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Woord vooraf 

 

Onderzoek in de sierteeltveredeling… Geen haar op mijn hoofd die daaraan dacht als kleine jongen 

opgegroeid in het midden van een drukke stad waar het woord „groen‟ niet bepaald hoog tij viert. 

Bovendien is de sierteelt voornamelijk een Oost-Vlaams aangelegenheid. Terwijl veel van mijn 

collega‟s op het ILVO dan ook afkomstig waren uit deze sierteeltstreek, was ik zelf afkomstig uit 

Roeselare, het epicentrum van de West-Vlaamse groenteteelt. Geen velden dus vol boomkwekerijen, 

maar honderden hectares aardappelen, kolen en maïs.  

 

Planten veredelen: dat is toch kruisen, alles goed bijhouden en streng selecteren? Als „cel- en genner‟ 

kun je hier toch weinig verrichten behalve de wetten van Mendel toepassen in de praktijk? Niets bleek 

minder waar. Nieuwe termen als embryo rescue, interspecifieke hybridisatie, karyotyperingen, … 

kwamen op me af en een nieuwe wereld bood zich aan voor mij. De biotechnologie heeft een 

prominente rol opgeëist in de plantenveredeling en heeft de mogelijkheden binnenin dit vakgebied 

enorm verruimd. Een goede communicatie tussen onderzoeks- en bedrijfsleven is dan ook 

noodzakelijk om innovatie in de sierteeltveredeling te blijven garanderen. 

 

Ondertussen is het reeds 6 jaar geleden toen ik op het toenmalig CLO van start ging. En 2 jaar toen ik 

er weer vertrok. Niet omdat ik er niet graag werkte, integendeel. Veel hulpvolle collega‟s, een 

aangename werksfeer en een boeiend project maakt het een periode waar ik graag op terug kijk. 

Halfweg 2008 ging ik echter mijn kans op de Katholieke Hogeschool in Roeselare, waar me een job in 

de sector van de agro- en biotechnologie werd aangeboden. Een unieke kans voor me, maar tevens een 

heel moeilijke beslissing.    

 

Verloren was het project echter niet. De meeste van de resultaten waren binnen, mits nog enkele 

praktische zaken af te ronden kon alles in een finale geschreven vorm gegoten worden. Gelukkig kreeg 

ik hierbij de steun van mijn beide promotoren en de collega‟s. Van een leien dakje liep het echter niet. 

Als nieuwe docent op de KATHO natuurlijk vele aanpassingen, cursussen en projecten schrijven, 

examens verbeteren, …. Mijn doctoraat uitwerken zat er dus niet meteen in. Dan maar focussen op het 

uitwerken van wetenschappelijke publicaties daar waar ik een gaatje vond. Deze publicaties zouden 

uiteindelijk de basis vormen van mijn „boekske‟.  

 

En nu, na het nodige nachtwerk, leg ik eindelijk de laatste hand aan mijn doctoraal proefschrift, een 

unieke gelegenheid om de personen te bedanken die mij van dicht en van ver hebben bijgestaan, zowel 

op professioneel als op familiaal vlak. 



  

Eerst en vooral moet ik hier mijn promotoren Prof. dr. ir. Erik Van Bockstaele en dr. ir. Johan Van 

Huylenbroeck bedanken. Van hen kreeg ik het nodige vertrouwen om dit doctoraat uit te voeren en af 

te werken. Hoewel velen de nodige moeite moeten doen om een doctoraatsbeurs te verkrijgen, werd 

mijn doctoraatsbeurs me bijna letterlijk in de schoot geworpen. Verder ook enorm bedankt, voor de 

goede begeleiding, de vele correcties en suggesties, de nodige aanmoedigingen en de financiële 

investeringen  (N2O vat, sonicator, …) zowel tijdens het uitvoeren van de proeven, het schrijven van 

de publicaties als tijdens het schrijven van dit proefschrift.  

 

Een enorm dankwoord aan het wetenschappelijk sierteeltteam met Tom, Leen en Katrijn die me zelf 

met een doctoraat voorafgingen in dit vakgebied en waar ik dus regelmatig terecht kon voor de nodige 

vragen en de opvolging van mijn experimenten de dag dat ik vertrok op het ILVO. Daaraan gekoppeld 

ook het tweede sierteeltteam bestaande uit Roger, Jo en Frederik. Steeds opnieuw stonden ze garant 

voor een goed onderhoud van mijn begonias en voor een lading gezonde humor.  

 

Aan de rest van het wetenschappelijk personeel waaronder Hilde, Isabel, Jan, Ellen, Nancy, Emmy, 

Inge, Evelien, Joost, Hervé, Liebet, Steven, An, Marianne, Muriel, Veerle, Els, Antje, Gerda; de 

laboranten Laurence, Hilde, Nancy, Veerle, Mieke, Sabine, Ronald, Kristien, Annemie, Carine; al de 

rest van het personeel zoals Romain, Raoel, Marc, Dieter, … en degene die ik hier vergeet maar het 

wel verdienen: enorm bedankt voor de goede sfeer op het departement en de vele wetenschappelijke 

en technische assistentie. Daarnaast verdienen ook mijn thesisstudenten Kelly, Nick en Mary een groot 

dankwoord voor de assistentie bij het vele labowerk.  

En ook nog Frank Lagaisse natuurlijk, die er voor zorgde dat het N2O vat zeker niet zou ontploffen! 

 

Voor de laatste strenge selectie gedurende dit hele proces en de correctheid van de output hiervan kan 

ik rekenen op de leden van de examencommissie. Bedankt alvast Prof. dr. ir. Els Van Damme 

(voorzitter), Prof. dr. Patrick Van Oostveldt (secretaris), Prof. dr. Danny Geelen, Prof. dr. ir. Jaap Van 

Tuyl, Prof. dr. Catherine Kidner, Prof. dr. ir. Marie-Christine Van Labeke, Prof. dr. Ronnie Viane en 

Prof. dr. ir. Wannes Keulemans.  

 

Verder een heel grote erevermelding voor mijn 3 vrouwen in huis. Hoewel de zorg voor kleine 

kinderen meer dan een full-time job blijkt te zijn, was Sabrina er steeds weer om me van een groot 

deel van dit werk te ontlasten. Samen met de dochters Ilona en Jelena zorgden ze ook voor het nodige 

leven in de brouwerij en de nodige afleiding daar waar nodig. Hoewel ik niet altijd evenveel tijd voor 

ze kon vrijmaken, kon ik steeds op de nodige steun rekenen. 

 

 



  

Een speciaal dankwoord ook aan familie en schoonfamilie. De vele momenten waar we de laatste 

jaren hulp kregen tijdens de verbouwingen, opvang van onze kleine gasten, … zijn momenten die 

onbetaalbaar zijn. Hoewel er niet ieder dag opnieuw letterlijk „bedankt‟ werd gezegd, was dit zeker 

wel op zijn plaats geweest. 

 

Als laatste dien ik hier het volledige KATHO team te vermelden: garant voor een goede werksfeer, 

maar de grote groep docenten maakt het onmogelijk om ze één per één op te sommen. Alvast bedankt! 

De goede commentaren van de visitatie dit jaar waren zeker geen verassing. 

 

Met dit proefschrift is er een einde gekomen aan een hoofdstuk in mijn leven. Hopelijk vormen de 

beschreven resultaten aanleiding tot verdere innovatie binnenin de plantenveredeling. Binnen het 

expertisecentrum Biotechnologie op de KATHO gaat het onderzoek verder, maar andere uitdagingen 

staan te wachten. Daar waar het vroeger enkel ging over het genereren van nieuwe kennis, wordt dit nu 

gecombineerd met een educatief aspect. Of zoals Albert Einstein het verwoordde: 

 

Bear in mind that the wonderful things you learn in your schools are the work of many generations. 

All this is put in your hands as your inheritance in order that you may receive it, honor it, add to it, 

and one day faithfully hand it on to your children.” 

 

 

Angelo, 2 september 2010 

http://thinkexist.com/quotation/bear_in_mind_that_the_wonderful_things_you_learn/145932.html
http://thinkexist.com/quotation/bear_in_mind_that_the_wonderful_things_you_learn/145932.html
http://thinkexist.com/quotation/bear_in_mind_that_the_wonderful_things_you_learn/145932.html
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Samenvatting 

 

Eén specifieke tak van de huidige plantenverdeling focust zich op het manipuleren van de ploïdiegraad 

binnenin een plant. De term ploïdie refereert hierbij naar het aantal basissets aan chromosomen in een 

bepaald plantengeslacht. Tot op heden wordt de aanwezige ploïdiegraad vooral verdubbeld door het 

toevoegen van mitosegiffen zoals colchicine, oryzaline en trifluraline, ook gekend als mitotische 

polyploidisatie. Dit kan leiden tot planten met grotere bloemen, dikkere bladeren, wijzigingen in 

groeikracht, hogere vegetatieve opbrengst, compactere planten, hogere stressbestendigheid, …, maar 

kan ook gebruikt worden om fertiliteitsproblemen te omzeilen bij kruisingen waarvan de ouderplanten 

een verschillend ploïdieniveau bezitten. 

Bij meiotische polyploïdisatie wordt gebruik gemaakt van 2n gameten (ook ongereduceerde 

gameten of diplogameten) om de ploïdiegraad te verhogen. Deze techniek is tot op heden binnen de 

plantenveredeling veel minder geëxploiteerd. Vergeleken met mitotische polyploidisatie zou 

meiotische polyploidisatie resulteren in een hogere genetische variatie binnenin de nakomelingen. Met 

Begonia als modelplant werd in dit werk nagegaan in welke mate 2n gameten een bruikbaar 

werkinstrument vormen binnenin de huidige (sier)plantenveredeling. Vooral het gebruik van 2n pollen 

werd geëvalueerd, aangezien deze vergeleken met eicellen veel eenvoudiger te isoleren zijn.  

Binnen het genus Begonia is een grote variatie in chromosoomaantallen beschreven en is geen 

duidelijk basischromosoomaantal aanwezig. Bovendien zijn Begonia chromosomen moeilijk te 

visualiseren en te tellen. Via flow cytometrie werd nagegaan in welke mate genoomgrootte analyses 

een alternatief bieden voor moeilijke en tijdsrovende cytologische chromosoomtellingen. Onderzoek 

toonde aan dat er een enorme variatie heerst in chromosoomaantal en gemiddelde chromosoomgrootte 

tussen de verschillende Begonia soorten en cultivars. Genoomgroottes konden hierbij niet gecorreleerd 

worden aan chromosoomaantallen. Wel werd een duidelijke positieve correlatie tussen pollendiameter 

en genoomgrootte binnen het genus aangetoond. 

Om 2n gameten efficiënt te gebruiken, is een goede detectietechniek noodzakelijk. Dit kan op 

4 mogelijke manieren: microscopische analyse van de pollengrootte, microscopische analyse van de 

meiose, flow cytometrische detectie van pollen DNA inhoud en ploïdieanalyse van zaailingen na 

gerichte kruisingen. Een flow cytometrische detectietechniek werd ontwikkeld op kiemend en niet 

kiemend pollen en kan gebruikt worden om direct de frequentie kiemkrachtig 2n pollen te bepalen. De 

techniek werd, samen met de bovenvermelde methoden, gebruikt om 2n pollen op te sporen in een 

Begonia collectie. Op die manier kon de aanwezigheid van 2n pollen in 11 van de 71 gescreende 

genotypes aangetoond worden. De frequentie van 2n pollen productie varieerde afhankelijk van de 

gebruikte methode.  

 



 

ii 

 

Een gedetailleerde cytologische analyse van de meiose in 5 van de 11 2n pollenproducenten toonde 

aan dat First Division Restitution (FDR) het belangrijkste onderliggende mechanisme van 2n pollen 

vorming was. Via AFLP kon aangetoond worden dat deze FDR gameten ongeveer 80% van de 

heterozygositeit aanwezig in B. „Orococo‟ doorgeven naar de nakomelingen, vergeleken met 50% via 

de normale gameten.  

Voor B. „Orococo‟ en B276 kon een hoge erfbaarheid van 2n pollen productie in de F1, F2 en 

F3 populaties worden aangetoond. De productie van 2n gameten in de nakomelingen van B. „Orococo‟ 

was essentieel voor de mannelijke fertiliteit van vele nakomelingen, terwijl nakomelingen van B276 

zowel fertiel n als 2n pollen vormden. Het uitsplitsingspatroon van 2n pollenproductie in de F1 

generatie van B. „Orococo‟ wijst er op dat mogelijks een dominant gen verantwoordelijk is voor 2n 

pollen productie in dit genotype. De frequentie 2n pollenproductie varieert hierbij sterk tussen de 

verschillende zaailingen. Verder onderzoek in de F2 en F3 generatie toont aan dat ook een tweede gen, 

vermoedelijk recessief, betrokken is bij de productie van 2n pollen.  

De beperkende factor om 2n gameten in een verdelingsprogramma te gebruiken, is dat enkel 

een gering aantal planten deze gameten produceren. Zelfs al zijn ze aanwezig, dan nog is hun 

frequentie veelal aan de lage kant om praktisch bruikbaar te zijn. Verschillende technieken werden 

getest om 2n pollen productie te induceren of de frequentie ervan te verhogen zoals interspecifieke 

hybridisatie, temperatuursstress, flow cytometrische sortering van pollen en behandeling met N2O of 

celcyclusinhibitoren zoals trifluraline. Aan de hand van N2O begassing kon kiemkrachtig 2n pollen 

geïnduceerd worden, hoewel het effect genotype afhankelijk was. Via deze techniek kunnen ook 

steriele planten terug fertiele pollen vormen. Het gebruik van trifluraline resulteerde hierbij 

voornamelijk in 4n pollen waarvan de kiemkracht eerder laag was. De andere gebruikte technieken 

vertoonden geen of nauwelijks invloed op 2n pollen productie, hoewel variatie in 

temperatuurscondities duidelijk de frequentie aan 2n pollen beïnvloedde. 

De resultaten tonen aan dat 2n gameten een belangrijk werktuig vormen in de 

ploïdieveredeling. Om 2n gameten efficiënt te kunnen gebruiken in veredelingsprogrammas, is een 

efficiënte manier om ze artificieel te induceren van primair belang. Vooral het potentieel om mutanten 

te creëren die in hoge frequentie 2n gameten vormen vormt een belangrijke toekomstige uitdaging. 

Voorts dient ook het belang van meiotische ten opzichte van mitotische polyploidisatie verder 

uitgediept te worden.  

De technieken zijn nu rechtstreeks beschikbaar voor veredeling binnen commercieel 

interessante Begonia cultivars, maar kunnen tevens toegepast of uitgetest worden in de veredeling van 

andere (sierteelt)gewassen. 

 

 

 



 

iii 

 

Summary 

 

One specific field to create genetic variation in plant breeding is focussed on polyploidization of 

plants. The term ploidy refers to the number of basic chromosome sets present in a specific plant 

genus. Up till now, the ploidy level is mainly doubled by using cell cycle disruptors as colchicin, 

oryzalin and trifluralin; better known as mitotic polyploidization. This might result in plants with 

larger flowers, thicker leaves, changes in growth vigour, higher vegetative yields, more compact 

plants, higher stress tolerance, ... it can also be used to restore the fertility in hybrids obtained from 

parent plants with differences in ploidy level. 

Meiotic polyploidization refers to the raise in ploidy level by using 2n gametes (also known as 

diplogametes or unreduced gametes). The use of 2n gametes is less exploited within plant breeding. 

Compared to mitotic polyploidzation, meiotic polyploidzation would result in a larger genetic 

variation within the progeny. In this work, the potential use of 2n gametes within ornamental breeding 

was investigated by using Begonia as a model plant. In particular 2n pollen were evaluated, since they 

are easier to isolate than egg cells.   

Among Begonia species, a large variation in chromosome numbers has been reported. 

Consequently, there is no general basic chromosome number that is readily discernable for the genus. 

Furthermore, Begonia chromosomes are very small and difficult to count. Flow cytometric genome 

size measurements were performed to investigate whether this technique might be an alternative for 

the difficult and time consuming chromosome counts. The results showed that a huge variation exists 

within chromosome number and mean chromosome size between the different Begonia species and 

cultivars. Genome size could not be correlated to chromosome numbers. In contrast, a positive 

correlation between pollen size and genome size was observed. 

To use 2n gametes in an efficient way, a reliable screening method is necessary. Four main 

techniques are available: pollen size measurements, flow cytometric screening of pollen DNA content, 

evaluation of microsporogenesis and ploidy level analysis of the progeny. A flow cytometric protocol 

to analyse pollen DNA content was established on germinated and non germinated pollen. The 

technique was used, together with the abovementioned methods, to determine the frequency of 2n 

pollen within a Begonia collection. In this way, 2n pollen could be detected in 11 of the 71 screened 

genotypes. The frequency of 2n pollen production varied dependent on the used method. 

A detailed cytological analysis of meiosis in 5 of the 11 2n pollen producers showed that First 

Division Restitution (FDR) was the main mechanism behind 2n pollen production. By using AFLP, it 

was estimated that about 80% of the heterozygosity present in B. „Orococo‟ was transmitted to the 

progeny through these FDR pollen, compared to about 50% through the normal gametes. 
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For B. „Orococo‟ and B276, a high inheritance of 2n pollen production in the F1, F2 and F3 population 

was observed. The production of 2n gametes in progeny of B. „Orococo‟ was essential for the male 

fertility of many seedlings, while seedlings of B276 produced both fertile n and 2n pollen. The 

segregation pattern of 2n pollen production in the F1 generation of B. „Orococo‟ indicated that 

possibly a dominant gene is responsible for 2n pollen production in this genotype. The frequency of 2n 

pollen production strongly varies between the different seedlings. Further investigations on the F2 and 

F3 generations showed that probably a second recessive gene is also involved within the 2n pollen 

production.  

The major drawback to use 2n gametes in a breeding program, is that only a minority of the 

plants produce these gametes. Even if they are present, their frequency is usually too low to be of 

practical use. Different techniques were tested to induce 2n pollen production or raise their frequency 

as interspecific hybridization, temperature stress, flow cytometric sorting of pollen and treatments with 

N2O or cell cycle disruptors as trifluralin. The use of N2O treatments resulted in 2n pollen able to 

germinate, but the effect was genotype dependent. Furthermore, by using this technique, male sterile 

plants could produce viable 2n pollen. The use of trifluralin mainly resulted in 4n pollen of which the 

germination capability was rather poor. The other techniques showed no or barely any influence on 2n 

pollen production, although variation in temperature conditions had an influence on the frequency of 

2n pollen production.  

The results show that 2n gametes are an important tool for ploidy breeding. To use 2n gametes 

in breeding programs, an efficient way to induce them artificially is of primary importance. In 

particular the potential to create mutants which produce high levels of 2n pollen is an important future 

challenge. Furthermore, the importance of meiotic versus mitotic polyploidization should be more 

exploited. The developed techniques are now available for breeding of commercially important 

Begonia cultivars, but can also be applied in breeding programs of other (ornamental) crops. 
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Abbreviations 

 

AFLP Amplified fragment length polymorphism 

AtPS Arabidopsis thaliana parallel spindle 

BC Backcross 

CR climate room 

cv coefficient of variation 

DAPI 4‟,6-diamidino-2-phenylindole 

DSB double strand breaks 

dsRNA Double stranded RNA 

DMSO dimethylsulfoxide  

DNA Deoxyribonucleic acid 

EMS Ethyl methane sulphonate 

FDA Fluorescein diacetate 

FDR first division restitution 

FISH Fluorescence in situ hybridization 

FL fluorescence signals  

FS forward scatter  

GA Gibberellic acid 

GM Genetically modified 

GMO Genetically modified organism 

GISH Genomic in situ hybridization 

HR homologous recombination 

ILVO Institute for agricultural and fisheries research 

IMR indeterminate meiotic restitution 

kR kiloRad 

LPP large pollen producers 

Mbp Mega base pairs 

MES Morpholino ethanesulfonic acid 

MMR Mismatch repair system 

MS Murashige and Skoog 

n, 2n Respectively: gametic and somatic cell 

NHEJ Non homologous end joining 

NMU Nitrosomethylurea 

NOR nucleolar organizing regions 

pg picogram 

PI Propidium Iodide 

PMC pollen mother cell 

PMR post meiotic restitution  

rDNA Ribosomal DNA 

rRNA Ribosomal RNA 

RNAi RNAinterference 

RFLP Restriction fragment length polymorphism 

RH relative humidity  

SC Synaptonemal complex 

SDR second division restitution 

SSC Saline Sodium Citrate 

SS sideward scatter  

TCV total chromosome volume 

UV Ultra violet 

VIGS Virus induced gene silencing 
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Introduction: objectives and outlines of this work 

 

Creating genetic diversity in plant breeding 

 

Since long, breeders aim to broaden the genetic variety in their crops and to offer a maximum diversity 

in characteristics to the market. One specific field to create genetic variation is focussed on 

polyploidization of plants. The term ploidy refers to the number of basic chromosome sets 

(represented by „x‟) present in a somatic plant cell (2n) or gamete (n), which is dependent on the plant 

genus. Polyploids in nature arise by means of somatic mutations in meristimatic cells or 2n gametes, 

gametes with the somatic number of chromosomes (Bretagnolle and Thompson, 1995; Otto and 

Whitton, 2000). It is now generally accepted that 2n gametes are the driving force behind the 

formation of polyploids in nature. Although it was generally thought that 2n gametes were only a rare 

phenomenon, Harlan and De Wet (1975) showed that many plant species produce 2n gametes and 

argued the importance of 2n gametes in the origin of polyploids. Consequently, new interest arose 

about the potential of these gametes in ploidy breeding. Mainly the fact that these gametes combine 

the genetic effects of raised ploidy level and meiotic recombination make them a very interesting 

alternative for mitotic (somatic) chromosome doubling, up till now the most applied form of ploidy 

manipulation.  

