to plants with lower chromosome numbers, however, these shortcomings could be 
compensated by other features connected with higher ploidy level.  
 
Presence of underground plant stems (rhizomes) is a precious trait of zigzag clover enhancing persistency, 
therefore the plants grown in the field were screened for the presence of such rhizomes. Simple observation of the 
plants in field conditions was used in 2019 but the method did not confirm presence of underground stems. In 2020 
plants will be removed from the field and roots will be observed in detail. Except for the rhizomatous root system 
there are other positive features present in zigzag clover that can be introduced to hybrid populations such as 
resistance to mites, resistance to powdery mildew and to plant lice or root rot resistance. All these aspects could 
also contribute to increased persistency of our hexaploid population. 
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Appendix 2. Scheme of family plant breeding of Trifolium pratense L. x Trifolium medium L. hybrid, 

cv. Pramedi 
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Appendix 3. Chromosome numbers estimated based on flow cytometry analysis in pedigree nursery  

JLKT6N, founded on September 4th 2018, at the venue Za Matusem , Hladke Zivotice/Seitendorf 

Plant 

No. 

Row Plant 

position 

in the 

row  

Pedig

ree  

standard 

peak 

position 

sample 

peak 

position 

calculated 

chromoso

me number  

estimat

ed 

chromo

some 

number 

Statistica

l 

Group 

cv 

1 1 1 JEH 

35/7 

100.14 223.82 31.29 31 4 1.75  

 2.12 

2 1 2 JEH 

35/7 

99.98 209.27 29.30 29 3 2.25  

1.79 

3 1 3 JEH 

35/7 

95.3 194.55 28.58 29 3 2.36  

2.44 

4 1 4 JEH 

35/7 

103.39 204.05 27.63 28 2 4.11   

2.82 

5 1 5 JEH 

35/7 

99.7 200.37 28.32 28 2 2.27  

1.87 

6 1 6 JEH 

35/7 

100.54 219,43 30.56 31 4 + 

7 1 7 JEH 

35/7 

96.06 195.18 28.45 28 2 3.9  

3.2 

8 1 8 JEH 

35/7 

  Not alive    

9 1 9 JEH 

35/7 

96.9 187.38 27.07 27 1 1.81  

3.6 

10 1 10 JEH 

35/7 

96.65 195.18 27.56 28 2 2.33  

2.76 

11 2 1 JEH 

35/7 
100.85 202.19 28.07 28 2 No  

data 

12 2 2 JEH 

35/7 

100.37 271.2 37.83 38 4 1.25  

2.12 

13 2 3 JEH 

35/7 

100.99 211.06 29.26 29 3 2.72  

2.49 

14 2 4 JEH 

35/7 

98.58 195.86 27.82 28 2 3.3  

2.68 

15 2 5 JEH 

35/7 

99.72 208.18 29.23 29 3 1.75  

1.8 

16 2 6 JEH 

35/7 

99.2 209.43 29.56 30 3 1.76  

 2.03 
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17 2 7 JEH 

35/7 

95.07 205.42 30.25 30 3 1.31  

2.8 

18 2 8 JEH 

35/7 
97.53 207.16 29.74 30 3 1.79  

1.81 

19 2 9 JEH 

35/7 

96.5 198.78 28.84 29 3 1.81  

2.39 

20 2 10 JEH 

35/7 

96.36 199.25 28.95 29 3 1.82  

2.38 

21 3 1 JEH 

35/7 

100.72 223.59 31.08 31 4 2.73  

3.69 

22 3 2 JEH 

35/7 

96.47 196.46 28.51 29 3 2.33  

2.16 

23 3 3 JEH 

35/7 

96.44 190.61 27.67 28 2 2.33  

1.44 

24 3 4 JEH 

35/7 
95.78 195.39 28.56 29 3 1.31  

2.69 

25 3 5 JEH 

35/7 

95.36 197.34 28.97 29 3 2.36  

3.17 

26 3 6 JEH 

35/7 

103.42 214.67 29.06 29 3 2.18  

3.38 

27 3 7 JEH 

35/7 

103.49 212.02 28.68 29 3 2.66  

3.89 

28 3 8 JEH 

35/7 

103.05 224.09 30.44 30 3 2.67  

2.57 

29 3 9 JEH 

35/7 

100.75 208.24 28.94 29 3 2.23  

2.04 

30 3 10 JEH 

35/7 

100.62 214.31 29.82 30 3 3.23  

1.75 

31 4 1 JEH 

35/7 

101.09 217.29 30.09 30 3 3.22  

1.96 

32 4 2 JEH 

35/7 

99.18 217.59 30.71 31 4 1.76  

2.64 

33 4 3 JEH 

35/7 

99.13 203.43 28.73 29 3 3.28  

3.56 

34 4 4 JEH 

35/7 

94.78 199.69 29.50 30 3 1.85  

4.38 

35 4 5 JEH 

35/7 

98.01 194.41 27.77 28 2 3.32  
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1.93 

36 4 6 JEH 

35/7 

106.4 225.64 29.69 30 3 5.4  

2.33 

37 4 7 JEH 

35/7 

102.56 203.92 27.84 28 2 4.14  

3.06 

38 4 8 JEH 

35/7 

101.91 213.11 29.28 29 3 3.19  

1.76 

39 4 9 JEH 

35/7 

99.59 205.93 28.95 29 3 3.26  

2.31 

40 4 10 JEH 

35/7 

99.54 198.46 27.91 28 2 2.76  

1.13 

41 5 1 JEH 

35/7 

101.8 211,27 29.05 29 3 2.21  

1.77 

42 5 2 JEH 

35/7 

101.26 223.93 30.96 31 4 1.73  

3.01 

43 5 3 JEH 

35/7 

101.03 200.59 27.80 28 2 1.24  

1.37 

44 5 4 JEH 

35/7 

91.07 193.74 29.78 30 3 3.57  

3.48 

45 5 5 JEH 

35/7 

  Not alive    

46 5 6 JEH 

35/7 

100 214.07 29.97 30 3 1.24  

2.92 

47 5 7 JEH 

35/7 

100.1 219.25 30.66 31 4 2.75  

2.17 

48 5 8 JEH 

35/7 
95.69 215.68 31.56 32 4 2.87  

3.59 

49 5 9 JEH 

35/7 

96.55 202 29.29 29 3 2.85  

2.85 

50 5 10 JEH 

35/7 

94.75 200.65 29.65 30 3 3.43 

2.12 

51 6 1 JEH 

26/7 

  Not alive    

52 6 2 JEH 

26/7 

91.53 254.79 38.97 39 4 0.27  

1.67 

53 6 3 JEH 

26/7 

101.1 267.68 37.07 37 4 2.23  

1.77 
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54 6 4 JEH 

26/7 

99.94 255.67 35.82 36 4 2.75  

1.86  

55 6 5 JEH 

26/7 
99.24 304.82 43.00 43 5 3.27  

2.05 

56 6 6 JEH 

26/7 

99.06 290.53 41.06 41 5 3.79  

2.32 

57 6 7 JEH 

26/7 

97.77 280.56 40.17 40 4 3.32  

10.87 

58 6 8 JEH 

26/7 

93.39 206.11 30.90 31 4 5.09  

3.03 

59 6 9 JEH 

26/7 

101.3 300.82 41.57 42 5 3.21  

1.58 

60 6 10 JEH 

26/7 

100.41 281.9 39.30 39 4 2.24  

2.75 

61 7 1 JEH 

26/7 
101.37 290.77 40.16 40 4 3.7  

2.32 

62 7 2 JEH 

26/7 

98.36 263.99 37.57 38 4 4.32  

1.42 

63 7 3 JEH 

26/7 

96.66 259.81 37.63 38 4 3.36  

1.25 

64 7 4 JEH 

26/7 

93.75 203.18 30.34 30 3 3.47  

3.57 

65 7 5 JEH 

35/7 

102.6 251.86 34.37 34 4 4.14  

2.08 

66 7 6 JEH 

35/7 

102.89 336 45.72 46 5 1.7  

1.26 

67 7 7 JEH 

35/7 

99.63 217.95 30.63 31 4 1.75  

2.87 

68 7 8 JEH 

35/7 

100.06 210.24 29.42 29 3 1.75  

2.87 

69 7 9 JEH 

35/7 

95.8 215.6 31.51 32 4 3.39  

5.22 

70 7 10 JEH 

35/7 

94.04 209.4 31.17 31 4 2.39  

3.22 

71 8 1 JEH 

35/7 

97.44 230.1 33.06 33 4 3.34  

2.93 

72 8 2 JEH 

35/7 

91.97 191.32 29.12 29 3 2.99  
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1.96 