The aim of this thesis was to study the potential of 2n gametes to create genetic variation in 

practical plant breeding. Knowledge is necessary about the natural occurrence and viability of 2n 

gametes, genetic variation (heterozygosity) transmitted through 2n gametes, inheritance of 2n gametes 

in breeding programs and possibilities to induce 2n gametes. For this, methods are required to screen 

(viable) 2n gametes, visualise meiotic aberrations and induce 2n gametes. In particular 2n pollen were 

investigated, since they are easier to collect and visualise than egg cells.  

The genus Begonia has been selected as a model crop for several reasons. First of all, Begonia 

is one of the largest genera in the world with a high variation in chromosome numbers, so 2n gametes 

can be expected within this genus. Second, Begonia has a relative short reproduction time, mostly 

varying between 0.5 and 1 year. Third, it can flower throughout the year if the environment is 

favourable.  

The applied techniques during this thesis will be a basis for the use of 2n gametes in other 

ploidy breeding programs. 
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In view of the practical work of this PhD, in Chapter 1, a literature review is presented describing 

general aspects of ploidy levels, meiosis, 2n gametes and the genus Begonia. 

 

All general materials and methods are summarised in Chapter 2. The more specific materials and 

methods are described in the particular chapters. 

 

The main disadvantage of using Begonia as a model crop are the relative small chromosomes, which 

might hinder cytological research. Furthermore, there is no general basic chromosome number that is 

readily discernable for the genus. Hence, the term ploidy level in Begonia is difficult to use. An 

alternative for this is the determination of the genome size, an estimation of the nuclear DNA content 

in cells. Up till now, genome size information within the genus Begonia is lacking. Therefore, In 

Chapter 3, a basic screen for the genome size variation in a Begonia collection was performed and 

chromosomes of some genotypes were visualised. The association between genome size, chromosome 

number, total chromosome volume and pollen size is discussed. 

 

To use 2n gametes in breeding programs, a reliable screening method is necessary. Four main 

techniques are available: pollen size measurements, flow cytometric screening of pollen DNA content, 

evaluation of microsporogenesis and ploidy level analysis of the progeny. Only the flow cytometric 

screening of pollen DNA content is a direct way to determine pollen DNA content. For this, a suitable 

way to release nuclei from pollen is necessary. In Chapter 4, two protocols were developed to release 

and purify pollen nuclei derived from germinated and non germinated pollen. Nuclear DNA content 

was then analysed using flow cytometry. Together with pollen size measurements, evaluation of 

microsporogenesis and progeny analysis, the technique was used to determine the occurrence of 2n 

gametes in a Begonia collection.  

 

To examine the mechanisms active during 2n pollen formation, the meiosis of 2n pollen producers 

(characterized in chapter 4) was studied in Chapter 5 using fluorescence microscopy. The formation 

of restitution nuclei, chromosome pairing and the occurrence of laggards, chromosome bridges and 

micronuclei was evaluated. The genetic consequences of 2n pollen formation within these genotypes 

are discussed. 

 

For ploidy breeding programs, the inheritance of 2n pollen production is of high importance. In 

unilateral crosses, where only one of the parents produces 2n gametes, triploids can be obtained. 

Triploids are generally characterised by very low fertility and often, 2n gametes are the only viable 

gametes. Furthermore, if the production of 2n pollen is controlled genetically, the gene responsible for 

2n pollen can be crossed within an interesting genotype to use in ploidy breeding programs. In 
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Chapter 6, the inheritance of 2n pollen formation was evaluated in F1, F2 and F3 populations of the 

2n pollen producers B. „Orococo‟ and B276 by studying the microsporogenesis and pollen size. Pollen 

of B. „Orococo‟ and B276 were characterized in chapter 4 and 5. AFLP data of the F1 population were 

used to determine the heterozygosity transmitted through n and 2n pollen of B. „Orococo‟. 

 

Since 2n gametes in a genus are rather exceptional, an efficient method of inducing 2n gametes is 

needed. Furthermore, the frequency of spontaneous 2n gametes may be too low for practical breeding. 

In Chapter 7, methods were evaluated to induce 2n pollen in Begonia. These methods include 

interspecific hybridization, strong decrease or increase in temperature and treatments with N2O and or 

other cell cycle disruptors such as trifluralin. Also two potential methods were evaluated to increase 

the frequency of 2n pollen: temperature increase or flow cytometric sorting of n and 2n pollen. 

 

Finally, in chapter 8, a general discussion and further perspectives are given. 
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1 Literature review 

 

1.1 Polyploidy: source of variation 

 

1.1.1 Evolution of polyploids 

 

Genome doubling (polyploidization) has played a major role in the evolution and diversification of the 

plant kingdom and is regarded as an important mechanism of speciation and adaptation in plants. The 

frequencies of polyploids in angiosperms have been estimated to be anywhere between 47% to 70%, 

although the frequencies vary dependent on the author and the used estimation method (Otto and 

Whitton, 2000; Ramanna and Jacobsen, 2003). The described extremes are the fern Ophioglossum 

pycnostichum (2n = 84x = 1260) for the plants (Löve et al., 1977) and Sedum suaveolens (2n = 80x = 

640) for the angiosperms (Uhl, 1978). Many important crops such as wheat, potato, cotton, oat, 

sugarcane, banana, groundnut, tobacco and numerous horticultural crops are all polyploids (Ayala et 

al., 2000; Ramanna and Jacobsen, 2003).  

 

Modern plant genomes harbour evidence of multiple rounds of past polyploidization events, often 

followed by massive silencing and elimination of duplicated genes (Adams and Wendel, 2005). 

Analysis of whole genome sequences, extensive expressed sequence tag sets (EST), and duplicated 

genomic regions have led to the realization that genome doubling occurred repeatedly during plant 

evolution. Many polyploids experience extensive and rapid genomic alterations, some arising with the 

onset of polyploidy. Polyploidy is followed by a genome wide removal of some but not all of the 

redundant genomic material. Survivorship of duplicated genes is differential across gene classes, with 

some duplicate genes more prone to retention than others (Fig. 1.1). In maize, about half of all 

duplicated genes have been lost in the approximately 11 million years since the polyploidy event that 

gave rise to the progenitor of maize (Adams and Wendel, 2005). It is difficult to overstate the 

importance of genome doubling in the evolutionary history of flowering plants. While estimates vary 

regarding the proportion of angiosperms that have experienced one or more episodes of chromosome 

doubling at some point in their evolutionary history, it is certainly 50% and might be more than 70% 

(Wendel, 2000). 

Paleopolyploids are ancient polyploids whose progenitors cannot be identified by cytological 

tools or DNA markers. Paleopolyploidy is detected by rather sophisticated bioinformatics tools that 

reveal similarity and colinearity between genes or chromosomes which diverged tens of millions of 

years ago. Eventually, paleopolyploids become diploidized such that it behaves cytogenetically as a 
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diploid. In contrary, the duplicated genomes of neopolyploids do not diverge much from their diploid 

„progenitors‟ and chromosome number and cytological behaviour are still indicative of genome 

duplication. Most of the neopolyploids are derived from distant interspecific or intergeneric 

hybridization (Levy and Feldman, 2002; Huber et al., 2006; Chen, 2007). 

 

 

 

Figure 1.1: A model of cyclical polyploidy and stochastic survivorship of genes (Adams and Wendel, 

2005). Small boxes indicate genes arranged along homoeologous chromosomes (lines) and shading 

indicates a new set of genes provided by each polyploidy event. Large boxes indicate genes in a polyploid 

nucleus. Differential gene survivorship leads to deviations from co-linearity in homoeologous regions. 
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Once polyploids are formed, they may enter an evolutionary trajectory of diploidization (Fig. 1.2), a 

gradual conversion to diploidy through genetic changes that differentiate duplicated loci (Levy and 

Feldman, 2002; Comai, 2005). Glycine max for instance, contains chromosomes with two or four 

homologues, proving the tetraploid nature of this species (Clarindo et al., 2007).  
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1.1.2 Allopolyploidy and autopolyploidy 

 

Polyploids are subdivided in autopolyploids and allopolyploids. Allopolyploids have arisen through 

the processes of interspecific hybridization and chromosome doubling; autopolyploids arise from 

conspecific parents. The chromosome sets in autopolyploids are thus of the same type and have the 

same origin, whereas in allopolyploids the type and the origin are different. The division between both 

classes of polyploids is not absolute: the closer the parents, the more similar the resulting allopolyploid 

is to an autopolyploid (Soltis and Soltis, 2000; Comai, 2005). Allopolyploidy induces a wider range of 

gene expression changes than autopolyploidy, suggesting genome doubling has smaller effects on 

gene expression and phenotypic changes than intergenomic hybridization. Genetic changes occur 

Figure 1.2: Possible paths that result in the sudden transition from diploidy to polyploidy and the gradual 

transition from polyploidy to diploidy (Comai, 2005). 
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immediately after interspecific hybridization or allopolyploidization; including genome specific 

sequence elimination and chromosomal rearrangements (Chen et al., 2007). 

Chromosomal translocation has occurred in many allopolyploids; once stabilized the nuclear 

genome in Brassica is usually more similar to that of the parental diploid that contributed the 

cytoplasm whereas contradictory results were obtained from wheat (Song et al., 1995; Ozkan et al., 

2001). It can be concluded that upon the formation of an allopolyploid a selection pressure is 

established, sometimes pushing chromosomal rearrangements towards the side of one specific 

donating parent. The same is suggested in Begonia, where polyploidization is followed by 

chromosomal translocations and the subsequent loss of chromosomes (Oginuma and Peng, 2002). 

Nuclear genomes of natural allopolyploids are considerable more distant from the diploid progenitor 

than are those of synthetic allopolyploids. Brassica polyploids containing parental chromosomes from 

widely divergent diploid species show more extensive genomic changes than those containing more 

similar parental genomes (Song et al., 1995). It seems that genomic changes occur in a burst after 

allopolyploidization. Polyploids should not be considered as evolutionary „dead-ends‟, but, on the 

contrary, as highly dynamic systems with an improved colonizing ability of undergoing considerable 

evolutionary change.  

Meiotic pairing arrangements vary between allopolyploids and autopolyploids: in 

allopolyploids, bivalent formation occurs at meiosis and disomic inheritance operates at each locus 

while autopolyploids may exhibit multivalent formation at meiosis and are characterized by polysomic 

inheritance (Soltis and Soltis, 2000). Apparently, in meiosis, chromosomes pair preferentially with the 

homolog from the same parental species, but not strictly so (Stift et al., 2008). 

 

1.1.3 Phenotypic consequences of polyploidy 

 

Polyploids differ from their diploid progenitors in morphological, ecological, physiological and 

cytological characteristics. As a result, they also show different geographical distribution since they 

have broader ecological tolerances (Otto and Whitton, 2000; Soltis and Soltis, 2000; Carputo et al., 

2003; Thompson et al., 2004; Knight et al., 2005; Chen, 2007). These genotypic and phenotypic 

differences are caused mainly by the increased cell size, gene dosage effect, allelic diversity (level of 

heterozygosity), gene silencing and genetic or epigenetic interactions (Lewis, 1980; Levin, 1983; 

Leitch and Bennett, 1997; Osborn et al., 2003). It is well known that chromosome doubling in the cell 

leads to an increase of cell volume and changes in plant morphology (Kondorosi et al., 2000; Jovtchev 

et al., 2006). The change in cell volume, with the consequent decrease in the cell surface/volume ratio, 

is one of the most common primary effects after polyploidization. The cell size is, however, correlated 

to the duration of the mitotic cycle. Hence, a reduced number of cell divisions during development is 

characteristic of polyploidy. The increase in cell size does not necessarily lead to increased size of the 
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plant as a whole or even of its individual organs because of the reduction in the number of cell 

divisions in these plants (Tal, 1980;  Otto, 2007).  

 

For breeders, polyploids are of great value as they can result in broader and thicker leaves, larger 

flowers, longer internodes, fewer stems per plant, fewer inflorescences, higher vegetative yields, more 

compact plants, greater tolerance to environmental stress, increased seed weight but fewer seeds 

overall or higher production of chlorophyll. Doubling of chromosome number can rescue and stabilize 

interspecific hybrids that would otherwise show a high degree of sterility due to failure in meiosis. 

Furthermore, polyploidy might result in the development of sterile cultivars (e.g. triploids), loss of self 

incompatibility, flowering time variation, shifts in reproductive system (to an asexual reproduction), 

raise the additive resistance of the plant or change the growth vigour. Negative side effects of 

polyploidization might be infertility (which can also be a desired trait), britty wood, watery fruit, 

stunting and malformation (Stebbins, 1971; Sanford, 1983, Thomas, 1993; Bretagnolle and Thompson, 

1995; De Nettancourt, 1997; Otto and Whitton, 2000; Van Huylenbroeck et al., 2000; Chahal and 

Gosal, 2002; Kermani et al., 2003; Eeckhaut et al., 2004; Comai, 2005; Gu et al., 2005; Barringer, 

2007; Chen, 2007; Contreras et al., 2007; Andruezza and Siddiqi, 2008). An extreme form of 

reproductive modification is apomixis that is commonly associated with polyploidy (Grant, 1981; 

Briggs and Walters, 1997).  

In Lolium perenne for instance, tetraploid cultivars are better palatable, more resistant to 

several diseases and more winterhard or drought tolerant than diploids. An increased seed and leaf 

size, but a reduced tiller production and dry matter is characteristic for tetraploids (Baert et al., 1992; 

Lamote et al., 2002). 

 

Triploids, obtained by a cross between an „n‟ and „2n‟ gamete (unilateral cross), can act as a "bridge" 

to the establishment of an even set of chromosomes in subsequent generations (Andreuzza and 

Siddiqi, 2008). Therefore the level of triploid survival and fertility will influence polyploid 

establishment. Triploids typically have reduced fertility and/or reduced viability, compared to diploids 

and tetraploids. Mostly, male gametes are sterile while female gametes are partially fertile 

(Bretagnolle and Thompson, 1995), although examples exist (for instance in roses) where crosses with 

the triploid as pollen donor yielded more seedlings than crosses with the triploid as seed parent (Van 

Huylenbroeck et al., 2005). In contrast to the common claim that triploids are sterile, triploids are 

often semifertile, producing 1x, 2x and 3x gametes and thus contribute significantly to the formation 

of polyploids (Adiwilaga and Brown, 1991; Ramsey and Schemske, 1998; Bretagnolle, 2001; 

Husband, 2004; Henry et al., 2005; Van Huylenbroeck et al., 2005; Hayashi et al., 2009). The 

production of 2x gametes in triploids for instance, has been confirmed by making tetraploids out of 

3x-4x crosses (Ramanna and Jacobsen, 2003).  
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The "triploid block", a phenomenon where triploid plants are not viable, might be explained by the 

endosperm imbalance model which states that deviation from the endosperm:embryo ratio or 

endosperm balance number will lead to inviable progeny (Johnston and Hanneman, 1980; Carputo et 

al., 2003; Jansky, 2006). The triploid block is generally not complete although in some species it 

might completely prevent the formation of triploids.  

In cases where seedlessness is used to improve the quality of fruits as in watermelons, banana, 

apple, citrus, grapes, papaya, etc., the induction of triploid plants is of immense use. Seedless cultivars 

are in high demand by consumers not only because their fruits are seedless but also because they are 

sweeter than fruits from diploid, seeded cultivars. Triploid plants may have more vigorous vegetative 

growth than their diploid counterparts. Hence, in plants where the vegetative parts are economically 

useful, triploids are of good use (Kihara, 1951; Marr and Gast, 1991; Guo et al., 2004; Heslop-

Harrison and Schwarzacher, 2007; Thomas and Chaturvedi, 2008; Moreno et al., 2010). 

  

1.1.4 Genetic consequences of polyploidy 

 

Polyploidy is accompanied with genome wide changes in gene expression and epigenetic 

modifications, leading to phenotypic diversity and rapid adaptation (Andruezza and Siddiqi, 2008). A 

reduced gene expression of a transgene in triploids of Arabidopsis thaliana was observed compared to 

diploids. Thus, an increased number of chromosomes can result in a new type of epigenetic 

inactivation, creating differences in gene expression patterns (Mittelsten Scheid et al., 1996). 

Gene silencing within polyploids can be very pronounced. Sometimes one complete parental 

set is silenced, called nucleolar dominance (Pikaard, 1999). One of the more intriguing aspects of 

nucleolar dominance is the observation that it may be complete in vegetative tissues whereas 

homoeologous rRNA-genes are co-expressed in floral organs, thus demonstrating the (tissue-specific) 

reversibility of epigenetic gene silencing (Liu and Wendel, 2002) 

Genetic mutations can explain the cause of gene loss over evolutionary time but many 

silencing phenomena may be epigenetically controlled, especially in the early stages of polyploidy 

formation. Increased gene or genome dosage effects may induce disease syndromes and abnormal 

development (Bailey, 2002; Emanuel and Shaikh, 2002). Thus, the expression of orthologues genes 

must be reprogrammed through epigenetic mechanisms. This „genomic shock‟ (McClintock, 1984) 

occurs rapidly in interspecific hybrids and allopolyploids, resulting in demethylation of retroelements 

(Madlung et al., 2005), relaxation of imprinted genes (Vrana et al., 2000; Bushell et al., 2003; 

Josefsson, 2006), and silencing and activation of homoeologous genes (Chen and Pikaard, 1997; 

Kashkush et al., 2002; Lee and Chen, 2001; Madlung et al., 2002; Adams et al., 2003; Wang et al., 

2004b; Wang et al., 2006a; Wang et al., 2006b). 
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Several mechanisms may affect the fate of orthologues and homoeologous genes in polyploids 

(summarized by Chen, 2007). First, the majority of genes are coexpressed. Second, some duplicate 

genes are lost, mutate, or diverge (due to genetic changes). The half-life of an active paralogues gene 

that becomes mutated or lost is estimated to be 2-7 million years. Third, epigenetic changes may 

reprogram gene expression and developmental patterns of new allopolyploids. The impact of these 

mechanisms on various polyploids can be very different. For example, sequence elimination is 

predominately observed in wheat and Tragopogon allopolyploids; chromosomal translocations and 

transposition (insertion of DNA fragment into homoeologous chromosomes) are common in Brassica 

allopolyploids; and changes in gene expression appear to be a major consequence in Arabidopsis and 

cotton allopolyploids.  

 

Many genes display dosage dependency and are expressed additively in aneuploids and polyploids. 

The effect in the progenitors can be additive or nonadditive. When the effect is nonadditive, 2 distinct 

cases are possible: overdominance and repression or silencing, dependent on the level of gene 

expression and phenotypic variation (Chen et al., 2007). 

Dosage dependent gene regulation show odd and even effects, which may affect additive and 

nonadditive gene regulation in polyploids. In maize, the expression levels of ~10% genes are either 

reduced or negatively correlated with odd chromosome dosages. One possibility is that dosage 

dependent gene regulation is associated with chromosome pairing because one or more copies of 

chromosomes in odd dosages cannot pair properly. The odd and even effects on gene regulation are 

also observed in the study of transgene expression (resistance gene) in diploid and triploid Arabidopsis 

hybrids (Mittelsten Scheid et al., 1996). Ploidy dependent gene regulation suggests a sensing 

mechanism for gene dosage and DNA content via chromosome pairing. 

 

Studies that connect structural genomic and expression changes to DNA methylation changes of 

allopolyploids have been done mainly in A. thaliana and wheat. Other model species include Brassica, 

cotton, tobacco and rice (Liu and Wendel, 2002; Comai, 2005). 

In Arabidopsis, synthetic A. suecica like-allotetraploids were established after crossing two 

autotetraploids A. thaliana and A. arenosa and gene expression in the progenies were evaluated. Some 

genes were expressed in the parents and remained silenced
 
in the progeny for three or more selfing 

generations, suggesting rapid establishment of a stable
 
differential regulatory state. Other genes were 

expressed in
 
only a few generations, indicating that

 
the expression of these genes in new allotetraploid 

lines is
 

stochastic in selfing progeny. Furthermore, novel
 

expression patterns were detected, 

presumably due to reactivation
 
of genes that were not expressed in both parents (Wang et al., 2004b). 