73 8 3 JEH 

35/7 

100.66 209.56 29.15 29 3 2.24  

1.31 

74 8 4 JEH 

35/7 

100.64 210.16 29.24 29 3 2.24  

0.59 

75 8 5 JEH 

35/7 

99.75 221.33 31.06 31 4 1.25  

1.69 

76 8 6 JEH 

35/7 

101.78 293.01 40.30 40 4 4.18  

3.5  

77 8 7 JEH 

35/7 

99.8 210.99 29.60 30 3 1.75  

1.78  

78 8 8 JEH 

35/7 

99.73 217.51 30.53 31 4 2.76  

1.95  

79 8 9 JEH 

35/7 

99.51 207.92 29.25 29 3 2.76 

2.53 

80 8 10 JEH 

35/7 

98.24 207.55 29.58 30 3 3.31  

3.97 

81 9 1 JEH 

35/7 

99.91 202.73 28.41 28 2 1.75  

3.08 

82 9 2 JEH 

35/7 

97.43 214.32 30.80 31 4 1.28  

1.75  

83 9 3 JEH 

35/7 

101.34 228.18 31.52 32 4 1.73  

2.08  

84 9 4 JEH 

35/7 

98.71 204.32 28.98 29 3 3.29  

3.06  

85 9 5 JEH 

35/7 
95.93 194.33 28.36 28 2 2.35  

2.19  

86 9 6 JEH 

35/7 

99.01 221.46 31.31 31 4 2.27 

1.47  

87 9 7 JEH 

35/7 

96.16 203.51 29.63 30 3 2.34  

3.32  

88 9 8 JEH 

35/7 

99.19 208.69 29.46 29 3 2.27  

2.76  

89 9 9 JEH 

35/7 

97.99 207.03 29.58 30 3 0.77  

2.78  

90 9 10 JEH 

35/7 

96.52 201.09 29.17 29 3 2.3   

2.61  
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91 10 1 JEH 

35/7 

98.24 209.73 29.89 30 3 2.8  

3.46  

92 10 2 JEH 

35/7 
96.31 197.06 28.65 29 3 2.34 

2.41 

93 10 3 JEH 

35/7 

94.98 204.8 30.19 30 3 2.90 

1.10 

94 10 4 JEH 

35/7 

92.95 195.83 29.50 30 3 2.96 

2.94 

95 10 5 JEH 

35/7 

96.63 202.85 29.39 29 3 2.85 

3.08 

96 10 6 JEH 

35/7 

102.11 212.99 29.20 29 3 1.71 

1.76 

97 10 7 JEH 

35/7 

100.5 209.31 29.16 29 3 1.24 

1.79 

98 10 8 JEH 

35/7 
100.21 203.77 28.47 28 2 0.75  

1.84 

99 10 9 JEH 

35/7 

98.49 206.56 29.36 29 3 1.78 

1.82 

100 10 10 JEH 

35/7 

98.18 197.23 28.12 28 2 2.29  

1.90 

101 11 1 JEH 

35/7 

102.18 222.03 30.42 30 3 1.71 

2.14 

102 11 2 JEH 

35/7 

99.24 211.24 29.80 30 3 1.76 

2.25 

103 11 3 JEH 

35/7 

99.56 216.92 30.50 31 4 1.76 

1.96 

104 11 4 JEH 

35/7 

98.8 210.34 29.81 30 3 1.27 

3.68 

105 11 5 JEH 

35/7 

98.37 196.29 27.94 28 2 2.34  

1.91 

106 11 6 JEH 

35/7 

  No data    

107 11 7 JEH 

35/7 

98.17 191.44 27.30 27 1 No data 

108 11 8 JEH 

35/7 

100.03 205.59 28.77 29 3 No data 

109 11 9 JEH 

35/7 

98.71 194.45 27.58 28 2 3.8 

2.96 
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110 11 10 JEH 

35/7 

98.82 190.87 27.04 27 1 No data 
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Appendix 4. Chromosome numbers estimated based on flow cytometry analysis of plants intended 

for the second pedigree nursery 

Plant No. 