In wheat, allopolyploids were produced by crossing diploid parents and duplicating the 

cromosomes of the F1 interspecific or intergeneric hybrid (Ozkan et al., 2001; Shaked et al., 2001). Up 

to 14%
 
of the genome its loci can be eliminated in a single generation. The timing of elimination was 
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dependent on the genomic combination:
 
most of the elimination occurred in the F1 hybrid of the cross 

Ae. sharonensis x Ae. umbellulata,
 
whereas in the cross Ae. longissima x T. urartu, most of the 

elimination occurred after chromosome
 
doubling. Furthermore, most events of methylation pattern 

alteration
 
had occurred in the F1 hybrid and were maintained in

 
the allopolyploid or occurred only in 

the allopolyploid. These findings suggests
 
that both interspecific and intergeneric hybridity and 

allopolyploidy
 
are shocks that trigger a rapid and massive genomic response

 
in wheat. This response 

was reproducible; that
 
is, the same loci were always involved in the same patterns

 
of sequence 

elimination. Other evidence for rapid genome changes or epigenetic mechanisms in wheat are 

described among others in Galili and Feldman (1984), Feldman et al. (1997), Kashkush et al. (2002) 

and Levy and Feldman (2004).  

In general, studies in model plants have reported several phenomena after hybridization and 

allopolyploidization, resulting in non-mendelian genomic changes (summarized in Liu and Wendel, 

2002). These changes are not necessarily associated by gross chromosome structural changes 

(aberrations or translocations), as was shown with GISH in Triticae allopolyploids by Han et al. 

(2003).  

 

In contrast to allopolyploids, autopolyploids neither experience strong genome restructuring nor wide 

reorganization of gene expression during the first generations following genome doubling, but these 

processes may become more important in the longer term. Consequently, polysomic inheritance may 

provide a short-term evolutionary advantage for polyploids compared to diploid relatives when 

environmental changes range shifts. In addition, autopolyploids should possess increased genome 

flexibility, allowing them to adapt and persist accross heterogeneous landscapes in the long run 

(Parisod et al., 2010). 

 

Polyploidization often reduces fertility and/or survival (Ramsey and Schemske, 2002). During 

evolution this adaptive disadvantage of genome duplication might have been compensated by genetic-

evolutionary processes e.g. modification through mutation, modification through hybridization and 

selection of adaptive segregants (Tal, 2000). One benefit of a higher ploidy level is that it increases the 

number of gene copies that can harbour a new beneficial mutation. Polyploids have an advantage over 

diploids via their greater ability to mask deleterious mutations. This masking only serves to allow the 

mutation to persist and reach a higher quality (neo- or subfunctionalization of gene expression) (Otto, 

2007). The allelic heterozygosity present in polyploids may lead to increased genetic adaptability and 

allow under certain circumstances their successful development in habitats occupied by their parents 

as well as their extension into new environments (Lewis, 1980). 

 

It appears that both genetic and epigenetic operations are involved in the diploidization process of 

allopolyploids. Specifically, genomic sequence elimination and chromosome rearrangement are 
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probably the major forces guiding cytological diploidization. Gene non-functionalization, sub-

functionalization, neo-functionalization, as well as other kinds of epigenetic modifications, are likely 

the leading factors promoting genetic diploidization (Feldman et al., 1997; Ma and Gustafson, 2005). 

 

1.1.5 Breeding for polyploidy 

 

At a phenotypic level, the effects of polyploidization are often mild and idiosyncratic (Otto, 2007). In 

old established grain crops like the cereals, raw synthetic polyploids are not likely to offer immediate 

advantages but may be subsequently improved by arduous selection in an extended gene pool (Breese 

et al., 1981).  

Breeding should attempt to maximize heterozygosity in the generations used for commercial 

production. The higher degree of heterozygosity can be achieved at the polyploid rather than at the 

diploid level. The reason being that polyploids have a greater probability of possessing three or more 

different alleles at the same locus whereas it is restricted to only two in diploids. The enchanced allelic 

heterozygosity may be an important advantage of neopolyploids depending on the genetic 

combinations formed and the particular needs of the individual as it grows and develops in consort 

with environmental demand (Bingham, 1980; Lewis, 1980, Sanford, 1983).  

Research on heterosis in autotetraploids maize, rye, potato, and alfalfa was all consistent with 

the theory of maximum heterozygosity. Wheras maximum heterozygosity (heterosis) is achieved in F1 

hybrids of diploids (or disomic polyploids), it is progressive in polysomics and requires two to three 

successive hybridizations to maximize using inbred parents and normal sexuall processes. Research 

reviewed suggests that the most productive autotetraploid will be obtained by doubling a sufficient 

number of diverse diploid hybrids to ensure allelic diversity in the breeding population. Maximal 

heterozygosity leads to more possibilities for selection for breeding (Bingham, 1980). 

In most cases, it appears that inducing autopolyploids will do little for plant improvement 

unless substantial heterozygosity can be incorporated (Sanford, 1983). Many newly synthetized 

polyploids (colchicine induced) have failed to become a valuable crop in forage plants. Somatic 

doubling does not introduce any new genetic material, but rather produces extra copies of excisting 

material. However, polyploids originating through the functioning of 2n gametes have been more 

succesful for plant improvement (Ramanna and Jacobsen, 2003). 

To maximize heterozygosity in polyploids, analytic breeding can be used: breeding for 

superior genotypes at the diploid level whereafter polyploids are created through sexual hybridization 

using 2n gametes. The potential or advantages of analytical breeding to maximize heterozygosity and 

intergenomic recombination has been shown in Lilium using genomic in situ hybridization (GISH). 

With the traditional method, mitotically doubled tetraploids are crossed with a diploid to produce 

triploids. However, in the tetraploid no recombination is expected to occur due to autosyndetic pairing. 

As a result, there is very little scope for the selection of cultivars from mitotic polyploidization (Khan 
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et al., 2009; Khan et al., 2010). In contrast, analytic breeding strategies allow intergenomic 

recombination to produce triploid Lilium varieties. Other examples of analytical breeding for crop 

improvement are in vegetatively propagated species such as potato, sweetpotato, cassava, among roots 

and tubers, and plantain/banana among fruit crops (Ortiz, 2002). 

 

1.1.6 Determination of ploidy levels 

 

Ploidy levels used to be determined by time consuming cytological chromosome counts, although 

polyploids might already be characterized by morphological differences. Galbraith et al. (1983) 

established for the first time a very quick flow cytometrical procedure to determine the ploidy level of 

a plant. Nowadays, flow cytometry has become a quick and popular method for ploidy screening, 

detection of mixoploidy and aneuploidy, cell cycle analysis or genome size estimation (Doležel and 

Bartos, 2005). The technique allows rapid determination of the relative DNA content of individual 

nuclei by measuring the fluorescence of UV excited dyes as 4‟,6-diamidino-2-phenylindole (DAPI) or 

DNA intercalating dyes as propidium iodide (PI). In this way, flow cytometric measurements reflect 

the DNA quantity or genome size C rather than the exact chromosome number “n” (Marie and Brown, 

1993). Although the use of UV excited dyes as DAPI is more convenient for the analysis of nuclear 

suspensions, these dyes bind specifically on A and T bases in the chromosomes and are not suitable 

for true genome size estimation, as the base composition in different genotypes may not be identical 

(Doležel et al., 1998; Johnston et al., 1999; Doležel and Bartos, 2005). In contrast, propidium iodide 

(PI) intercalates within the DNA and is recommended as the optimal fluorochrome for flow cytometric 

determination of DNA contents (Marie and Brown, 1993; Johnston et al., 1999; Doležel et al., 2007). 

The internal standard should have a DNA value close to, but not overlapping the 2C and 4C peaks of 

the target species (Price and Johnston, 1996). 

Stomatal size in plants is frequently used as an indirect measure of ploidy level. Likewise, the 

diameter of pollen grains is also used to infer ploidy. Polyploids frequently have larger seeds than 

diploids, but slower developmental rates. Also the number of chloroplast in guard cells, leaf area 

index, stomatal density or pollen fertility might be related to the ploidy level (Kessel and Rowe, 1975; 

Vandenhout et al., 1995; Mishra, 1997; Otto and Whitton, 2000; Aryavand et al., 2003; Zlesak, 2009).  

 

1.1.7 Haploidization 

 

Besides polyploidization, the ability to produce haploid plants is a tremendous asset in genetic and 

plant breeding studies. Heritability studies are simplified because, with only one set of chromosomes, 

recessive mutations are easily identified. In addition, doubling the chromosome number of a haploid to 

produce a doubled haploid results in a completely homozygous plant. The use of doubled haploids in 



  Chapter 1: Literature review 

15 

 

breeding programs can thus greatly reduce the time required for development of improved cultivars 

(Reed, 2005). 

Haploids can be obtained through a) the use of irradiated pollen, b) paternal chromosome 

elimination after „wide crossing‟ (interspecific hybridization), c) the culture of excised ovaries and 

ovules and d) the culture of immature anthers or isolated microspores (Bajaj, 1990; Reed, 2005; 

Wędzony et al., 2009). Application of chemical treatments, temperature shocks, dark incubation or 

environmental stress conditions on microspore or anther cultures may strongly influence the efficiency 

to create haploid plants (Pierik, 1999; Górecka et al., 2005; Reed, 2005). Haploids have been 

successfully established among others in roses (El Mokadem et al., 2002); carrot (Górecka et al., 

2005), Festuca pratensis x Lolium multiflorum hybrids (Leśniewska et al., 2001; Kopecky et al., 

2005); Melandrium album (Vagera et al., 1994); tobacco (Menchey, 1998) and potato (Wang and Ran, 

2000). 

Haploidization can be combined with polyploidization to avoid difficulties with interploidy 

crosses, as done in potato breeding (see 1.3.6).  

 

1.2 Meiosis 

 

The term meiosis (from the Greek word „to diminish‟) was introduced by Farmer and Moore (1905), 

but it was the Belgian cytologist Edouard van Beneden who made the first observations that the 

number of chromosomes is reduced in gametes compared to fertilised eggs. Meiosis serves to reduce 

the chromosome number of gametes in anticipation of fertilization and the reconstruction of the 

diploid state. Furthermore, high-frequency genetic exchange events also contribute to the 

rearrangement of genetic diversity. Meiosis is intensively studied in mutants of model organisms as 

yeast (Saccharomyces pombe or S. cerivisiae), the nematode C. elegans, the insect Drosophila, plants 

as Arabidopsis thaliana or maize and in animals as mice. Several data from these model systems 

suggest that the overall mechanisms of meiosis are conserved from yeast to mammals (Cnudde and 

Gerats, 2005). Several genes are involved in the normal progression of meiosis, and aberrations of 

normal meiosis might lead to a decrease of fertility.  

 

Meiosis reduces the number of chromosomes by half during 2 subsequent divisions (Fig. 1.3). For 

homologues to properly segregate at meiosis I, they must pair, recombine, and synapse. Pairing refers 

to the side-by-side alignment of homologues, perhaps at a distance, whereas synapsis refers to the 

intimate association of chromosomes specifically in the context of the synaptonemal complex (SC) 

(Cnudde and Gerats, 2005). 

It is generally thought that if homology is identified by a trial and- error process, there must be 

a mechanism in the early prophase cell that increases the number or efficiency of random contacts. 
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One such mechanism could be a widespread phenomenon known as bouquet formation: the clustering 

of telomeres, which are randomly distributed in the premeiotic interphase and early leptotene, to a 

small region of the nuclear envelope during zygotene. Bouquet formation seems to be a consistent 

motif of the pairing process of nearly all eukaryotic species of different kingdoms (Dernburg et al., 

1995; Scherthan, 1996).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Once chromosomes are brought into close contact, homology must be identified at the molecular 

levels so that recombination can occur. Early events of recombinations may precede synapsis, 

although it was traditionally thought that chromosomes synapsed before recombination was initiated 

(Hawley and Arbel, 1993). Obviously, after the chromosomes are brought into close proximity, some 

regulated process is required to accomplish correct discrimination of homologues. In general, 

chromosome pairing and alignment mechanisms can be divided into mechanisms that require DNA 

double strand breaks (DSBs) for formation and those that are DSB-independent (Page and Hawley, 

2003). The DSB-dependent class of mechanisms likely involves a homology search on the basis of the 

DNA sequence itself. In contrast, DSB-independent processes might include mechanisms such as the 

Figure 1.3: Schematic representation of both mitosis and meiosis (Franklin and Cande, 1999). 
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maintenance of premeiotic pairings or the pairing of homologues on the basis of the aggregation of 

sequence- specific DNA binding proteins. The degree to which each of these pairing mechanisms is 

used in meiosis appears to vary among organisms. In the complete absence of DSBs, homologue 

pairing is abolished in Saccharomyces cerevisiae (Lichten, 2001), but occurs normally in 

Caenorhabditis elegans (Dernburg et al., 1998) and in both sexes of Drosophila (McKim et al., 1998). 

Pairing and SC formation has been also observed between nonhomologous chromosomes in a number 

of plants. They usually do not result in recombination (Dawe 1998).  

 

Pairing is followed by the formation of the SC (Albini and Jones, 1987; Heyting, 1996). Synapsis is 

defined as the intimate association of homologues in the context of the mature SC, a proteinaceous 

zipper-like structure that has a width of approximately 100nm (Sym et al., 1993). At full synapsis, the 

entire structure (paired homologues plus SC) is called a meiotic bivalent.  

Traditionally, it has been assumed that synapsis is required for meiotic recombination and that 

chromosomes synapse before recombination is initiated. However, a number of studies in yeast 

indicated that this assumption is incorrect. Szostak et al. (1983) proposed that meiotic recombination is 

initiated by the breakage of both DNA strands in a duplex, followed by strand invasion of a 

homologous partner. Subsequent experimental support has established the Double Strand Break Repair 

(DSBR) pathway. A meiosis-specific Spo11 endonuclease has been identified as the key enzyme for 

the generation of DSBs in many organisms, including Arabidopsis (Grelon et al., 2001). 

 

According to the model, double strand cleavage is followed by exonucleolytic digestion to expose 

single-stranded tails. These single-stranded tails invade an uncut homologous duplex where they 

promote repair synthesis followed by branch migration to produce two so called Holliday junctions 

(Cnudde and Gerats, 2005). Thus, meiosis-initiated DSBs are repaired using the homologous 

chromosome, not the sister chromatid, as a template for repair (Paques and Haber, 1999). Each 

Holliday junction will then be cut in one of two orientations. Cleaving the two junctions in the same 

orientation results in a noncrossover product or gene conversion, whereas resolution of these junctions 

in opposite directions results in a reciprocal recombination product (crossover), creating a 

cytologically visible joint between the homologues (chiasma). Only crossovers provide the required 

physical connection between homologues and contribute to correct segregation at meiosis I. 

Meiotic recombination is not constant and subjected to crossover interference: the 

phenomenon where recombination inhibits additional recombination in nearby regions. This results in 

similar frequencies of recombination in each chromosome, even if the chromosome sizes are strongly 

different (Dawe, 1998). 
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The mismatch repair system (MMR) plays an important role during meiotic recombination in systems 

ranging from yeast to humans (Roeder, 1995). DSBs are critical lesions in eukaryotic genomes. If left 

unrepaired, they result in cell death. If imprecisely repaired, the damage leads to mutations and 

chromosomal rearrangements. Breaks can be repaired by two methods, via homologous recombination 

(HR) and via illegitimate recombination or non homologous end joining (NHEJ). NHEJ connects the 

broken DNA ends irrespective of their sequence information. This process is therefore error-prone and 

can lead to the creation of various deletions or additions. In contrast, HR is a conservative type of 

repair because it uses the genetic information stored in the sister chromatid – the preferred partner in 

somatic recombination – to repair the DSB with high fidelity. 

 

During meiosis I, it is important that sister chromatids do not disjoin precociously. Sister chromatid 

cohesion is essential for the proper distribution of sister chromatids to daughter cells. Premature loss 

of sister chromatid cohesion can result in aneuploid meiotic products, which in turn may contribute to 

the production of unviable or abnormal progeny. Cohesion between sister chromatids is provided by a 

multi-subunit protein complex called cohesin, of which most of the components are well conserved 

across the kingdoms and between the mitotic and meiotic cell cycles. 

The loss of sister chromatid cohesion in meiosis occurs in a highly regulated two-step process 

(Miyazaki and Orr-Weaver, 1994). Cohesion along chromosome arms is released at anaphase I, 

resolving chiasmata and allowing homologues to separate to opposite spindle poles. Cohesion near the 

centromeres is maintained until anaphase II, when sister chromatids separate during the second 

meiotic division that resembles mitosis. The changes in sister chromatid cohesion between meiosis I 

and meiosis II are accompanied by a change in kinetochore spindle association: in meiosis I, sister 

kinetochores associate with the same spindle pole and act as a single unit, an arrangement known as 

co-orientation, whereas during meiosis II, sister kinetochores must associate with opposite spindle 

poles, known as bi-orientation. 

Tension on all pairs of sister chromatids is thought to be a signal for their successful bipolar 

attachment and for the cell to inactivate cohesion and initiate anaphase (Ault and Nicklas, 1989). 

 

 

The consequences of a failure to undergo exchange are dependent on the meiotic system under 

examination. In plants, achiasmate pairs of homologues simply fall apart and the resulting univalents 

are free to segregate randomly and may arrive at the same pole. This mis-segregation is referred to as 

“non-disjunction” and results in aneuploid gametes. It has been reported in all cases that univalents 

divide after bivalents. In most species, univalent divisions occur only very late during anaphase I 

(Dawe, 1998). In many animal male meiosis systems, apoptotic arrest is triggered in such a case, while 

in other species, such as Drosophila, a backup process, called distributive segregation, exists that can 

ensure the segregation of those chromosomes that fail to undergo exchange (Hawley and Theurkauf, 

1993). Mis-segregation during meiosis I also occurs when the sister kinetochores fail to orient 
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together, causing the sister chromatids to disjoin. Disjoined sister chromatids are not only subject to 

random segregation in meiosis I but are also incapable of regular disjunction in meiosis II. 

 
 

Summarized: as cells proceed through meiosis, their chromosomes undergo a series of specialised and 

closely linked events, including meiotic cohesion, assembly and activation of recombination 

complexes, pairing and synapsis, and reductional and equational divisions. To carry out these events, 

cells muster an impressive array of proteins ranging from mitotic proteins that are recruited to new 

roles, to meiosis-specific proteins with specialised functions. The multiple appearances of these 

proteins emphasise that all aspects of meiotic chromosome behaviour are closely intertwined 

(Forsburg, 2002). 

 

Two important checkpoints have been shown to operate in meiosis. The pachytene checkpoint inhibits 

cell cycle progression until recombination intermediates have been resolved or when defects in 

recombination or synapsis occur (Roeder and Bailis, 2000). The spindle checkpoint, or metaphase 

checkpoint, is also operative during mitosis (Amon, 1999) and monitors the proper orientation of 

chromosomes on the spindle apparatus. 

 

There are at least 4 crucial differences between chromosome behaviour during meiosis I and mitosis 

(Fig. 1.3). The first is pairing and recombination between homologous maternal and paternal 

chromosomes. Second, sister kinetochores always attach to microtubules from the same pole, known 

as co-orientation or monopolor attachment. The third difference is that cohesion between sister 

chromatids in the vicinity of centromeres is maintained until the onset of the second meiotic division. 

Finally, DNA replication is inhibited between the two meiotic divisions (Cnudde and Gerats, 2005). 

 

Figure 1.4 summarizes the possible aberrations during different stages of meiosis which may result in 

genomic variation. Abnormal separation of the chromosomes (nondisjunction) at different stages of 

meiosis may result in aneuploidy. Recombination between non-homologous chromosomal regions or 

non-homologous chromosomes, such as illegitimate recombination, results in deletions, duplications, 

inversions, and translocations. These meiotic recombination events could disrupt the function of a 

gene, generate new alleles at a gene locus, and cause variations in the genome structure and size. 

Recombination, therefore, is considered mutagenic (Comings, 1966). 

Meiotic recombination can occur within the coding sequence of a gene (intragenic 

recombination) or within the sequence between genes (intergenic recombination). In addition, 

sequence similarity among members of a gene family or other tandem repeats could lead to unequal 

alignment of homologous chromosomal regions, and then unequal crossing-over (Cai and Xu, 2007). 

First and second division restitution will be discussed more extensively in chapter 1.3. 
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Figure 1.4: Diagram of meiotic cell division and genome variations associated with distinct meiotic stages 

(Cai and Xu, 2007) 

 

Meiosis is an important part of the gamete development. As this thesis is mostly focussed on pollen, 

the development of pollen is described below (Fig. 1.5). Two distinct processes – microsporogenesis 

and microgametogenesis- lead to the formation of pollen (McCormick, 1993; Raven et al., 1999). 

During flower and anther development, pollen mother cells (microsporocytes) are formed within 

pollen sacs. After meiosis, 4 microspores are formed; this is the end of the microsporogenesis. During 

further maturization, microspores pass a vacuolar stage and develop a resistant outer wall composed of 

sporopollenin, called exine and an inner wall called intine. Microgametogenesis begins when the 

microspores divides mitotically, forming two cells within the original microspore wall. The division 

forms a large tube cell and a small generative cell. The generative nucleus will finally divide into two 

sperm cells, although the timepoint of division depends on the genus. In most monocotyls, the nucleus 

already divides within the pollen (trinucleate pollen). In most dicotyls, the nucleus divides only after 

germination (Russel, 1991). 
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Figure 1.5: Male gamete development (McCormick, 1993). 
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1.3 2n gametes as potential source of genetic variation 

 

1.3.1 Formation of 2n gametes 

 

Gametes with somatic chromosome numbers, also referred to as 2n gametes or (numerically) 

unreduced gametes, are considered to be the driving force behind the formation of polyploids in 

nature. Skiebe (1958) made the first systematic effort to synthetize polyploids through the use of 2n 

gametes. Although the origin of polyploids through 2n gametes was recognized much earlier, the 

importance of such polyploids was underestimated. This was because of the assumption that the 

occurrence of 2n gametes was rare and might have contributed little to the origin of polyploids. As a 

consequence, their use was rapidly discarded by breeders (Ramanna and Jacobsen, 2003). Contrary to 

this assumption, Harlan and De Wet (1975) showed that almost all plant species produce 2n gametes 

in some frequencies and argued the importance of 2n gametes in the origin of polyploids.  

The frequency of 2n gametes can vary enormous within or between plant species (Bretagnolle 

and Thompson, 1995; Ramsey and Schemske, 1998). In Solanum hybrid families, the percentage of 

plants producing 2n pollen ranged from 2 to 63% among families, and was consistent in some families 

over 2 growing seasons, whereas others varied between fall and spring growing seasons (Bani-Aameur 

et al., 1992). In Trifolium pratense, the percentage 2n pollen produced per plant may vary between 1 

and 84% (Parrott and Smith, 1984). Furthermore, the frequency of 2n gamete production has also been 

found to be highly variable within the flowers of an individual plant. McCoy (1982) reported that 2n 

pollen production varied from 4 to 37% among flowers of a single plant of Medicago sativa while 

Veilleux et al. (1982) discovered even that 2n pollen production ranged from 5.6 to 61.7% among 

anthers from a single bud in Solanum. In general, the mean frequency of 2n gametes found in studies 

of hybrids (27.52%) was nearly a 50-fold greater than in nonhybrids (0.56%) (Ramsey and Schemske, 

1998).  

2N gametes originate out of meiotic aberrations. In a normal meiosis, one mother cell (2n) 

divides in 4 (n) daughter cells (tetrad formation). Abnormalities during chromosome pairing, spindle 

formation (parallel spindle, tripolar spindle, fused spindle, sequential spindle or lack of spindle) or 

cytokinesis might result in the formation of triads, dyads or monads (Bretagnolle and Thompson, 

1995; Taschetto and Pagliarini, 2003). This finally results in pollengrains containing the same 

chromosome number as a somatic plant cell (2n). In case of monads, pollen even contain twice as 

much DNA than the somatic cell (4n), as far they are viable. When chromosome segregation is 

unbalanced, the resulting pollen are usually sterile. Also premeiotic and postmeiotic chromosome 

doubling are reported (Lelley et al., 1987; Wagenvoort, 1990, Bastiaanssen et al., 1998). The 

occurrence of parallel spindles at meiosis II, resulting in a single plane of cell division and dyad 
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spores, is a frequently found mechanism for 2n gamete formation and is genetically equivalent to first 

division restitution (FDR; see further) (Andreuzza and Siddiqi, 2008).  

Traditional cytological methods based on fixed anthers or ovaries are frequently used to 

identify mechanisms operating in 2n pollen formation. The identification is based on abnormalities 

during chromosome orientation, chromosome division, spindle formation and cytokinesis (Werner and 

Peloquin, 1991a; Bretagnolle and Thompson, 1995; Rim and Beuselinck, 1996; Jauhar, 2003; 

Taschetto and Pagliarini, 2003; Zhang and Kang, 2010). However, identifying the mechanisms of 

origins of 2n gametes is a complex process because different cytological mechanisms can be active 

within one genotype (Ramanna and Jacobsen, 2003). Other methods focus on the use of molecular 

cytological techniques, such as GISH (Lim et al., 2001a), or molecular genetic markers as AFLP 

(Crespel et al., 2002; Zhang et al., 2007) or RFLP (Barone et al., 1995; Chen et al., 1997). 

 

The heterozygosity transmitted through 2n gametes depends on the mechanism behind the formation 

of 2n gametes. Although these mechanisms can be very different, they result in two main categories of 

2n gametes: first division restitution (FDR) and second division restitution (SDR) (Bretagnolle and 

Thompson, 1995; Ramanna and Jacobsen, 2003; Zhou et al., 2008a; Fig. 1.6).  

In FDR, the pairing and/or the separation of the homologous chromosomes at meiosis I does not 

occur (univalent formation) or only at low frequencies, while the second division occurs normally with 

the two sister chromatids of each chromosome moving to opposite poles. FDR is typical in meiotic 

mutants or distant hybrids where homologous chromosome pairing (bivalent formation) is completely 

absent, although other mechanisms, such as cytokinesis failure or spindle abnormalities during 

metaphase II, can also lead to an equivalent of FDR (Ramanna and Jacobsen, 2003). With the 

exception of cross-over segments, FDR pollen retain all homologous parental chromosomes. FDR 

pollen are very important in producing heterozygous hybrids, because of the highly heterozygous 2n 

gametes formed (Bretagnolle and Thompson, 1995). In FDR, each gamete is-with exception of 

recombinant fragments-identical to the somatic cell and thus contains a high level of heterozygosity. 

The pollen population is, however, very homogenous as the pollen are genetically nearly identical. 

In SDR, the pairing and the separation of the homologous chromosomes during meiosis I occurs 

normally (bivalent formation). In meiosis II, the centromeres of the half-bivalents divide, but the 

chromatids do not migrate to the poles. Because SDR gametes contain random combinations of sister 

chromatids, the heterozygosity within one pollen grain is lower than pollen produced by FDR. SDR 

rather occurs in hybrids in which the genomes are closely related (Bretagnolle and Thompson, 1995; 

Ramanna and Jacobsen, 2003).  In SDR, chromosome assortment is random (as in normal gametes) 

what results in a very heterogeneous population of gametes, but with a lower heterozygosity within 

one cell. 
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Less frequently reported are indeterminate meiotic restitution IMR and post meiotic restitution PMR. 

IMR was detected in lily (Lim et al., 2001a), and showed characteristics similar to both SDR and 

FDR. In this intermediate type, both univalents and bivalents are formed during metaphase I. While 

the univalents divide equationally as happens in FDR, bivalents disjoin reductionally as seen in SDR. 

PMR, where chromosomes duplicate after meiosis, was observed by Bastiaanssen et al. (1998) in 

potato. 

For breeding purposes, data have proven that 2n gametes of the FDR type are more 

advantageous than those obtained by SDR for transferring parental heterozygosity and retaining 

epistatic interactions (Barcaccia et al., 2000; Barcaccia et al., 2003), although Hutten et al. (1994) 

could not confirm this FDR superiority for all agronomic characteristics investigated in potato. In 

Solanum, it has been calculated that a 2n gamete produced by FDR with crossing over will transmit 

roughly 80% of the parental heterozygosity to its progeny, whereas without crossing over, 100% of the 

parental heterozygosity will be transmitted (Werner & Peloquin, 1991b). For an SDR gamete in 

Solanum, only 40% is transmitted (Werner & Peloquin, 1991b, Werner & Peloquin, 1991c). Other 

Figure 1.6: An illustration of mechanisms of 2n gamete formation in interspecific Lilium hybrids (Zhou 

et al., 2008a). Only one chromosome assortment is diagrammed in all cases. FDR: First division 

restitution; SDR: Second division restitution; IMR: Indeterminate meiotic restitution; PMC: pollen 

mother cell; MP I: Metaphase I; AP I: Anaphase I; CK I: Cytokinesis I; MP II: Metaphase II; AP II: 

Anaphase II; CK II: Cytokinesis II; n: n gamete; 2n: 2n gamete. 
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reports in potato describe 71% (FDR) and 32% (SDR) (Barone et al., 1995) or 82% (FDR) and 39% 

(SDR) (Douches and Quiros, 1988). In perennial ryegrass, this is about 83% (FDR) and 30% (SDR) 

(Chen et al., 1997). In roses, FDR pollen transmitted a heterozygosity between 84.3 and 100% while 

SDR pollen transmitted less than 50% of the parental heterozygosity (Crespel et al., 2002). In the 

blueberry Vaccinium darrowi, an overall mean heterozygosity of 72.7% was estimated, which 

suggests that FDR gametes are active (Vorsa and Rowland, 1997). To estimate the heterozygosity, 

different techniques were used as AFLP, RAPD or isozyme analysis. 

According to Peloquin et al. (2008), FDR is more than twice as effective in transmitting 

heterozygosity as SDR. Furthermore, FDR 2n gametes from diploid potatoes transmit almost 50% 

more heterozygosity than n gametes from the tetraploid potato. 

 

1.3.2 Sources of 2n gametes  

 

There are three important sources for 2n gametes (Bretagnolle and Thompson, 1995). The first source 

are interspecific hybrids. In many genera as Lilium (Lim et al., 2001a; Lim et al., 2004; Barba-

Gonzalez et al., 2005a), Alstroemeria (Ramanna et al., 2003), Triticum (Xu and Joppa, 1995; Xu and 

Joppa, 2000; Zhang et al., 2010), Impatiens (Stephens, 1998), Citrus (Chen et al., 2008), Hibiscus 

(Van Laere et al., 2009a), Trifolium (Meredith et al., 1995) and the Festuca/Lolium complex (Gymer 

and Whittington, 1973; Morgan et al., 1995), interspecific or intergeneric hybrids produce 2n gametes. 

Frequently, abnormal or absence of chromosome pairing and the presence of univalents, lagging 

chromosomes and chromosome bridges are observed in these interspecific hybrids (Islam and 

Shepherd, 1980; Del Bosco et al., 1999; Trojak-goluch and Berbeć, 2003). Although the presence of 

these abnormalities is not a prerequisite for the formation of 2n gametes, they usually lead to the 

formation of FDR gametes. Such hybrids share two important features. First, both 2n eggs and 2n 

pollen are produced simultaneously by the same hybrid. Second, neither the two parents of the F1 

hybrids nor their (F2) sexual polyploid progenies possess the ability to produce 2n gametes in any 

notable frequencies (Ramanna and Jacobsen, 2003).  

A second source are meiotic mutants. Due to a mutation in a gene active in meiosis, problems 

during spindle formation or cytokinesis arise leading to 2n gametes. As different genes are active 

within the micro- and macrosporogenesis, 2n pollen can be formed without 2n egg cells and vice 

versa. Meiotic mutants are described among others in potato (Ramanna, 1983; Jongedijk et al., 1991; 

Peloquin et al., 1999), red clover (Parrot and Smith, 1984), alfalfa (Barcaccia et al., 2003), wheat 

(Roberts et al., 1999; Jauhar, 2003) or Arabidopsis (Yang et al., 1999; d‟ Erfurth et al., 2008a). 

Meiotic mutants are discussed more extensively in paragraph 1.3.3. It is difficult to conclude whether 

the 2n gamete formation in distant interspecific hybrids has the same genetic basis as in the meiotic 

mutants. Single genes controlling 2n gamete formation have been reported in some distant hybrids as 

in wheat, rye and Aegilops hybrids (Xu and Joppa, 1995). 
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A third source are the odd polyploids. Triploids for instance may produce both 1x and 2x gametes. 

Although 2x gametes are not exactly 2n gametes (which are the 3x gametes), they result in higher 

ploidy levels of the progeny and mostly act as a bridge between diploids and tetraploids.  

 

1.3.3 Genetic basis of 2n gamete formation 

 

Meiosis is a continuous process involving several cytological events. There is evidence that is 

controlled by a large number of genes, the majority of which are present in a dominant state (Baker et 

al., 1976; Kaul and Murthy, 1985). Mutant genes can affect meiosis in various ways and some of these 

can lead to partial or total sterility or in the formation of 2n gametes. There are instances in which one 

and the same genotype produces both 2n eggs or 2n pollen simultaneously, but such cases are 

generally rare (Ramanna and Jacobsen, 2003). It remains very difficult to determine the exact genetic 

cause for 2n gamete formation because of two reasons. First, the genes that induce meiotic nuclear 

restitution are highly influenced by environment and therefore, it is difficult to establish whether it is a 

genetic trait or solely influenced by the environment. Second, it is difficult to determine whether only 

one or more mechanisms are involved in 2n gametes production in a particular genotype at a given 

time. Nevertheless, genetic selection significantly enhances occurrence of 2n gametes. This indicates 

genetic control of nuclear restitution (Ramanna and Jacobsen, 2003).  

Several reports have shown the complexity of the genetic base of 2n gamete formation. In 

maize, 2n egg formation is under the control of the el allele (Rhoades and Dempsey, 1966), while Nel 

(1975) found that this allele is responsible for both FDR and SDR 2n egg formation. In Solanum 

tuberosum, the abnormal synapsis of homologues chromosomes is considered to be under 

monogenetic control, probably acting in conjunction with one or two other genes (Veilleux, 1985). 

Premature cytokinesis in Solanum appears to be controlled by recessive alleles at two independent loci 

(Mok and Peloquin, 1975b). In potato, a major locus called ps was shown to be responsible for the 

parallel spindle phenotype (Mok and Peloquin, 1975b; Watanabe and Peloquin, 1989). Veilleux and 

Lauer (1981) suggested that the formation of parallel spindles in Solanum tuberosum is the result of 

incomplete penetrance of a dominant allele with variable expressivity. In Trifolium pratense, a single 

recessive allele is responsible for the 2n pollen formation while two to six other genes control its 

frequency (Parrot and Smith, 1986). 2N gamete formation in Secale cereale appears to be a recessive 

trait controlled by more than one gene (Lelley et al., 1987). A recessive gene was responsible for 2n 

egg formation in potato and alfalfa (Ortiz and Peloquin, 1991; Barcaccia et al., 2000), while 2n pollen 

formation in Musa is the result of the action of a dominant gene (Ortiz, 1997). Kynast et al. (2001) 

reported the formation of FDR 2n gametes after addition of a single maize chromosome in oat.  

D‟Erfurth et al. (2008a) have isolated and characterised a gene (AtPS1) involved in abnormal 

orientation of spindles at meiosis II, which controls diploid 2n gamete formation in Arabidopsis 

thaliana. They pointed out that parallel, fused or tripolar spindles are different phenotypic expressions 
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of the same gene. D‟Erfurth et al. (2008b) isolated and characterized a novel gene (OSD1; omission of 

second division) in Arabidopsis associated with apomeiosis, a deregulation of meiosis that results in a 

mitotic like division. By combining a mutation in this gene with two others that affect two other key 

meiotic processes, a genotype called MiMe in which meiosis was totally replaced by mitosis (Fig 1.7) 

was obtained. The obtained plants formed diploid gametes that were genetically identical to their 

mother cell. 

 

Figure 1.7: Schematic summary of the MiMe mutant in Arabidopsis, where meiosis is totally replaced by 

mitosis (d’Erfurth et al., 2008b). In the osd1 mutant, meiosis II is skipped giving rise to diploid spores and 

gametes with recombined genetic information. The double Atspo11-1/Atrec8 mutant undergoes a mitotic-

like division instead of a normal first meiotic division, followed by an unbalanced second division leading 

to unbalanced spores and sterility. In the triple osd1/Atspo11-1/Atrec8 mutant, the presence of the Atspo11-

1 and Atrec8 mutations leads to a mitotic like first meiotic division, and the presence of the osd1 mutation 

prevents the second meiotic division from occurring. The obtained gametes are genetically identical to the 

initial cell.  
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1.3.4 Detection of 2n gametes 

 

2N pollen can be detected in four different ways (Bretagnolle and Thompson, 1995). First, 2n pollen 

are generally associated with abnormal large pollen size. This association is caused by the positive 

correlation between DNA content and cell volume which, in turn, influences pollen diameter (Van 

Tuyl et al., 1989; Jansen and Den Nijs, 1993; Bretagnolle, 2001; El Mokadem et al., 2002; Ramsey, 

2007).  

Second, 2n pollen can be screened by flow cytometry (Van Tuyl et al., 1989; Pan et al., 2004; 

Roberts, 2007). With this method, direct quantification of nuclear pollen DNA is possible. To 

determine the DNA content of pollen, nuclei have to be released from pollen and purified from the 

pollen wall. Several enzymatical, chemical, mechanical and osmotical methods for nuclear isolation of 

pollen have been used in different plants like Zea mays, Plumbago zeylanica, Lilium hybrids, 

Nicotiana tabacum and Brassica napus (Dupuis et al., 1987; Van Tuyl et al., 1989; Russel, 1991; 

Zhang et al., 1992; Xu et al., 2002; Pan et al., 2004). The major problem to release these nuclei from 

pollen is the presence of a complex outer exine layer on the pollen surface, a biopolymer that is 

strongly resistant to enzymatic breakdown and hydrolytic decomposition in strongly acid or alkaline 

media (Bohne et al., 2003). Exines can, however, partially be degradated using hot aminoethanol 

(Bailey, 1960; Southworth, 1974).  

Third, ploidy analysis (usually with flow cytometry) of the progeny can reveal the presence of 

2n gametes in parent plants (Orjeda et al., 1990; Bretagnolle, 2001; El Mokadem et al., 2002; Barba-

Gonzalez et al., 2004; Chen et al., 2008).  

Fourth, techniques to stain fixed anthers can reveal abnormalities of the microsporogenesis 

which are related to 2n gametes. In a normal meiosis, one mother cell divides in 4 daughter cells with 

the half of chromosomes compared to the mother cell (tetrad formation). Abnormalities results in the 

formation of triads, dyads or monads, depending on the mechanism of 2n gamete formation 

(Romagosa et al., 1988; Yan et al., 1997; Pagliarini et al., 1999; El Mokadem et al., 2002; Ünal and 

Alp, 2002; Taschetto and Pagliarini, 2003; Trojak-Goluch and Berbeć, 2003; Crespel et al., 2006).  

Of these techniques, only the last two methods (ploidy and macrosporogenesis analysis) are 

used to detect 2n egg formation. Often, the frequency of 2n egg formation has been estimated after 2x 

x 4x crosses.  When the triploid block is present, a cross between a diploid seed parent and tetraploid 

pollen parent will only result in good tetraploid seed when 2n egg cells are present (Veronesi et al., 

1986; Jongedijk, 1987; Werner and Peloquin, 1987; Conicella et al., 1991; Ortiz and Peloquin, 1991; 

De Haan et al., 1992; Lamote et al., 2002; Estrada-Luna et al., 2004; Van Laere et al., 2009a).  
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1.3.5 Induction of 2n gametes  

 

For breeding purposes, induction of 2n gametes in any given genotype is of high importance. Up till 

now, breeders are limited to genotypes producing 2n gametes to raise ploidy levels. Moreover, specific 

traits are not always available in genotypes producing 2n gametes. However, few methods are 

available to induce 2n gamete formation.  

One of these methods is interspecific hybridization. The occurrence of 2n gametes has been 

reported frequently in interspecific hybrids of among others Lilium (Van Tuyl, 1989), potato 

(Bastiaanssen et al., 1998), Impatiens (Stephens, 1998), Alstroemeria (Ramanna, 2003) and wheat-

barley hybrids (Islam and Shepherd, 1980). Formation of 2n gametes in interspecific hybrids is 

generally based on bad chromosome pairing during meiosis, usually resulting in first division 

restitution (FDR) pollen (Bretagnolle and Thompson, 1995; Ramanna and Jacobsen, 2003). 

Recently, N2O fumigation was reported to be an effective tool for induction of 2n gametes 

(Okazaki et al., 2005; Barba-Gonzalez et al., 2006; Akutsu et al., 2007). N2O has been frequently used 

for mitotic chromosome doubling in the past (Östergren, 1954; Kihari and Tsunewaki, 1960; Dvorak 

et al., 1973; Kato and Birchler, 2006). Östergren (1954) showed that the action of N2O could be due to 

the disruption of the spindle mechanism during mitotic cell division, and thus it might be possible to 

obtain fertile diploid or tetraploid pollen grains by applying nitrous oxide to cells undergoing meiotic 

divisions. The positive results in lilies and tulips show that N2O affects meiosis, and the resulting 

chromosome duplication may also turn sterile flowers fertile. Akutsu et al. (2007) showed that effects 

were optimal when treatments started during pollen mother cell progression to metaphase I.  

Another way to increase the chromosomes in pollen was achieved in maize by spraying tassels 

with a trifluralin solution before flowering. As such, the generative nucleus was mitotically arrested 

and viable bicellular pollen was obtained (Kato, 1999). 

 

Other attempts tried to increase the frequency of 2n pollen in genotypes which produce a low number 

of 2n pollen. Specific efforts have been performed using temperature variation (Veilleux and Lauer, 

1981; Werner and Peloquin, 1987; Negri and Lemmi, 1998), genetic selection (Barcaccia et al., 2000; 

Barcaccia et al., 2003), solar radiation (Ortiz and Vuylsteke; 1995) or pollen sieving (Eijlander, 1988; 

Montes and White, 1996; Takamura and Miyajima, 2002). Variation of 2n pollen production can be 

related to environmental fluctuations in general (Bretagnolle and Thompson, 1995; Crespel et al., 

2006). 

Simon and Sanford (1990) reported the separation of 2n potato pollen from a heterogeneous 

pollen mixture by velocity sedimentation. Particles can also be separated by using flow cytometry, as 

was done with good hydrated pollen and bad non hydrated pollen of Arabidopsis (Becker et al., 2003).  
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1.3.6 The role of 2n gametes in plant breeding 

 

2N gametes are an effective and efficient way to transmit genetic diversity to cultivated forms. Genetic 

diversity includes both valuable qualitative and quantitative traits, as well as the allelic variation 

necessary to broaden the genetic base of the cultivated crop (Peloquin et al., 1999). 2N gametes are 

utilized in plant breeding as a means to create new cultivars at higher ploidy levels, and as a bridge to 

transfer desirable genes from wild diploid species into the cultivated polyploidy genepool (Peloquin 

and Ortiz, 1992). 