 

Pedigree Standard peak 

position 

Sample peak 

position 

Chromosome 

number 

3/1 – leaf 1 

 

JEH 26/7 101.88 200.8 27.59 

3/1 – leaf 2 

 

JEH 26/7 101.36 200.16 27.65 

3/2 – leaf 1 

 

JEH 26/7 100.8 199.47 27.7 

3/2 – leaf 2 

 

JEH 26/7 100.87 200.12 27.78 

3/2 – leaf 3 

 

JEH 26/7 100.34 199.07 27.78 

3/3 – leaf 1 

 

JEH 26/7 100.54 195.8 27.26 

3/3 – leaf 2 

 

JEH 26/7 101.1 197.3 27.32 

7/1 – leaf 1 

 

JEH 26/7 100.41 295.04 41.14 

7/1 – leaf 2 

 

JEH 26/7 99.85 293.85 41.2 

7/2 – leaf 1 

 

JEH 26/7 99.94 205.14 28.74 

7/2 – leaf 2 

 

JEH 26/7 99.09 202.69 28.64 

8 – leaf 1 

 

JEH 26/7 99.27 300.18 42.33 

8 – leaf 2 

 

JEH 26/7 98.82 297.84 42.2 
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Appendix 5. JLKT6N Phenotypical selection in the pedigree nursery No. 1 founded on September 4th 

2018, at the venue Za Matusem, Hladke Zivotice/Seitendorf 

Plant No. Row Plant 

position 

the in row 

Pedigree  Number of 

chromosomes  

Points gained in 

spring 2019/May 

2nd 2019 

Points gained 

after the first cut 

in 2019/June 24th 

2019 

1 

 

1 1 JEH 35/7 31 3 3 

2 1 2 JEH 35/7 29 8 9 

 

3 1 3 JEH 35/7 29 8 7 

 

4 1 4 JEH 35/7 28 8 9 

 

5 1 5 JEH 35/7 28 9 8 

 

6 1 6 JEH 35/7 31 6 4 

 

7 1 7 JEH 35/7 28 4 7 

 

8 1 8 JEH 35/7 Not alive 0 Not alive 0 

 

9 1 9 JEH 35/7 27,07 0 Not alive 0 

 

10 1 10 JEH 35/7 28 6 4 

 

11 2 1 JEH 35/7 28 8 9 

 

12 2 2 JEH 35/7 38 7 6 

 

13 2 3 JEH 35/7 29 5 7 

 

14 2 4 JEH 35/7 28 9 9 

 

15 2 5 JEH 35/7 29 9 9 

 

16 2 6 JEH 35/7 30 7 9 

 

17 2 7 JEH 35/7 30 9 4 
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18 2 8 JEH 35/7 30 4 6 

 

19 2 9 JEH 35/7 29 8 9 

 

20 2 10 JEH 35/7 29 4 7 

 

21 3 1 JEH 35/7 31 3 4 

 

22 3 2 JEH 35/7 29 7 5 

 

23 3 3 JEH 35/7 28 9 9 

 

24 3 4 JEH 35/7 29 8 8 

 

25 3 5 JEH 35/7 29 8 9 

 

26 3 6 JEH 35/7 29 8 7 

 

27 3 7 JEH 35/7 29 9 9 

 

28 3 8 JEH 35/7 30 7 7 

 

29 3 9 JEH 35/7 29 7 9 

 

30 3 10 JEH 35/7 30 0 Not alive 0 

 

31 4 1 JEH 35/7 30 3 5 

 

32 4 2 JEH 35/7 31 7 6 

 

33 4 3 JEH 35/7 29 6 5 

 

34 4 4 JEH 35/7 30 9 7 

 

35 4 5 JEH 35/7 28 4 8 
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36 4 6 JEH 35/7 30 7 6 

 

37 4 7 JEH 35/7 28 6 6 

 

38 4 8 JEH 35/7 29 0 Not alive 0 

 

39 4 9 JEH 35/7 29 8 7 

 

40 4 10 JEH 35/7 28 9 9 

 

41 5 1 JEH 35/7 29 5 8 

 