Although 2n gametes are documented in several genera, they were extensively investigated in 

potato (Moq and Peloquin 1975a; Den Nijs and Peloquin, 1977; Peloquin et al., 1999), rose (Crespel et 

al., 2002; El Mokadem et al., 2002a; El Mokadem et al., 2002b; Crespel et al., 2006), Lilium (Lim et 

al., 2001a; Lim et al., 2004; Barba-Gonzalez et al., 2005a) and alfalfa (Tavoletti et al., 1991a; 

Tavoletti et al., 1991b; Barcaccia et al., 2003). Consequently, they played a prominent role in the 

breeding programs of these crops. 

Ploidy manipulations have been used in potato (Solanum tuberosum L.) breeding since the 

1980s. While cultivated potatoes are tetraploid, most wild species are diploid. By the use of 

haploidization techniques, dihaploids can be created from cultivated potatoes. A series of 

hybridizations between selected dihaploids and 2x species can be carried out to capture desirable 

agronomic traits from wild and closely related species. These dihaploids (producing 2n gametes) can 

then be introduced to tetraploid via 2x-4x or 4x-2x crosses for different purposes in potato breeding 

projects. Haploids in Solanum tuberosum can be easily extracted following crosses with pollinator 

clones of Solanum phureja. It is believed that haploids originate through partenogenesis from 

unfertilized egg cells of the female parent, and that both sperm nuclei fuse with the polar nuclei of the 

female gametophyte to form the endosperm nucleus. Also anther culture is an efficient means to obtain 

dihaploid clones (Wang and Ran, 2000; Carputo and Barone, 2005). 

The most successful breeding scheme for potatoes involves obtaining 4x progeny from 4x-2x 

crosses, where the 2x parent forms 2n pollen via the meiotic mutant ps (Fig 1.8; Peloquin et al., 1999). 

As such, 2n gametes represent a unique tool to transfer target genes from wild forms to the cultivated 

tetraploid gene pool (Carputo et al., 2000). Meanwhile, several ploidy series have been developed 

within potato, ranging from the monoploid to the hexaploid level. Cultivated tetraploids were scaled 

down to the diploid and monoploid level by haploidy. Scaling upward was achieved by sexual 

polyploidization via 2n gametes that resulted in triploid, tetraploid, pentaploid and hexaploid 

genotypes with a broad genetic base (Carputo and Barone, 2005). 
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Figure 1.8: Breeding strategies in potato to obtain 4x hybrids from 4x-2x crosses (Peloquin et al., 1999). 

 

At the beginning of the nineties, a haploidization program of Rosa hybrida has been developed in 

order to facilitate access to genetic resources of the diploid species. Dihaploid derivates from 

tetraploid rose cultivars were produced. Although some of these dihaploid roses were fertile, their 

gametogenesis resulted in the frequent production of 2n gametes. A return to the tetraploid level can 

thus be envisaged by sexual polyploidization via 2n gametes (Crespel et al., 2002; Crespel et al., 

2006).  

In lily, F1 hybrids between lily groups or sections are usually sterile, but some of them 

produce a small amount of 2n gametes. The resulting BC1 progenies are triploid (Lim et al., 2001a; 

Barba-Gonzalez et al., 2004; Barba-Gonzalez et al., 2005b). Interestingly, Dutch lily breeders have 

selected many cultivars from some triploid BC1 progenies based on the variations. Genomic in situ 

hybridization (GISH) showed that 2n gametes and intergenomic recombination play the vital roles in 

the variation within the triploid progeny (Zhou et al., 2008b). 

In alfalfa (Medicago spp.), 2n pollen and 2n egg producers can be effectively used for carrying 

out unilateral or bilateral sexual polyploidization. 2N gametes could also be used for direct gene 

exchange from wild diploid relatives into cultivated alfalfa by means of 2x-4x and 4x-2x crosses. The 

potential breeding value of 2n gametes from diploid forms of alfalfa was first tested by McCoy and 

Rowe (1986) by comparing single cross hybrids produced via 2n = 2x gametes from diploid clones 

versus n = 2x somatic chromosome-doubled tetraploid counterparts. Forage yield comparisons of 
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progenies demonstrated a significant yield increase of the hybrid progeny from FDR 2n gametes from 

the diploids over the hybrid progeny from n gametes from the chromosome doubled tetraploids. The 

use of diploid meiotic mutants that produce 2n gametes is now recognized as one of the main methods 

available for exploiting heterosis and introgressing wild germplasm traits in cultivated alfalfa 

(Barcaccia et al., 2003). Mutants affecting female meiosis have been described in diploid alfalfa 

(Pfeiffer and Bingham, 1983; Tavoletti et al., 1991a; Barcaccia et al., 1995). Phenotypic recurrent 

selection for 2n-egg production has indicated that the occurrence of 2n eggs is a highly heritable trait 

in these mutants (Tavoletti et al., 1991b; Calderini and Mariani, 1997). 

In Begonia, semperflorens begonias originate from the cross between B. cucullata var. hookeri 

(syn.: B. semperflorens) and B. schmidtiana. The diploid hybrid is nearly sterile. With the use of 2n 

gametes, allo-tetraploids have originated and the resulting cultivars surpassed the diploids (Horn, 

2004). 

Other examples of the usefulness of 2n gametes for crop improvement in plant breeding have 

been demonstrated among others in Alstroemeria, cassava (Manihot esculenta), blueberry (Vaccinium 

spp.), cocksfoot (Dactylis glomerata), Lotus spp. and red clover (Trifolium pratense) (Carroll and 

Borrill, 1965; Parrot and Smith, 1984; Negri and Veronesi, 1989; Hahn et al., 1990; Lyrene et al., 

2003; Ramanna et al., 2003; Ramanna and Jacobsen, 2003).  

 

1.4 Meiotic vs mitotic polyploidization 

 

By the use of mitosis spindle inhibitors as colchicine (Hancock, 1997), oryzaline and trifluraline 

(Vaughn and Vaughan, 1988; Vaughn and Lehnen, 1991), artificial (mitotic) polyploids were created. 

Mitotic inhibitors hamper the formation of the spindle axis along which chromosomes are separated 

during anaphase. Although DNA is replicated, no new cell wall is formed, causing a doubled DNA 

content in the nucleus (Rao and Supranasa, 1996).  Most often colchicine is used but oryzalin and 

trifluralin are frequently suggested as more efficient alternatives and have been used successfully to 

produce polyploids in many crops (Verhoeven et al., 1990; Van Tuyl et al., 2000). In ornamentals, 

mitotic polyploids were introduced in among others Rhododendron (Väinölä, 2000), Alstroemeria (Lu 

and Bridgen, 1997), Syringa (Rose et al., 2000a), Buddleja (Rose et al., 2000b), Ranunculus (Dhooghe 

et al., 2009a), Helleborus (Dhooghe et al., 2009b), Cyclamen (Takamura and Miyajima, 1996) and 

Rosa (Roberts et al., 1990; Zlesak et al., 2005).  

Mitotic polyploidization has been used for several purposes. Firstly, altering the ploidy level 

of parent plants can overcome problems with interploidy crosses (Kermani et al., 2003; Zlesak et al., 

2005). Secondly, as hybrids resulting from crosses between distantly related plant species are often 

sterile, mitotic polyploidization is widely used to restore fertility in hybrids (Rose et al., 2000; Lim et 

al., 2001a). And finally, in some cases creating sterile triploid cultivars might be a breeding goal itself. 
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In several genera as Weigela, Miscanthus, Beta, Musa and Citrullus, chromosome doubled plants were 

used to create triploids after 2x-4x crosses (Chopra and Swaminathan, 1960; McFarlane et al., 1972; 

Petersen et al., 2002; Arène et al., 2007; Bakry et al., 2007). Chromosome doubled plants have also 

been used to create hexaploids out of 4x-8x crosses, where the 8x plant is mitotically doubled (Van 

Laere et al., 2006). 

According to Ramanna and Jacobsen (2003), sexual polyploids have been much more useful for 

crop improvement than mitotic polyploids. Beuselinck et al. (2003) showed that 2n gametes from 

Lotus glaber Mill. may aid intercrossing with L. Corniculatus L. to produce progeny with a greater 

heterotic advantage than progeny obtained from colchicine induced tetraploid (4x) L. Glaber. In 

alfalfa, McCoy and Rowe (1986) showed a better breeding value of 2n gametes from the diploids than 

n gametes from chromosome doubled tetraploids. Lim et al. (2001b) showed that recombinant 

chromosomes were present in 2n gametes in contrast to 2x gametes from mitotically doubled plants. 

Hence, 2n gametes have a high potential to introgress certain characteristics selectively.  

The use of 2n gametes has some important features. First, genetic and cytological methods (like 

GISH) have shown that due to recombination in these gametes introgression can be achieved in Lilium 

(Lim et al., 2001a; Lim et al., 2004). Introgression is one of the main aims in interspecific 

hybridization for introducing a restricted number of traits from the donor species to the recipient. The 

genetic consequences of 2n gametes indicate that sexual polyploidization results in greater variability, 

fitness and heterozygosity than does somatic doubling (Carputo et al., 2003). Second, no dangerous 

chemicals as colchicine, oryzalin or trifluralin are necessary since the presence of 2n gametes is a 

natural phenomenon. Third, triploids can be obtained in one step. In some cases, triploids offer 

interesting traits. Fourth, no ploidy chimera are obtained. Treatment with cell cycle inhibitors may 

form plants which are only partially polyploid.  

The main disadvantage of using 2n gametes is that only a minority of the plants produce 2n 

gametes, whereas mitotic polyploids can theoretically be created starting from any plant. 
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1.5 The genus Begonia 

 

Kingdom: Plantae 

  Division: Magnoliophyta 

    Class: Magnoliopsida 

      Order: Cucurbitales  

        Family: Begoniaceae 

          Genus: Begonia 

 

1.5.1 General description 

 

The first record of begonias found in the literature was a picture of the plant “Tononcaxoxo coyollin”, 

described by the Spanish physician Francisco Hernandez in 1651 and which very probably represented 

a Begonia gracilis (Haegeman, 1979). 

At the end of the 17
th
 century, the French botanist Plumier was the first to baptise 6 newly 

discovered species with the name Begonia during an expedition to the French Antilles. The name 

refers to his principal Michel Bégon. Linneaus classified these species under one single name: 

Begonia obliqua. During the next centuries, the number of newly discovered species increased 

tremendously and even today, new species are discovered and described (da Silva and Maende, 2000; 

Tebbitt and Guan, 2002; Ku et al., 2006). 

Since 1932, an association „The American Begonia Society‟ was funded to stimulate and 

promoto interest in begonias and other shade-loving plant. Furthermore, the society encourages the 

introduction and development of new types, it standardizes the nomenclature of begonias and gathers 

and publishes information in regard to kinds, propagation, and culture of begonias and companion 

plants. In the UK, a similar society was funded under the name „The National Begonia Society‟. 

 

The genus Begonia belongs to the family Begoniaceae, which is closely related to the families 

Cucurbitaceae, Datiscaceae en Tetramelaceae. Within the Begoniaceae, 2 genera are described: 

Begonia and Hillebrandia. A third genus, the New Guinean genus Symbegonia, was reduced to a 

section within Begonia by Forrest and Hollingsworth (2003). The genus Begonia is the largest group, 

from which most species are perennials. Nowadays, the genus Begonia contains more than 1500 

species subdivided in 66 sections (Doorenbos et al., 1998; shui et al., 2002; Forrest and Hollingsworth, 

2003; de Wilde and Plana, 2003). Genetic support of this division is lacking, although Forrest et al. 

(2005) created a phylogenetic tree of 64 species based on both ribosomal sequence and morphological 

data. Because of its species richness, the genus provides a model for increasing biodiversity and 

morphological innovation in large genera.  Clement et al. (2004) described the phylogenetic position 
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and biogeography of the closely related Hillebrandia sandwicensis. Matolweni et al. (2000) described 

the genetic diversity and gene flow in Begonia dregei and Begonia homonyma using polyacrylamide 

gel electrophoresis.  

 

Begonias prefer shadow and a large humidity, and are non hardy in temperate regions. They have a 

pantropical distribution and are only absent in the tropical woods of Australia (Fig. 1.9). Mainly in 

America and Asia, they are strongly present. The genus Hillebrandia is only represented by 

Hillebrandia sandwicensis, endemic to Hawaï.  

 

 

 

Figure 1.9: Worldwide distribution of the genus Begonia. 

 

Many begonias are grown primarily for their foliage, others for the showy bloom. One of the most 

typical characteristics is the asymetrical leaf, often referred to as „angelwing‟. The first begonia was 

introduced in England in 1777. Since then, they have been improved so rapidly, that there are 

thousands of variations now in cultivation, displaying the most gorgeous colours in their flowers and 

beautiful colouring in their leaves. With the use of in vitro methods, the regeneration cycle of tuberous 

begonias can be fastened (Viseur and Lievens, 1987; Takayama and Misawa, 1982; Peck and 

Cumming, 1984), although Westerhof et al. (1984) showed that somaclonal variation increases along 

with the amount of in vitro propagation cycles. 
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Like in most other genera, only a few species have an important contribution to the current cultivars as 

B. cinnabarina, B. pearcei, B. veitchii, B. rosaeflora, B. clarkei, B. davisii, B. dregei, B. socotrana, B. 

boliviensis for tuberous begonias; B. schmidtiana and B. semperflorens (renamed to B. cucullata var. 

Hookeri) for the B. Semperflorens-Cultorum group and B. rex for the B. Rex-Cultorum group, grown 

mainly for their foliage. 

 

They gave rise to the (Haegeman, 1979; Hvoslev-Eide and Munster, 2007; Fig 1.10): 

 Lorraine begonias: B. socotrana x B. dregei; also called “Scandinavian”, “Norwegian” or 

“Christmas” begonias and known by their winterflowering. Botanical name: B. x cheimantha 

Everett. 

 Elatior begonias: B. socotrana x tuberous hybrids; can flower throughout the year. Botanical 

name: B. x hiemalis Fotch. Also known as Rieger begonias. 

 Tuberous begonias: Begonia x tuberhybrida Voss. B. boliviensis is one of the species which 

played an important role in the development of tuberous hybrids.  

 Semperflorens begonias: B. semperflorens (also B. cucullata var. Hookeri) x B. schmidtiana; 

also “Semperflorens gracilis” or “wax begonias”. Botanical name: B. Semperflorens-

Cultorum. 

 Begonias with ornamental foliage: cultivated for the large and colourful leaf; mainly B. rex 

and B. masionana cultivars. Botanical name: B. Rex-Cultorum. 

 

 

Figure 1.10: General begonia structure (A) and commercial begonias (B-H): Elatior hybrids (B, C), B. 

Semperflorens-cultorum (D-F), tuberous begonias (G) and B. Rex-cultorum (H). 
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Most species can be easily identified by morphological characteristics, but confusion may exist 

between species with strong morphological similarities. B. integerrima for instance is one of the most 

commonly cultivated of all the species of Begonia. However, B. integerrima has been incorrectly 

grown as B. solananthera and even received awards under that name. 

From several species, different varieties are described but confusion exists within the 

nomination. For instance, a high variation exists within leaf shapes of B. dregei. B. dregei has several 

synonyms as B. richardsiana, B. natalensis, B. suffruticosa, …, but also B. dregei var. dregei or B. 

dregei var. richardsiana frequently occur as synonyms. Furthermore, also B. dregei var. richardsiana 

and B. „Richardsiana‟ appear to be synonyms. Another example is B. grandis spp. evansiana, often 

nominated as B. evansiana.  

Many cultivars are the result from extensively hybridizations, with different species involved 

in their development. Sometimes, the origin is unknown. Consequently, the species name within the 

nomination of the cultivar is often absent. 

Since it is very difficult to classify Begonia into neat, tidy groups, they are also frequently 

listed in groups as semperflorens, angelwing, hairy-leaved, upright and branching, basket, 

rhizomatous, rex, tuberous, odd and rare or miniature. 

 

1.5.2 Begonia breeding 

 

About all Begonia varieties sold today are obtained by the classical way of breeding: placing the 

pollen of a male flower onto the stamen of a female flower. Begonias are easily grown from seed and 

they cross-hybridise quite easily. Because they hybridise so easily, there is almost no limitation to the 

potential variation in begonia hybrids that can be obtained. Commercial cultivars originate out of 

crosses with the most diverse species or cultivars; several of them are described in Tebbitt (2005). 

Spontaneous self pollination can be easily prevented, since the female and the male flowers are 

separated, on the same plant. The female flowers are easy to recognize, as they carry a wing. 

 

In Europe a specific pattern for the localization of begonia nurseries has developed, depending on the 

type of Begonia. Tuberous begonias are mainly produced in Belgium. Elatior begonia producers 

usually come from either Germany or The Netherlands, while Lorraine begonia has become a 

speciality for the Scandinavian countries. Semperflorens begonias have the largest market share in the 

United Kingdom and Southern Europe. Not surprisingly, the same distribution is found for breeding 

traditions of the different begonias (Hvoslev-Eide and Munster, 2007). 

 

In Belgium, Begonia production -in particular tuberous Begonias- is situated in the province East 

Flanders (Destelbergen, Laarne, Lochristi) on a total of 69 ha. Tuberous begonias are sold as tubers, 

not as whole plants. In the past 10 years, the area of Begonia has declined with about 50%. While in 
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2004, a total of 40 companies -usually family companies- were active in Begonia breeding, this 

number is decreasing to 25 and probably 15 in the near future (e.g. Rudy Raes bloemzaden n.v., Corijn 

begonia‟s, ...). The production goes up to about 30 milion plants and counts for 2/3 of the european 

production. In the Netherlands, 6 companies provided a production of about 15 milion plants, good for 

1/3 of the european market. However, this number recently declined to 3 companies. In Germany, only 

1 player is active. About 90% of the Belgian tubers are exported (EROV, 2009; Johan Corijn, personal 

communication).  

The cultivated tuberous Begonia hybrids can be sub-divided into different groups such as 

Pendula type, small flowered (multiflora type), medium flowered (Multiflora maxima or Bertinii 

compacta) or large flowered (single or double type) (Legro and Haegeman, 1971). The origin and 

possible development of these different groups are described in Haegeman (1979); diploid, triploid 

and tetraploid varieties exist. During the breeding process, many botanical species have been involved 

(B. boliviensis, B. pearcei, B. veiitchi, B. cinnabarina, B. clarkei, B. davisii, B. dregei, B. rosaeflora, 

B. sutherlandii and B. socotrana) which makes of them a large heterogeneous group. Currently, an 

important breeding program is focussed on the fragrance of tuberous begonias. 

In the Netherlands, the production is mostly focussed on „Elatior begonias‟, which represented 

88% of the total Begonia production (Kroon, 1993). The term B. x hiemalis refers to their capacity to 

flower during winter, in contrast to tuberous begonias. The Elatior group is mainly used as indoor 

plant, and is subdivided in small, single and double flowered types. Elatior hybrids have been obtained 

in three different steps (Kroon, 1993). At first, B. socotrana was crossed with wild tuberous begonias 

as B. boliviensis. At second, B. socotrana was crossed with B. x tuberhybrida, a complex hybrid with 

different species as acestor. Crosses were still at the diploid level. At third, B. x tuberhybrida was 

improved by breeding and selection and brought to the tetraploid level. This hybrid was (and still is) 

used in crosses with B. socotrana giving rise to modern triploid cultivars. Some important companies 

for Elatior begonias are mKoppe, Beekenkamp (the Netherlands) and Ernst Benary (Germany). 

Besides tuberous and Elatior begonias, B. socotrana was also involved in the production of 

Lorraine begonias, rather a speciality of the Scandinavian market. The cross B. socotrana x B. dregei 

gave rise to the hybrid „Gloire de Lorraine‟, and further crosses with B. socotrana resulted in new 

varieties. Some of the used „Gloire de Lorraine‟ varieties used as parent had a double chromosome 

number and the resulting backcrosses with B. socotrana resulted in triploid varieties (e.g. 

„Konkurrent‟), which are grown on the Scandinavian market. The total production of this hybrid in 

1995 was about one million plants per year (Hvoslev-Heide et al., 1995). 

Semperflorens begonias are usually sold as seed and are frequently grown as bedding plants 

outdoors. The „Dragon Wing‟ hybrids are among the most popular hybrids of this group. The 

semperflorens begonias can be subdivided in the semperflorens and the gracilis group. The gracilis 

group arose out of B. semperflorens „Vernon‟, a naturally-arising sport or mutation with typical dark 

bronze green leaves. B. semperflorens, now called B. cucullata var. hookeri is the most important 
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ancestor. The establishment of a dwarf mutant, together with the introduction of B. schmidtiana has 

created the cultivar „Erfordia‟, the first F1 hybrid cultivar in plant breeding. In the late 1890, tetraploid 

forms have originated in Germany and France. The company Ernst Benary was the first to create 

tetraploid F1 hybrids. The same company finally also created triploid hybrid cultivars from crosses 

between diploid and tetraploids. Ernst Benary is still an important player on the market. Other 

companies are among other Sakata seeds in Denmark and Goldsmith seeds (Syngenta) in the 

Netherlands. 

Finally, ornamental foliage begonias arose from the cross between B. Rex and many other 

species. All hybrids and also species grown for their ornamental foliage have been collected under the 

name Begonia Rex-Cultorum. The origin is usually Asiatic. Berghoef Plants in the Netherlands is a 

company specialized in this type of begonias.  

 

In the auctions in the Netherlands (which remains the worlds‟ largest trading system for flowers and 

plants), about 15 to 16 million Elatior begonias are supplied yearly. For Semperflorens begonias, this 

is about 6 million plants with a serious decrease in 2008 under 1 million. For ornamental foliage 

begonias, about 2 million plants are supplied yearly. In Belgium, one auction for ornamentals is 

present in Brussels (Euroveiling) with a turnover of 232 000 begonias
1
. 

 

In all groups, crossing hybrids with „new‟ wild species remains or becomes an important technique for 

Begonia breeding. Breeders are still looking for new variation present in species related to the 

ancestors of a certain group or even species which are distantly related.    

Mutation breeding of seedlings or established cultivars is also a very common way of creating 

new variations in begonias. Details on the economic value of early spontaneous „sports‟ or mutations 

are virtually absent, whereas for artificially induced cultivars or ornamentals, only few data are 

available (Van Harten, 2002). In Lorraine begonias, the cultivars on the Norwegian market are still 

spontaneous (and since 1950 also induced). Also chimeras, producing white flowers next to salmon 

pink flowers have been observed in Elatior begonias. 

Nuclear radiation and chemical mutation can be used to obtain new varieties. In this way, 

genotypes only differ in for instance flower colour, while they have still the same production. To 

obtain mutants in Begonia, detached leaves forming adventious buds can be used, and irradiated with a 

dose of 1.5 to 2.5 kR. Elatior begonias can serve as good examples of this breeding method. The 

yellow cultivar „Tiara‟ was created through mutation breeding (Doorenbos and Karper, 1975).  

Propagation of begonias in vitro has been done since the early start of the use of tissue culture 

techniques. For mass propagation, somaclonal variation is unwanted, but for breeding it has some 

                                                      

1
 Information obtained from the Euroveiling (Brussels) and the VBN (Association for flower auctions in the 

Netherlands). 
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potential. Bouman and De Klerk (2001) regenerated Begonia leaf explants treated with increasing 

concentration of the chemical mutagen nitrosomethylurea (NMU) to increase somaclonal variation. 

Leaf variegation in combination with sectorial chimeras is often found after a callus phase. Other 

variants with some potential for ornamental value were also found, for example dwarfs, minis and 

creepers (Hvoslev-Eide and Munster, 2007).  

 

Genetic engineering has been tried with some begonias, but has not resulted in any GM cultivar on the 

market yet (Einset and Kopperrud, 1995; Hvoslef-Eide et al., 1995; Kiyokawa et al. 2006, Kishimoto 

et al., 2002). 

 

1.5.3 Cytological and genetic aspects 

 

Among Begonia species, a large variation in chromosome numbers has been reported, ranging from 2n 

= 16 for B. rex to 2n = 156 for B. acutifolia (Sarkar, 1989; Doorenbos et al., 1998; Oginuma and Peng, 

2002). This suggests that both polyploidy and aneuploidy have occurred frequently within the genus.  

Due to this wide diversity, there is no general basic chromosome number that is readily discernable for 

the genus. In Taiwanese Begonia, Oginuma and Peng (2002) suggest a basic chromosome set of x = 

11 (2n = 22), while in tuberous Begonia, both 2n = 26 (x = 13) and 2n = 28 (x = 14) have been 

described (Legro and Haegeman, 1971). Despite the large variation in chromosome numbers, begonias 

cross-hybridise quite easily, which explains the wide variation in begonia hybrids that can be obtained 

(Hvoslev-Eide and Munster, 2007). 

One of the major problems of chromosome counting in Begonia includes the small size of 

Begonia chromosomes, which are often accompanied by fragments that are easily mistaken for true 

chromosomes (Tebbitt, 2005). So far, the origin of these fragments has not been investigated. 

Moreover, some species are easily confused owing to their similar morphology. As a consequence of 

these difficulties past authors (Tebitt, 2005) have suggested that several previously published counts 

within the genus are erroneous. Some species, such as B. foliosa (2n = 60 or 84) or B. fenices (2n = 26 

or 56), have been described as having very different chromosome numbers (Oginuma and Peng, 2002; 

Tebbitt, 2005). 

Centromeres of chromosomes are usually hard to visualise, and karyograms are generally 

lacking (Legro and Haegemann, 1971). Oginuma and Peng (2002) made the first effort to represent 

karyograms of Asiatic species and remarked a high number of secondary constriction chromosomes. 

These authors suggest that chromosome morphology has evolved in parallel in species belonging to 

different Taiwanese sections and that after polyploidization, chromosome translocations occurred 

followed by a decrease in chromosome number and genome stabilization. This might explain the high 

diversity in chromosome number within this genus.  
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Few studies have looked at the role of chromosomes in Begonia evolution. The occurrence of 

particular chromosome numbers in botanical subgroups is often indicative of a close evolutionary 

relationship, and also a good indicator that they can be successfully hybridised in cultivation (Tebbitt, 

2005). 

Recently, first GISH experiments were reported on Elatior begonias (Marasek-Ciolakowska; 

2010). 
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2 General materials and methods 

 

2.1 Begonia germplasm, maintenance, propagation and 

reproduction 

 

2.1.1 Begonia germplasm 

 

In Table 2.1, some typical characteristics of the used species during this work are listed.  

 

Table 2.1: Overview and description of the used species (listed alphabetically) within the ILVO Begonia 

germplasm. Description is based on Tebitt (2005) except for B. pearcei (Veitch, 2006) and B. metallica 

(American Begonia Society).  

Genotype Origin3 Description  Image 

    

B. albo-picta W. Bull 

 
Gaerdtia1 

Cane-like group2 

IL Erect green stem resembling a bamboo 

cane to 1-1,5m tall. Blade above green 

with several silvery-white small spots; 

ovate-lanceolate. White to pink flowers; 

male flowers with 4 tepals.  

 

 

 

 
 

B. boliviensis A. de 

Candolle 

 
Barya 

Tuberous group 

PD Pale green stems to about 1m tall; 

branchless or few branched. Leaf blade 

above green, beneath paler green, 

lanceolate to lanceolate-ovate. Bright 

red flowers with lanceolate tepals; male 

flowers with 4 tepals. 

 

 

 
 

B. bowerae Ziesenhenne 

 
Gireoudia 

Rhizomatous group 

US Creeping rhizomatous perennial ; 

rhizome green to purple, branched. 

Leaves above green or green with 

seperate purple to almost black marking 

around margins; ovate. Very hairy 

petioles. White flowers; male flowers 

with two white tepals. 

 

 

 

 

B. brevirimosa Irmsher 

 
Petermannia 
Shrub like group 

US Erect to about 1m tall ; branched green 

stems. Leaf blade above glossy green 

with glossy purple to pink bands. Bright 

pink flowers; male flowers with two 

tepals. 
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Genotype Origin3 Description  Image 

    

B. coccinea W.J. Hooker 

 
Pritzelia 

Cane-like group 

IL Erect perennial to 3m tall, green stems, 

resembling a bamboo cane. Leaf blade 

above green, ovate-elleptic. Red 

flowers; male flowers with 4 pink to red 

tepals. 

 

 

 

 
 

B. corallina Carriere 

 
Gaerdtia 

Cane-like group 

IL Similar looking to B. coccinea but 

flowers reddish orange rather than the 

vived scarlet of those of B. coccinea. 

 

 

 

 

 

 
 

B. cucullata Willdenow 
 

Begonia 

Semperflorens group 

PD Erect, branched perennial to 1.3m tall; 

green stem. Glossy green leaves, 

broadly ovate or elliptic. White to pink 

flowers; male flower with 4 tepals. 

 

 

 

 

 
 

B. diadema Rodigas 

 
Platycentrum 

Rhizomatous group 

IL Erect perennial to 70 cm tall; grey-

brown stems. Palmate-lobed leaves; 

above green with a reddish tinge along 

the margins and prominent silver spots 

in rows. White flowers, male flowers 

with 4 tepals. 

 

 

 
 

B. dietrichiana Irmscher 
 
Pritzelia 

shrub-like group 

UG Erect branched perennial to 1.5 m tall; 

stem glossy purple. Leaves: above 

green, ovate, margin shallowly toothed. 

White flowers, male flowers with 4 

tepals. 

 

 

 

 
 

B. dregei Otto & A. 

Dietrich 

 
Augustia 

Semi-tuberous group 

IL Erect perennial to 1m tall. Reddish 

green, branched stem. Leaf blade above 

green, with reddish veins and 

margins and with white spots on young 

leaves. White flowers; male flowers 

with 4 tepals. 

 

 

 
 

B. echinosepala Regel 

var. elongatifolia Irmscher 

 
Pritzelia 
shrub-like group 

JR Similar looking to B. dietrichiana, but 

with short spiky hairs on the outer 

surface of the tepals and narrower leaf 

blade. 
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Genotype Origin3 Description  Image 

    

B. fischeri Schrank 

 
Begonia 

Semperflorens group 

US Similar to B. cucullata but with denser 

hair cover and leaf blades wider than 

long. 

 

 

 

 

 

 

 
 

B. glabra Aublet 

 
Pritzelia 
Trailing scandent 

 

 

 

 

 

UG Trailing scandent perennial. Stem 

green. Leaf blade green, elliptic-ovate, 

with acuminate tip. White flowers; male 

flowers with four tepals. 

 

 

 

 

 
 

B. grandis spp. evansiana 

Irmscher 

 
Diploclinium 

Tuberous group 

IL Erect tuberous perennial to about 75 cm 

tall, bearing leaf bulbils in the leaf axis. 

Green, unbranched stem. Leaf blade 

green with red veins, ovate. Pink 

flowers; male flowers with 4 petals. 

 

 

 

 
 

B. heracleifolia  

Schlechtendal & Chamisso 

 
Gireoudia 

Rhizomatous group 

IL Creeping rhizoumatous, branched 

perennial to 60 cm. Stem densily 

covered with hair. Leaf blade pale 

green, cordate, five to nine lobed. 

White flowers; male flowers with two 

white tepals. 

 

 

 
 

B. hispida Schott var. 

cucullifera Irmscher 

 
Pritzelia 

Shrub-like group 

IL Erect branched subshrub to 2m tall. 

Stem green to brown ; woody at the 

base. Leaf blade green with typical 

small adventious leaflets. White 

flowers; male flowers with four white 

tepals. 

 

 

 
 

B. listada L.B. Smith & 

Wasshausen 

 
Pritzelia 
Shrub-like group 

IL Erect branched subshrub to 1m tall. 

Green to pink stem. Leaf : above 

bronze-purple, with a pale yellowish 

green band. Densily covered with soft 

hairs. Flowers white, covered with red 

hairs. Male flowers with 4 tepals. 

 

 

 
 

B. luxurians Scheidweiler 

var. ziesenhenne 

 
Scheidweileria 
Shrub-like group 

JR Erect subshrub to 4m tall. Stem 

branched, brownish red. Leaf blade 

green, palmate lobed. White flowers, 

male flowers with 4 tepals. 
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Genotype Origin3 Description  Image 

    

B. maculata Raddi 

 
Gaerdtia 

Cane-like group 

JR Similar to B. albo-picta, but with larger 

leaves, and larger spots. 

 

 

 

 

 

 

 
 

B. manicata Brongniart & 

Cells 

 
Gireoudia 
Rhizomatous group 

JR Creeping rhizomatous perennial. 

Leaves above pale green or green, 

ovate. Leaves beneath and petiole with 

typical scale-like appendages. 

Pink/white flowers; male flowers with 

two tepals. 

 

 

 
 

B. metallica W.G. Smith 

 
Pritzelia 
Shrub-like group 

IL Sturdy, thin, erect stems. Leaf dark 

green with red veins underneath; 

‟having the shininess of polished 

metal‟. Dark-pink/red flowers, male 

flowers with 4 tepals. 

 

 

 

 
 

B. odorata Willdenow 

 
Begonia 
Shrub-like group 

IL Erect subshrub to 75cm tall; stem 

green. Leaf blade above dark green 

ovate to elliptic. White flowers, male 

flowers with four tepals. 

 

 

 

 

 
 

B. partita Irmscher 

 
Augustia 

Semi-tuberous group 

JR Similar looking to B. dregei, but with 

deeply dissected leaves. 

 

 

 

 

 

 

 
 

B. pearcei Hook 

 
Eupetalum 

Tuberous group 

BE Tuberous perennial. Ovate leaves dark 

velvety above, traversed by straw-

coloured veins; the undersurface dark 

red with the exception of a prominent 

venation. Bright yellow flowers, male 

flowers with 4 tepals. 

 

 

 
 

B. radicans Vellozo 

 
Solananthera 

Trailing-scandent group 

IL Similar to B. solananthera but with 

elleptic, lanceolate rather than ovate 

leaf blades and orangey red flowers 
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Genotype Origin3 Description  Image 

    

B. schmidtiana Regel 

 
Begonia 

Semperflorens group 

UG Erect non-rhizomatous perennial with 

brownish red stems to 60 cm tall. 

Stems, leaves and inflorescence 

covered with short white hairs. Leaf 

blade above dull olive green, ovate. 

White flowers with a reddish tinge; 

male flowers with four tepals. 

 

 
 

B. serratipetala Irmscher 

 
Petermannia 

Shrub like group 

GS Erect, branched perennial with wine red 

stems. Leaves with crinkled surfaces 

that are glossy green above with small, 

raised, pink dots and which have 

pinnately lobed, double-toothed 

margins. 

 
 

B. socotrana J.D. Hooker 

 
Peltaugustia 

Tuberous group 

BE Erect thick stemmed perennial to 20-45 

cm tall. Leaf peltate and funnel-shaped. 

Blade above glossy green. Pink flowers; 

male flowers with 4 tepals. 

 

 

 

 

 
 

B. solananthera A. de 

Candolle 

 
Solananthera 

Trailing-scandent group 

IL Climbing perennial with branched 

green stem. Leaf blade pale green, 

slightly assymetric, broadly ovate. 

Flowers white with a small red blotch at 

the base, male flowers with four tepals. 

 

 

 

 
 

B. soli-mutata L.B. Smith 

& Wasshausen 

 
Pritzelia 
Rhizomatous group 

JR Creeping perennial with several short, 

horizontally spreading stems. Leaf 

circular, margin shallowly angular-

lobed. Leaf blade above dark brownish 

green with lighter yellowish green areas 

along the main veins. White flowers, 

male flowers with four tepals.  

 

 
 

B. subvillosa Klotzsch 

var. leptotricha L.B. 

Smith & Wasshausen 

 
Begonia 

Semperflorens group 

IL Erect, branched perennial; densily 

covered with short white hairs. Brown-

green stem. Green ovate leaves, 

sparsely hairy above but densily hairy 

beneath. White flowers; male flowers 

with 4 tepals. Also called „Wooly 

Bear‟. 

 

 
 

B. sutherlandii J.D. 

Hooker 

 
Augustia 

Tuberous group 

GS Erect tuberous perennial with one or 

more green-red stems arising from the 

tuber. Leaf ovate-lanceolate, blade 

above pale green. Orange flowers, male 

flowers with 4 tepals. 

 

 

 

 
 



Chapter 2: General materials and methods 

48 

    

Genotype Origin3 Description  Image 

    

B. tomentosa Schott 

 
Pritzelia 

Shrub-like group 

JR Erect non-rhizomatous perennial, the 

whole plant covered with white hairs. 

Stem branched, pale green. Leaf blades 

with rust-colored, wool-like hairs on 

their undersurfaces. White to pink 

flowers, male flowers with 4 tepals. 

 

 

 
 

B. ulmifolia Willdenow 

 
Donaldia 

Thick stemmed group 

IL Erect, slightly woody subshrub to about 

3m tall. Stems green. Leaf green, 

densily hairy, oblong-elleptic. White 

flowers; male flowers with 2 tepals. 

 

 

 
 

B. undulata Schott 

 
Gaerdtia 

Cane like group 

JR Similar to B. albo-picta, without white 

spots on leaves but with ovate-oblong 

leaves with undulate margins. 

 

 

 

 

 

 
 

B. venosa J.D. Hooker 

 
Begonia 
Shrub like group 

IL Erect thick stemmed perennial to about 

1m tall, vegetative parts densely 

covered with short silver-gray felt like 

hairs. Leaves: kidney shaped.  White 

flowers; male flowers with 4 tepals. 

 
    

1Botanical section   

2Horticultural classification 

3BE : Benary (Ernst Benary Samenzucht GmbH), GS: Goldsmith Seeds Europe; IL: existing ILVO collection; LG: Logee‟s 

greenhouse; JR: le Jardin de Rochevieille, PD: Plant delights nursery; UG: University Ghent botanical garden; US: United 

States department of agriculture. 

 

Table 2.2 and Fig. 2.1 represent the cultivars used throughout this work. However, many of the used 

cultivars could be related to a certain section of the genus Begonia. The cane like begonias for instance 

showed strong similarities with the species described (in Table 2.1) of the section Gaerdtia. Moreover, 

from several of these cultivars, species of the section Gaerdtia are described as a parent or as an 

ancestor. 

Other non-nominated (crossing) hybrids within the germplasm were labeled with a „B‟ number 

(as B201). Begonias have been cultivated for many years at the ILVO but the origin of several hybrids 

was unknown.   
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Table 2.2: Overview of the used cultivars within the Begonia germplasm.  

Cultivar Origin1 Parental species2 (if described) Description 

Cane like group   

Cultivars of this group are 

morphological very similar to 

species of the section 

Gaerdtia.  

B. „Anna Christine‟ LG B. dichroa (Gaerdtia) 

B. „Barbara Ann‟ LG B. lubersii (Gaerdtia) 

B. „Bubbles‟                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        LG - 

B. „Cracklin Rosie‟ LG - 

B. „Ebony‟ IL - 

B. „Florence Rita‟ LG B. lubersii (Gaerdtia)  

B. „Honeysuckle‟ LG B. dichroa (Gaerdtia)  

B. „Orange Rubra‟ JR B. dichroa (Gaerdtia)  

B. „Rubaiyat‟ JR B. dichroa (Gaerdtia) 

   

Rhizomatous    

B. „Art Hodes‟ LG B. acetosa (Pritzelia)  Similar looking to Pritzelia 

species as B. soli-mutata B. „Orococo‟ JR B. glabra (Wageneria);  B. soli-mutata (Pritzelia) 

    

B. „Beauregard‟ IL B. bowerae var. rubra (Gireoudia) Similar looking to Gireoudia 

species as B. bowerae  B. „Tamo‟ JR B. peltata (Gireoudia); B. mazae (Gireoudia) 

    

Shrub-like    

B. „Eunice Gray‟ IL B. echinosepala (Pritzelia);  B. venosa (Begonia) Morphological characteristics 

of B. echinosepala B. 'Ginny' JR B. echinosepala (Pritzelia)  

    

Tuberous    

B. „Richardsiana‟ LG B. dregei  B. dregei variety 

    

B. Rex-Cultorum    

B. „Dark Rex‟ IL - 

B. Rex-Cultorum, with 

ornamental foliage 

B. „Granada‟ LG - 

B. „Maxine Wilson‟ IL B. listada (Pritzelia) 

B. „Ramke‟ IL - 

B. „Spatflacier‟ IL - 

1IL: Existing ILVO collection; LG: Logee‟s greenhouse; JR: Le Jardin de Rochevieille. 

2Information abouth the parental species is based on Tebbitt (2005); Thompson and Thompson (1981) and the American 

Begonia Society. 
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Figure 2.1: Examples of cultivars within the Begonia germplasm. 

 

2.1.2 In vivo maintenance of the ILVO Begonia germplasm 

 

Begonia genotypes were grown in greenhouses, under standard conditions. Temperature was 

maintained at 20 ± 2 °C; during winter the natural photosynthetic period was extended to 16 h.day
-1

 

(Photosynthetic photon flux density 30 µmol m
-2

s
-1

). 

Cuttings were made frequently to maintain the collection.  

 

2.1.3 Crosses performed 

 

Begonias are monoecious, and produce separate male and female inflorescences. Opened male flowers 

of Begonia plants were collected and simultaneous pollen anthesis was stimulated by overnight 

illumination. All crosses were performed by hand pollination. Five flowers per genotype were 

pollinated, unless otherwise indicated. 

 

2.1.4 In vitro culture of seedlings 

 

In vitro culture of seeds is often applied after interspecific crosses. The in vitro medium replaces the 

endosperm of the seeds, which is required for germination and often malformed after interspecific 

hybridization. Furthermore, environmental conditions can be controlled and optimised in vitro. 
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Since many crosses during this work involve interspecific crosses, seeds were mostly grown in vitro. 