42 5 2 JEH 35/7 31 2 2 

 

43 5 3 JEH 35/7 28 8 7 

 

44 5 4 JEH 35/7 30 8 9 

 

45 5 5 JEH 35/7 Not alive 0 Not alive 0 

 

46 5 6 JEH 35/7 30 8 9 

 

47 5 7 JEH 35/7 31 2 1 

 

48 5 8 JEH 35/7 32 8 8 

 

49 5 9 JEH 35/7 29 7 7 

 

50 5 10 JEH 35/7 30 9 6 

 

51 6 1 JEH 26/7 0 0 Not alive 0 

 

52 6 2 JEH 26/7 39 3 3 

 

53 6 3 JEH 26/7 37 1 0 Not alive 

 

54 6 4 JEH 26/7 36 1  
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2 

55 6 5 JEH 26/7 43 2 3 

 

56 6 6 JEH 26/7 41 1 1 

 

57 6 7 JEH 26/7 40 3 6 

 

58 6 8 JEH 26/7 31 4 5 

 

59 6 9 JEH 26/7 42 4 3 

 

60 6 10 JEH 26/7 39 1 0 Not alive 

 

61 7 1 JEH 26/7 40 0 Not alive 0 

 

62 7 2 JEH 26/7 37,57 3 3 

 

63 7 3 JEH 26/7 38 0 Not alive 0 

 

64 7 4 JEH 26/7 30 5 6 

 

65 7 5 JEH 35/7 34 5 6 

 

66 7 6 JEH 35/7 46 3 4 

 

67 7 7 JEH 35/7 31 8 8 

 

68 7 8 JEH 35/7 29 9 9 

 

69 7 9 JEH 35/7 32 8 8 

 

70 7 10 JEH 35/7 31 3 4 

 

71 8 1 JEH 35/7 33 4 6 

 

72 8 2 JEH 35/7 29 9 9 
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73 8 3 JEH 35/7 29 8 9 

 

74 8 4 JEH 35/7 29 8 8 

75 8 5 JEH 35/7 31 7 8 

 

76 8 6 JEH 35/7 40 0 Not alive 0 

 

77 8 7 JEH 35/7 30 6 4 

 

78 8 8 JEH 35/7 31 6 6 

 

79 8 9 JEH 35/7 29 4 6 

 

80 8 10 JEH 35/7 30 8 7 

 

81 9 1 JEH 35/7 28 9 9 

 

82 9 2 JEH 35/7 31 5 9 

 

83 9 3 JEH 35/7 32 8 2 

 

84 9 4 JEH 35/7 29 0 Not alive 0 

 

85 9 5 JEH 35/7 28 6 9 

 

86 9 6 JEH 35/7 31 9 7 

 

87 9 7 JEH 35/7 30 7 7 

 

88 9 8 JEH 35/7 29 7 9 

 

89 9 9 JEH 35/7 30 9 3 

 

90 9 10 JEH 35/7 29 3 3 

 

91 10 1 JEH 35/7 30 8 8 
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92 10 2 JEH 35/7 29 5 9 

 

93 10 3 JEH 35/7 30 9 7 

 

94 10 4 JEH 35/7 30 4 9 

 

95 10 5 JEH 35/7 29 7 7 

 

96 10 6 JEH 35/7 29 6 6 

 

97 10 7 JEH 35/7 29 8 9 

 

98 10 8 JEH 35/7 28 9 9 

 

99 10 9 JEH 35/7 29 9 9 

 

100 10 10 JEH 35/7 28 9 9 

 

101 11 1 JEH 35/7 30 6 7 

 

102 11 2 JEH 35/7 30 8 6 

 

103 11 3 JEH 35/7 31 7 6 

 

104 11 4 JEH 35/7 30 8 8 

 

105 11 5 JEH 35/7 28 8 8 

 

106 11 6 JEH 35/7 No data 7 6 

 

107 11 7 JEH 35/7 27 9 9 

 

108 11 8 JEH 35/7 29 7 7 

 

109 11 9 JEH 35/7 28 9 9 
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110 11 10 JEH 35/7 27 9 9 

 

* 9 point scale was used for phenotype evaluation: 1 point marks less vigored, small plants, while 9 

points are given to big, healthy plants. 

 