After crosses, obtained seeds were sterilized with 10% NaOCl (12°) and 0.05% teepol for 20 

min, rinsed 3 times with autoclaved water and initiated in vitro on 1/3 MS (Murashige and Skoog, 

1962) basal salts supplemented with (per liter) 20 g sucrose, 100 mg Meso-inositol, 1 mg nicotinic 

acid, 1 mg glycine, 0.5 mg thiamine, 0.5 mg pyridoxine, 1 mg GA3 and 6 g agarose (pH 6.2). Cultures 

were maintained at 23 ± 2°C (natural photosynthetic period extended to 16 h.day
-1

; 40 µmol m
-2

s
-1

 

photosynthetic active radiation) and finally acclimatized in the greenhouse (Fig. 2.2).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2: Different steps involved in the in vitro cultivation and acclimatization of Begonia seedlings. 

1. Sterile seeds in vitro 2. germination 3. Spread of young seedlings 4. Strong root development

5. Transfer to jar 6. Further growth in jar 7. Acclimatisation in greenhouse 8. Further growth in greenhouse

1. Sterile seeds in vitro 2. germination 3. Spread of young seedlings 4. Strong root development

5. Transfer to jar 6. Further growth in jar 7. Acclimatisation in greenhouse 8. Further growth in greenhouse

  3 cm   3 cm   3 cm   3 cm 

  3 cm   4 cm   20 cm   20 cm 
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2.2 Microscopy  

 

2.2.1 Pollen collection, pollen size measurements and pollen germination ratio 

 

Opened flowers of Begonia plants were collected and simultaneous pollen anthesis was stimulated by 

overnight illumination under a light bulb. Subsequently, anthers of at least five flowers were 

submersed in pollen germination medium (10 % sucrose, 0.01 % H3BO3, 0.01 % CaCl2, 0.02 % 

MgSO4.7H2O, 0.01 % KH2PO4, 0.01 % chloramphenicol); the solution was vortexed and filtered 

through a nylon filter of 50 µm mesh size. A drop of the pollen filtrate was pipetted on a slide, covered 

with a cover slip and examined under a light microscope (Leica DMIRB). The longest axis of the 

ellipsoidal pollen was measured digitally using software Image Manager IM 500 (Leica). At least 30 

pollen of each genotype were measured to determine the typical pollen size range. When a 

subpopulation of large pollen was observed, its percentage was estimated based on at least 300 pollen. 

The germination ratio was determined microscopically after overnight germination. A pollen grain 

was scored as germinated when the pollen tube length was at least equal to the long axis of the pollen 

grain. 

 

2.2.2 Evaluation of microsporogenesis  

 

Immature anthers were removed from young floral buds and one single anther was immediately 

excised onto a slide in a drop of Saline Sodium Citrate (SSC) buffer (0.3 mol/L NaCl, 0.03 mol/L 

Sodium citrate; pH 7) containing 1µmol/L 4‟,6-diamidino-2-phenylindole (DAPI). The anther debris 

was removed, a cover slip was added and the preparation was examined using light or fluorescence 

microscopy to evaluate the formation of meiocytes. 

 

2.2.3 Cytological chromosome visualization  

 

2.2.3.1 Chromosome counts in root tip cells 

Young root tips were collected, immediately treated for 4h with 2mmol/L 8-hydroxyquinoline, and 

fixed overnight in ethanol:acetic acid (3:1). The root tips were then dissected on a microscope slide in 

a drop of 45% acetic acid. After squashing with a cover slip, the slides were frozen in liquid nitrogen. 

The coverslip was removed using a razorblade and the slides were washed in 98% ethanol and air-

dried for at least 1h. 

For staining, slides were washed in Saline Sodium Citrate (SSC) buffer and 100 µl of staining 

solution (1 µmol/L DAPI in SSC) was added on the slide. The slides were covered with a coverslip 

and incubated for 5 min. After removal of the coverslip, the slides were washed a second time in SSC 
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and a drop of Vectashield mounting medium (Vector laboratories, Burlingame, USA) was added. The 

excess Vectashield was removed by applying a glass cover slip and pressing firmly. Chromosomes 

were visualised with a fluorescence microscope (Leica DMIRB) using a DAPI filter and captured 

digitally (Leica IM500). The chromosome number was confirmed at least once. 

 

2.2.3.2 Chromosome size measurements 

Chromosome sizes were measured using the freeware computer application MicroMeasure 3.3. 

available at http://www.colostate.edu/Depts/biology/MicroMeasure. 

The total chromosome volume (TCV) in the cell was calculated according to the formula of 

Naranjo et al. (1998): TCV = 2 x (π x r
2
 x TCL), where r is the average radius of the chromatid and 

TCL the total complement length. As single chromatids could not be visualised because of the small 

size, r was estimated as ¼ of the chromosome width (which is twice the diameter of a chromatid, and 

so 4 times the radius). From each investigated genotype, TCV values of 1 to 3 representative 

metaphase spreads with very condensed chromosomes are represented, after excluding all late 

prophase or early metaphase cells. 

 

2.2.3.3 Chromosome visualization during meiosis 

Immature anthers were removed from young floral buds and one single anther was immediately 

excised onto a slide in a drop of Saline Sodium Citrate (SSC) buffer containing 1µmol/L DAPI. A 

cover slip was added and the preparation was examined using light or fluorescence microscopy. When 

the anther contained pollen mother cells in the process of meiosis, the other anthers of the same flower 

were treated one by one in the same way to evaluate the different stages of meiosis (prophase I to 

telophase II). 

 

2.2.3.4 Chromosome pairing at metaphase I 

For observation of chromosome pairing at metaphase I, anthers were fixed in ethanol:acetic acid (3:1). 

After overnight incubation at 4°C, anthers were excised on a slide in 45% acetic acid and the anther 

debris was removed. After squashing under a cover slip, the slides were frozen in liquid nitrogen. The 

cover slip was removed using a sharp razor blade and the preparation was rinsed in 98% ethanol, then 

air-dried during at least one hour. For staining, slides were washed in SSC buffer. A drop of 100 µl 

DAPI counterstain (1µmol/L DAPI in SSC) was dropped onto the slide, then covered with a 25 x 50 

cover slip. After 5 min incubation, the cover slip was removed and the slides were washed in SSC 

buffer. A drop of Vectashield mounting medium was added, covered with a 25 x 50 mm cover slip and 

examined under the microscope (slides may be stored at 4°C). Evaluation of chromosome pairing was 

based on at least 50 pollen mother cells (PMCs).  
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2.3 Flow cytometric determination of nuclear DNA content  

 

Flow cytometry was used to estimate or compare the (relative) DNA content of somatic leaf tissue and 

pollen of specific Begonia genotypes. This technique allows rapid determination of the relative DNA 

content of individual nuclei by measuring the fluorescence of a fluorochrome as DAPI or Propidium 

Iodide (PI). 

 

2.3.1 Genome size estimation of somatic leaf cells 

 

Genome sizes were measured with a Partec Cyflow Space equipped with a green solid state laser (100 

mW, 532 nm). For sample preparation, the commercial kit Cystain PI absolute P (Partec, Germany) 

was used. Samples were prepared according to the manufacturer‟s protocol. Leaf pieces of 20 mm
2
 

were cut from the youngest leaves of Begonia genotypes and Glycine max and chopped together in 

500 µl of nuclei extraction buffer. After filtration through a nylon filter of 50 µm mesh size, 2 ml 

staining buffer, 12 µl PI solution and 6 µl RNase were added. After 1 h incubation at 4 °C in the dark, 

samples were analysed with the flow cytometer and the ratio between the peaks of Begonia genotypes 

and Glycine max was determined using FloMax software (Partec). The Begonia genome size was then 

calculated by multiplying the genome size of Glycine max (2C = 2.5 pg; Doležel et al., 1994) with the 

obtained ratio. A second reference Pisum sativum „Ctirad‟ (2C = 9.09 pg; Doležel et al., 1998) was 

included as the internal standard for measuring the larger genomes of some of the genotypes. 

Calculations of genome sizes were made as described for the internal standard Glycine max. 

Terminology on genome sizes is used according to Greilhuber et al. (2005). 

To test the influence of cytosolic compounds in our analysis, the genomes of B. sutherlandii, 

B. cucullata and B276 were analysed separately (external reference) and by cochopping the reference 

(internal reference) with the Begonia samples. The peak position of references and Begonia genotypes 

measured separately remained unchanged compared with the simultaneous analysis of sample and 

internal reference, showing no or low influence of cytosolic compounds.  

All samples were measured at least three times on three different days. At least 5000 nuclei 

were measured per run. Most of the cv (coefficient of variation) values varied between 3 and 4; 

samples with high cv values were repeated up to 6 times 

 

2.3.2 Progeny analysis 

 

Seedlings originating from 2n gametes were determined by comparing the flow cytometric histogram 

of the seedling with the histogram of the parents. The pollen parent was used as an external reference 

to calibrate the flow cytometer, or an internal reference was added similar as described for the genome 
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size estimation. Seedlings originating from normal gametes have a nuclear DNA content intermediate 

to those of the parent plants. On the other hand, a seedling created from a 2n and a normal gamete 

exhibits a DNA content which is the sum of the DNA content of the 2n gamete producing plant and 

half of the DNA amount of the partner.  

The release of individual nuclei of somatic leaf tissue was done according to De Schepper et 

al. (2001). Leaf peaces of 20 mm
2
 were cut from the youngest leaves of Begonia and chopped in 400 

µl of solution A (0.1 mol/L citric acid and 0.5 % Tween 20) using a sharp razor blade. After filtration 

through a nylon filter of 50 µm mesh size, 800 µl of solution B (0.4 mol/L Na2HPO4 and 1 µmol/L 

DAPI) was added for staining. Nuclei were analysed with a Partec PAS III (Münster, Germany).  

 

2.3.3 Determination of the relative pollen DNA content 

 

Two methods were used to isolate nuclei from pollen.  

In the first method, collected anthers were submersed in 5ml nuclei isolation buffer (NIB; 

Table 2.3) described by Pan et al. (2004), and subsequently vortexed and filtered through a nylon filter 

of 50 µm mesh size. The pollen filtrate was treated 10 min with an ultrasonic device (Biologics Inc., 

ultrasonic homogenizer, model 150V/T), output 40, using 80% pulses. Every 2.5 min, a 15 sec pause 

was incorporated. The treated solution was centrifuged at 500 g for 20 sec, and the supernatant was 

filtered through a 11 µm nylon filter (Millipore, Bedford, Mass., USA) and a 8 µm SPI-pore
TM

 filter 

(Structure probe inc., West Chester, USA). The filtrate was centrifuged 4 min at 2000 g and the pellet 

was resuspended in 400 µl solution A (0.1 M citric acid and 0.5 % Tween 20) containing 0.5 % Triton 

X. The solution was carefully shaken for 15 min and centrifuged 4 min at 700 g. The pellet was 

resuspended in 400 µl solution A and 800 µl solution B (0.4 mol/L Na2HPO4 and 1 µmol/L DAPI) and 

analysed with flow cytometry.  

In the second method, anthers were submersed in germination medium, vortexed and filtered 

through a nylon filter of 50 µm mesh size. After overnight germination, the solution was centrifuged 

(6 min at 6800g), and the pellet resuspended in a hypotonic buffer (0.01 mol/L Tris pH 7.5, 0.01 

mol/L NaCl and 0.0045 mol/L MgCl2) according to Lafountain and Mascarenhas (1972) for 30 min. 

The treated solution was centrifuged at 500g for 20 sec; the supernatant filtered and furthermore 

treated as in the first method. The obtained sample was analysed using flow cytometry. 

The pollen parent was used as an external reference to calibrate the flow cytometer. 

 

Using the two different nuclei isolation methods, 2 equally sized peaks were obtained in the flow 

cytometric histogram. The first peak (1C) was generated by a population of nuclei containing half of 

the DNA amount of somatic leaf nuclei, while nuclei associated with the second peak (2C) contained 

the same DNA amount of nuclei derived from somatic leaf tissue. They respectively correspond to a 

population of normal vegetative nuclei (VR) and a population of normal generative nuclei (GR) in the 
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G2-phase, in between DNA synthesis and sperm cell yielding cytokinesis. As a consequence, 

vegetative nuclei of unreduced pollen (VU) could be detected at the 2C level (as GR) while generative 

nuclei of unreduced pollen (GU) could be detected at the 4C level. With VU theoretically equal to GU, 

the percentage 2n pollen can be calculated according to the following taxa:  

ur

u

GG

G


 = 

ur

u

VG

G


 = 

Cnuclei

Cnuclei

2

4
 x100  

For the calculation, generative nuclei are preferred above vegetative nuclei because of the lower 

amount of debris present at 4C and 2C compared to 1C. 

 

Table 2.3: Composition of the NIB buffer. 

Component Concentration (mM) per 100 ml 

MES pH 5,2 10  200 mg 

EDTA 5  200 mg 

NaCl 10  60 mg 

Spermine 0.15  5 mg 

Spermidine 0.5  8µl
1
 

Phenylmethylsulfonylfluoride (PMSF) 0.5  8 mg 

2-mercaptoethanol 10  70 µl 

Sucrose 500  17 g 

1
out of stock solution of 1g.ml

-1
 

 

2.4 AFLP 

 

DNA extraction of fresh young leaf material was performed using the qiagen DNeasy-kit (Hilden, 

Germany). AFLP reactions were run on an ABI 3130 DNA sequencer using the commercially 

available kit for fluorescent fragment detection (Perkin-Elmer, 1995). EcoRI and MseI (Gibco BRL) 

were used for DNA digestion. The pre-amplification reaction was performed using 2 different primer 

pairs based on the sequences of the EcoRI and MseI adapters, including one additional selective 

nucleotide at the end. Selective amplification was done using a MseI primer and a HEX labelled 

EcoRI primer, each containing 3 selective bases. The tested combinations of selective bases are 

described in Table 2.4. AFLP data were analysed with the ABI Prism
®
 GeneMapper

TM
 software 

version 4.01. Based on these analysed data, 4 selective primer combinations (EcoRI-AAG/MseI-CAA, 

EcoRI-AAG/MseI-CAG, EcoRI-AGC/MseI-CAC and EcoRI-AGC/MseI-CAG) were selected. The 

number of markers uniquely present in each of the parent plants was checked for segregation in the 

offspring. 
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Table 2.4: Tested combinations (15 in total) of selective base pairs at the selective AFLP amplification. 

Selected combinations are indicated with an ‘x’. 

MseI EcoRI 

 AAG ACC AGG ACG AGC 

CAC     x 

CAA x     

CAG x    x 
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3 Genome size variation in Begonia
*
 

 

3.1 Introduction 

 

Among Begonia species, a large variation in chromosome numbers has been reported. One of the 

major problems of chromosome counting in Begonia includes the small size of Begonia chromosomes. 

Because of the small chromosomes, it is difficult and very time-consuming to obtain reliable 

chromosome numbers through cytological research. Furthermore, there is no general basic 

chromosome number within the genus. Hence, the term „ploidy level‟ in Begonia is difficult to use.  

Flow cytometric genome size measurements provide an excellent alternative for difficult chromosome 

counts, and give a means to express the nuclear DNA content of cells without using the term ploidy 

level. In Begonia, only the genome size of B. socotrana (1C = 0.63 pg DNA) has been estimated so far 

by Marie and Brown (1993) with Petunia hybrida „PxPc6‟ as internal standard. 

In this chapter, the genome sizes of several Begonia species and cultivars, that represent 

different sections of the genus, were measured. Furthermore, chromosome numbers of several 

genotypes, including the 2n pollen producers (as described in chapter 4), were determined. 

Correlations between genome size and chromosome numbers or genome size and pollen size were 

evaluated. 

 

3.2 Specific materials and methods 

 

Specific information about the Begonia germplasm has been described in chapter 2. Begonia species 

were subdivided into their taxonomical section according to Doorenbos et al. (1998). Hybrids were 

classified into the sections by the keys described in Doorenbos et al. (1998) or according to their origin 

for own crosses or crosses mentioned by Tebbitt (2005). 

 

 

 

 

                                                      

*
 This chapter has been published as:  

A. Dewitte, L. Leus, T. Eeckhaut, I. Vanstechelman, J. Van Huylenbroeck, E. Van Bockstaele (2009). Genome 

size variation in Begonia. Genome 52: 829-838. 
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All protocols to determine genome sizes, pollen sizes, chromosome numbers and chromosome sizes 

have been described in chapter 2. At least 30 pollen of each genotype were measured to determine the 

typical pollen size range. The median was used for evaluation (excluding large 2n pollen as 

determined in chapter 4). Chromosomes were counted for the following genotypes: B. dregei, B. 

boliviensis, B. fischeri, B. cucullata, B. subvillosa var. leptotricha, B. „Orococo‟, B. „Florence Rita‟, B. 

„Bubbles‟, B. „Ramke‟, B. „Tamo‟, B243 and B276. The investigated genotypes exhibit a wide range 

of genome size and represent different sections. Several of these genotypes produce 2n pollen, as 

described in chapter 4. 

The Begonia genome size was estimated using Glycine max (2C = 2.5 pg; Doležel et al., 1994) 

as internal reference. A second reference Pisum sativum „Ctirad‟ (2C = 9.09 pg; Doležel et al., 1998) 

was included as the internal standard for measuring the larger genomes of some of the genotypes. In 

the case of B. socotrana, also Petunia hybrida „PxPc6‟ (2C = 2.85 pg; Marie and Brown, 1993) was 

used to compare with the results described in Marie and Brown (1993). 

 

3.3 Results 

 

3.3.1 Genome size measurements 

 

In order to verify the described values of the used internal standards, flow cytometric ratios between 

the standards were compared to ratios that would be expected from values described in the literature. 

Calibration of the standards showed that ratios of both Glycine max / Petunia hybrida and Glycine max 

/ Pisum sativum were about 10% lower than the expected ratios, whereas the ratio of Petunia hybrida / 

Pisum sativum was nearly equal to the expected ratio (Table 3.1).  

 

Table 3.1: Calibration of the standards. Expected ratios are based on previously described genome sizes 

for Glycine max (2.5 pg), Petunia hybrida (2.85 pg) and Pisum sativum (9.09 pg) (Marie and Brown, 1993; 

Doležel et al., 1994). 

 Ratio of relative DNA content (mean ± SD; n=3) 

 Glycine max / Petunia hybrida Glycine max / Pisum sativum Petunia hybrid / Pisum  sativum 

Expected 0.88 0.28 0.31 

Measured 0.79 ± 0.01 0.25 ± 0.01 0.32 ± 0.01 

 

The investigated Begonia genotypes showed a large variation in genome size between 1C = 0.23 pg 

and 1.46 pg (Table 3.2; Fig 3.1). The observed variation in genome size was lower for genotypes 

within the same section. Small differences were noticed within the sections Augustia (0.61 - 0.66 pg), 
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Gireoudia (0.69 pg - 0.78 pg), Solananthera (0.57 - 0.58 pg), Petermannia (0.91 – 0.93 pg) and 

Pritzelia (with exception of B. coccinea; 0.25 – 0.35 pg). Large genome size differences were 

observed between genotypes from the section Platycentrum, Begonia and Gaerdtia. In these sections, 

subdivisions could be made based on the genome size. In the section Platycentrum, the genomes of B. 

„Granada‟, B. „Spatflacier‟ and B. „Dark Rex‟ (0.90 - 0.91 pg) were much larger than the genomes of 

B. diadema and B243 (0.58 - 0.61 pg), but lower than B. „Maxine Wilson‟ and B. „Ramke‟ (1.19 - 1.24 

pg). The same was observed in the section Begonia, where genome sizes were measured close to 0.30, 

0.60 and 0.90 pg. In the section Gaerdtia, three distinct groups, strongly supported by morphological 

similarities, could be observed: genotypes with genomes between 0.53 - 0.58; 0.69 - 0.78 and 0.99- 

1.05 pg. B. „Anna Christine‟ had an intermediate size of 0.85 pg. 

 

Table 3.2: Origin, chromosome numbers, 1C holoploid genome size (mean ± SD; n = 3 to 6), mean 

chromosome size and median pollen size of the analysed Begonia genotypes. 

Genotype 2n=
1,2

 2n=3 Holoploid genome 
size 1C (pg) 

Calculated mean 
Chromosome size (Mbp) 

Internal 
reference 

Pollen size 
(µm) 

AFRICA       
       

Section Augustia       

B. dregei 26, 56 26 0.66 ± 0.01 49.65 Glycine max 25 

B. sutherlandii 26  0.61 ± 0.01 45.89 Glycine max 22 
B. partita   0.63 ± 0.02  Glycine max 23 

B. 'Richardsiana'   0.62 ± 0.02  Glycine max 24 

       

Section Peltaugustia       

B. socotrana 28  0.48 ± 0.01 33.53 Glycine max 24.5 
B. socotrana 28  0.43 ± 0.01 30.04 Petunia hybrida 24.5 

       

ASIA       

       

Section Diploclinium       

B. grandis spp. evansiana 26  0.68 ± 0.02 51. 16 Glycine max 22.5 

       

Section Platycentrum       
B. diadema 22  0.58 ± 0.02 51.57 Glycine max 20.5 

B. „Granada‟   0.90 ± 0.04  Pisum sativum 22 

B. „Spatflacier‟   0.91 ± 0.02  Pisum sativum 23 
B. „Dark Rex‟   0.91 ± 0.02  Pisum sativum -4 

B. 'Maxine Wilson'   1.19 ± 0.01  Pisum sativum 24 

B. „Ramke‟  44 1.24 ± 0.03 55.12 Pisum sativum 24.5 
B243  22 0.61 ± 0.01 54.25 Glycine max 20.5 

       

Section Petermannia       
B. serratipetala   0.91 ± 0.01  Pisum sativum - 

B. brevirimosa 44  0.93 ± 0.03 41.34 Pisum sativum 22.5 

       

MIDDLE AMERICA       

       

Section Gireoudia       

B. bowerae 28, 34  0.73 ± 0.01 51.00 Glycine max - 

B. heracleifolia 24, 28  0.75 ± 0.01 52.39 Glycine max - 
B. manicata 28  0.71 ± 0.02 49.60 Glycine max 20 

B. „Beauregard‟   0.77 ± 0.01  Glycine max 22 

B. 'Tamo'  23 0.69 ± 0.02 58.68 Glycine max - 
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Table 3.2 continued       

Genotype 2n=
1,2

 2n=3 Holoploid genome 

size 1C (pg) 

Calculated mean 

Chromosome size (Mbp) 

Internal 

reference 

Pollen size 

(µm) 

SOUTH AMERICA       

       

Section Barya       
B. boliviensis 28 28 1.46 ± 0.04 102.0 Pisum sativum 19 

       

Section Begonia       
B. cucullata  34,56 34 0.30 ± 0.01 17.26 Glycine max 18 

B. cucullata var. cucullata 34,56  0.59 ± 0.01 20.61  20 

B. fischeri 34 92 0.89 ± 0.01 18.92 Glycine max 25.5 
B. odorata 52  0.56 ± 0.01 21.07 Glycine max 20.5 

B. schmidtiana 32 , 34  0.38 ± 0.01 21.86 Glycine max 18.5 

B. subvillosa var. leptotricha 34 34 0.29 ± 0.01 16.68 Glycine max 18.5 
B. venosa 30  0.25 ± 0.01 16.30 Glycine max 18.5 

B. „Eunice Gray‟   0.59 ± 0.02  Glycine max - 

       

Section Donaldia       

B. ulmifolia 30  0.25 ± 0.01 16.30 Glycine max 17 

       

Section Eupetalum       

B. pearcei 26  1.46 ± 0.04 110.0 Pisum sativum 21 

       

Section Gaerdtia       

B. albo-picta 54, 56  0.58 ± 0.01 20.26 Glycine max 20 

B. corallina 56  0.78 ± 0.02 27.24 Glycine max 23 
B. maculata 56  0.53 ± 0.02 18.51 Glycine max 21 

B. undulata 56  0.56 ± 0.01 19.56 Glycine max 21 

B. „Anna Christine'   0.85 ± 0.01  Glycine max 22.5 
B. 'Barbara Ann'   0.99 ± 0.03  Pisum sativum 24 

B. „Bubbles‟                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         78 1.03 ± 0.05 25.83 Pisum sativum 26 

B. 'Cracklin Rosie'   0.69 ± 0.01  Glycine max 22 
B. „Ebony‟   0.73 ± 0.02  Glycine max 25.5 

B. „Florence rita‟  52 1.05 ± 0.03 39.49 Pisum sativum - 
B. „Honeysuckle'   0.76 ± 0.02  Glycine max 21.5 

B. 'Orange Rubra'   0.77 ± 0.01  Glycine max 22 

B. 'Rubaiyat'   0.76 ± 0.02  Glycine max 24.5 
B276  50 1.03 ± 0.03 40.29 Pisum sativum - 

       

Section Pritzelia       
B. coccinea 42, 56  0.56 ± 0.02 19.56 Glycine max 20 

B. dietrichiana 56  0.25 ± 0.01 8.73 Glycine max 15.5 

B. echinosepala var. elongatifolia 56  0.32 ± 0.01 11.18 Glycine max 18.5 
B. hispida var. cucculifera   0.35 ± 0.01  Glycine max - 

B. metallica 70  0.35 ± 0.01 9.78 Glycine max - 

B. listada 56  0.31 ± 0.01 10.83 Glycine max - 
B. soli-mutata   0.31 ± 0.01  Glycine max 17 

B. tomentosa 56  0.34 ± 0.01 11.88 Glycine max 20 

B. „Art Hodes‟   0.26 ± 0.01  Glycine max 18.5 
B. 'Ginny'   0.33 ± 0.01  Glycine max - 

B. 'Orococo'  40 0.29 ± 0.01 14.18 Glycine max 16 

       

Section Scheidweileria       

B. luxuarians var. ziesenhenne. 56  0.32 ± 0.01 11.18 Glycine max 19.5 

       

Section Solananthera       

B. radicans 56  0.58 ± 0.02 20.26 Glycine max 22 

B. solananthera 56  0.57 ± 0.01 19.91 Glycine max 17 

       

Section Wageneria       

B. glabra   0.26 ± 0.01  Glycine max - 
 

1
Chromosome numbers listed by Darlington and Wylie (1955), Doorenbos et al. (1998), and Tebbitt (2005). 

Underlined chromosome numbers were used for the calculations of the mean chromosome size as they fit best 

with the other chromosome numbers in the section or the measured chromosome size.  
2
Chromosomes for B. cucullata (2n = 34, 56), B. luxurians (2n = 56) and B. echinosepala (2n = 36, 56) were 

described in literature but the exact variety was not specified. 
3
new chromosome count 

4 
no data available 
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Figure 3.1: Flow cytometric histograms of (A) B. ‘Orange Rubra’ (1C = 0.77 pg) with Glycine max (1C = 

1.25 pg) as internal reference and (B) B. ‘Bubbles’ (1C = 1.03 pg) with Pisum sativum ‘Ctirad’ (1C = 4.55 

pg) as internal reference. On the X-axis, the channel numbers of the flow cytometric distribution analyser 

are plotted, the Y-axis represents the number of fluorescence signals recorded per channel. 

 

Based on chromosome number and genome size, it could be calculated (1 pg = 978 Mbp; Doležel et 

al., 2003) that B. pearcei and B. boliviensis had the largest mean chromosome size (Table 3.2). 

Genotypes from the section Pritzelia (with the exception of B. coccinea) had the smallest 

chromosomes. The mean chromosome size of B. dietrichiana (8.73 Mbp) was over 12 times smaller 

than the mean size of B. pearcei (110 Mbp). The mean chromosome size of the African, Asiatic and 

Middle American genotypes was very similar, but higher than all South American genotypes with the 

exception of B. boliviensis and B. pearcei (Fig. 3.2). 

As could be expected from the calibration of the standards, the genome size of B. socotrana 

estimated with Petunia hybrida „PxPC6‟ as internal reference was about 10% lower compared to the 

determination with Glycine max „Polanka‟ (0.43 and 0.48 pg; Table 3.2).  
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Figure 3.2: Comparison between (A) the 1C holoploid genome sizes (pg DNA) and (B) mean chromosome 

size (Mbp) of every section. Each dot represents a genotype.  

A 

B 
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3.3.2 Chromosome analysis 

 

Chromosomes counts are summarised in Table 3.2. For B. „Tamo‟ and B. „Orococo‟, up to two 

fragments (small chromosome parts) were observed depending on the metaphase spread. The 

chromosome counts agreed with previous counts of B. boliviensis, B. dregei, B. cucullata and B. 

subvillosa var. leptotricha but gave a different number for B. fischeri (Fig. 3.3, 3.4). 

Chromosomes ranged from 0.5 µm to 3.6 µm in length and from 0.3 µm to 1.5 µm in width 

(Table 3.3). However, there were significant differences in length and width between analysed 

genotypes. B. „Orococo‟, B. subvillosa var. leptotricha, B. cucullata and B. fisheri have the smallest 

chromosomes, while B. boliviensis has the largest chromosomes. Groups with similar genome size 

also had similar total chromosome volume values (Table 3.3), showing a positive correlation between 

total chromosome volume (TCV) and genome size.  

Chromosome structures differed between the genotypes. Most remarkable were the secondary 

constriction chromosomes of B. „Tamo‟ (Fig. 3.3). They could be clearly observed in the early 

metaphase, when the resulting satellites (9 single and 1 double satellite) exhibit a much higher 

fluorescence compared to the normal chromosomes and appear detached from the corresponding 

chromosome. The double satellite resulted in a tertiary constriction chromosome. Because of the small 

chromosome size, satellites can be easily misinterpreted as individual chromosomes. Also in B. dregei, 

B243, B. „Bubbles‟ and B. fischeri, satellites or secondary constriction chromosomes were observed 

(Fig. 3.3). In B. boliviensis, B. „Orococo‟, B. cucullata and B. subvillosa var. leptotricha, there was no 

obvious evidence for secondary constrictions.  

In B276 and B. „Florence Rita‟, centromeres of some chromosomes did not stain with DAPI 

(Fig. 3.4) because of the very strong narrowing of the two chromosome arms at the centromere 

position. As a consequence, they look very similar to the satellite chromosomes observed in the other 

genotypes, and it was difficult to distinguish these normal chromosomes from satellite chromosomes 

at metaphase. Furthermore, strong differences in fluorescence intensity were observed within these 

genotypes between the chromosomes (Fig. 3.3, Fig. 3.4). Analysis of B276 chromosomes based on 

chromosome size and centromere position confirmed a similar fluorescence intensity of homoeologous 

pairs (e.g. set 1 and 3 in Fig. 3.4).  
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Figure 3.3: Chromosome visualization in young root tip cells at the same magnification. Long arrows 

indicate large seconday constriction (SC) chromosomes, short arrows indicate fragments, arrowheads 

indicate satellites. A: metaphase of B243, showing 2 secondary constriction chromosomes (2n = 22). B: 

early metaphase of B. ‘Tamo’ (2n = 23) with 9 very intensely fluorescing single satellites and 1 double 

satellite (indicated by large arrow). C: metaphase of B. ‘Tamo’ with tertiairy constriction chromosome 

(arrow right beneath). D: metaphase of B. ‘Tamo’ without obvious tertiairy constriction chromosome but 

with 2 fragments which might indicate detached satellites. E: early metaphase in B. dregei. The insert 

shows 2 homologous chromosomes in the metaphase with the satellites attached. F: large metaphase 

chromosomes of B. boliviensis. G: early metaphase of B. subvillosa (2n = 34). H: early metaphase of B. 

‘Orococo’ (2n = 40 + 1 fragment). I: metaphase of B. ‘Orococo’ (2n = 40 + 2 fragments). J: metaphase of 

B. ‘Florence Rita’ (2n = 52) with high diversity in fluorescence intensity between chromosomes. K: 

metaphase of B. ‘Bubbles’ (2n = 78). L: metaphase of B. fisheri (2n = 92). 
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Table 3.3: Mean chromosome length, width and TCV of investigated Begonia genotypes (sorted by 

increasing genome size). Only cells with very condensed chromosomes were scored, after excluding early 

metaphase cells. 

Genotype Mean 

chromosome 

length ± SD (µm) 

Mean 

chromosome 

width ± SD (µm) 

TCV (µm
3
) 1C Genome 

size ±  SD 

(pg) 

B. „Orococo‟ 0.77 ± 0.18 0.61 ± 0.09 4.47 0.29 ± 0.01 

B. subvillosa var. leptotricha 0.84 ± 0.13  0.61 ± 0.14 4.10 0.29 ± 0.01 

B. cucullata  0.89 ± 0.17  0.65 ± 0.14  4.38 0.30 ± 0.01 

B243 1.21 ± 0.34  0.89 ± 0.19  8.28 0.61 ± 0.01 

B. dregei 1.26 ± 0.33 0.86 ± 0.14 9.57 0.66 ± 0.01 

B. „Tamo‟ 1.49 ± 0.42  0.86 ± 0.10 9.73 0.69 ± 0.02 

B. fisheri 0.83 ± 0.26 0.67 ± 0.13
 
 13.24 0.89 ± 0.01 

B. „Bubbles‟ 1.01 ± 0.22  0.71 ± 0.16
 
 15.94 1.03 ± 0.05 

B276 1.11 ± 0.32
 
 0.87 ± 0.18

 
 16.61 1.03 ± 0.03 

B. „Florence Rita‟ 1.10 ± 0.31
 
 0.86 ± 0.22

 
 16.41 1.05 ± 0.03 

B. boliviensis 1.73 ± 0.39 1.09 ± 0.17 22.49 1.46 ± 0.04 

 
 

 

Figure 3.4: Early metaphase chromosomes of B276 (2n = 50). For most chromosomes, 4 homoeologous (2 

sets of 2 homologues) were observed based on chromosome size and centromere position, indicating a 

tetraploid origin with x = 14. One chromosome showed no obvious homology with other chromosomes 

(indicated by X). The arrow indicates a small secondary constriction. 
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3.3.3 Pollen size measurements 

 

Median pollen sizes for the different genotypes are listed in Table 3.2. In general, pollen sizes increase 

along with genome sizes. The best-fit regression curve is represented in Figure 3.5. However, some 

genotypes had much smaller or larger pollen sizes compared to other genotypes with a similar genome 

size. Begonia pearcei and B. boliviensis, in particular, had a much lower pollen size than expected. 

 

 

Figure 3.5: Positive correlation between genome and pollen size. In general, pollen size increased along 

with genome size. The outliers B. pearcei and B. boliviensis are indicated. 
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3.4 Discussion 

 

Within the studied Begonia species and cultivars, which represented several commercially important 

sections, a high diversity of genome sizes was observed. This is in agreement with the large variation 

in chromosome numbers that has been reported in Begonia species (as summarized in Doorenbos et 

al., 1998 and Tebbitt, 2005). Because of this wide diversity, two internal standards for flow cytometric 

analysis were necessary. Calibration of these internal standards showed that the genome size of 

Glycine max was about 10% lower than expected. Our obtained value of B. socotrana (0.43 pg) was 

also lower than the 0.63 pg described by Marie and Brown (1993) using the same standard (Petunia 

hybrida „PxPc6‟). Other genotypes were not previously described in literature. However, inter-

laboratory comparison showed that variation in ratios between samples can exist and is dependent on 

the flow cytometric device and the procedure to isolate the nuclei (Doležel et al., 1998; Doležel and 

Bartos, 2005). As the difference between the expected and obtained ratios of the standards was 

relatively low and did not strongly influence our experiment, the described values of 2.5 pg for 

Glycine max „Polanka‟ and 9.09 pg for Pisum sativum „Ctirad‟ were further maintained (Marie and 

Brown, 1993; Doležel et al., 1994). 

The chromosome counts obtained in the current study agreed with previous counts on B. 

boliviensis, B. dregei, B. cucullata and B. subvillosa var. leptotricha but showed that B. fischeri has 

many more chromosomes than previously described in the literature (2n = 92 in stead of 34). This 

could be expected from its genome size, which exceeded that of other genotypes within the section. In 

the past, B. fischeri has been confused with B. cucullata (Tebbitt, 2005), which might explain why 

both species have been attributed with the same chromosome numbers in the literature.  

The Begonia genome sizes obtained in this study were not positively correlated with 

chromosome numbers. Although species such as B. heracleifolia, B. bowerae or B. manicata (section 

Gireoudia) contained larger genome sizes than B. maculata, B. albo-picta or B. undulata (section 

Gaerdtia), they only contained half the number of chromosomes. Genome sizes of B. listada, B. 

dietrichiana or B. tomentosa (section Pritzelia) were only half as large when compared with B. 

maculata, B. albo-picta or B. undulata (section Gaerdtia), despite equal chromosome numbers. 

Moreover, the largest genome sizes have been measured in B. pearcei and B. boliviensis, although 

they contain the lowest chromosome number of all genotypes listed (2n = 26 and 28, respectively). 

With the exception of B. coccinea, the section Pritzelia contains the lowest genome size. Tebbitt 

(2005) describes B. coccinea as being morphologically very similar to B. corallina and as an 

extensively artificially hybridised partner with other members of the Gaerdtia section. This indicates 

rather a close genetic relationship to this section. Our genome size measurements confirm the 

relatedness to members of the Gaerdtia section.  
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The measurements revealed a 12-fold difference in the mean chromosome size between the species B. 

dietrichiana and B. pearcei. Moreover, as only 15 of the 63 sections of the genus Begonia were 

involved in this study it is likely that greater differences could be found by including other sections. 

Several studies in other genera have already shown that genome size variation between species is 

common and that genome sizes evolve across taxonomic divisions (Martel et al., 1997; Jakob et al., 

2004; Lin et al., 2005; Ricroch et al., 2005), while intraspecific variation is usually low (Greilhuber, 

1998; Temsch and Greilhuber, 2000; Rayburn et al., 2004). Our results also demonstrate that 

differences in genome size were lower within sections than between sections. When large differences 

in genome size were observed within a section, high differences in chromosome numbers were 

expected as observed between B. cucullata, B. odorata and B. fischeri (section Begonia). However, 

differences in mean chromosome size and the frequently reported aneuploidy (Legro and Haegeman, 

1971; Oginuma and Peng, 2002) in the genus Begonia prevent us from predicting the chromosome 

number based on genome size only, even within the same section. B. albo-picta and B. corallina of the 

section Gaerdtia for instance establish a large difference in chromosome size despite their equal 

chromosome number, while B. „Bubbles‟ and B. „Florence Rita‟ have different chromosome numbers 

but equal genome sizes.  

Our data suggest strong differences in chromosome size and structure between different 

Begonia genotypes. In general, most genotypes from South American origin possess smaller 

chromosomes compared to Asian, African and Middle American genotypes. The presence of large 

secondary or tertiary constrictions, which strongly influence chromosome size, was demonstrated in 

several of the evaluated genotypes based on simple morphological observation. Due to the small 

chromosome size, these secondary constrictions are difficult to detect. To prove the presence of 

secondary constrictions or satellites, silver staining techniques to distinguish active nucleolar 

organizing regions (NORs) or FISH with a probe for 45S rDNA should be used. Within Taiwanese 

Begonia, Oginuma and Peng (2002) have demonstrated that there is a high percentage of 

chromosomes (up to 63% of the chromosomes in one single genotype) with secondary or tertiairy 

constrictions. These authors suggest that chromosome morphology has evolved in parallel in Begonia 

species from different Taiwanese sections and that after polyploidization, chromosome translocations 

occurred followed by a decrease in chromosome number and genome stabilization. Recently, Nakata 

et al. (2007) noted differences in chromosome size between four Chinese Begonia species. In a study 

on the B. x hiemalis group (crosses between the B. x tuberhybrida group and B. socotrana), Arends 

(1970) distinguished short B. socotrana chromosomes from long hybrid chromosomes. Also Marasek-

Ciolakowska (2010) obtained similar results using genomic in situ hybridization (GISH). These 

observations are in agreement with our measurements, what shows that the mean chromosome size of 

B. socotrana is much lower than those of B. boliviensis and B. pearcei, both of which were used 

extensively in the production of the B. x tuberhybrida group.  
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The very diverse mean chromosome size can not, however, be explained by the presence of secondary 

constrictions chromosomes alone. Kao et al. (2001) and Lin et al. (2005) showed a high variability in 

chromosome size between Phalaenopsis (Orchidaceae) species and suggested that differential 

accumulation of heterochromatin is a major cause of karyotype variation in Phalaenopsis. Repetitive 

DNA elements, such as retrotransposons have played a major role in genome evolution and genome 

diversification (Kubis et al., 1998; Sanmiguel and Bennetzen, 1998). In contrast, multiple deletions in 

the genome can decrease genome size (Bennetzen et al., 2005). Transposable elements, genes and 

other sequences are gradually rearranged and removed by illegitimate recombination, unequal crossing 

over and possibly other mechanisms in polyploid species (Devos et al., 2002). These processes, beside 

a large variation in secondary constriction chromosomes, probably explain the observed variation in 

Begonia chromosome sizes and the lack of a correlation between C values and chromosome number.  

A positive correlation between genome and pollen size was observed in Begonia. 2N pollen 

have frequently been shown to be larger than normal pollen (Bretagnolle and Thompson, 1995). This 

is also true for Begonia, as described in chapter 4. The results indicate that there is also a general 

correlation between pollen and genome size for genotypes from the same genus. However, some 

genotypes produced either much smaller or larger pollen than expected as based on the expectations 

from genome size. Knight et al. (2010) performed a large scale analysis of the relationship between 

pollen size and genome size encompassing 464 species (437 Angiosperms and 27 Gymnosperms). 

They assembled pollen size information from the primary literature and from their own 

measurements and matched these values with the Plant DNA C-values database. Their regression 

test showed that there is a significant positive correlation between genome size and pollen size in 

general, but contrasting observations between phylogenetically independent species suggest that 

the relationship was largely driven by early major divergences during plant evolution. At the more 

microevolutionary level, congeneric species did tend to support the trend of increasing pollen 

width with increasing genome size, but again, divergences across all taxonomic levels did not 

support a general evolutionary trend. In general, the relationship may be obscured in a diverse 

group of species. 
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3.5 Conclusion 

 

Although genome size measurements can not replace chromosome counts, it provides valuable 

information for further karyomorphological or cytological studies. The results show for the first time 

that the genus Begonia contains a large genome size variation as a result of chromosome evolution and 

polyploidization events, probably with subsequent chromosome decrease and genome stabilization as 

previously suggested (Oginuma and Peng, 2002). The large variation in genome size is not only 

present within the screened cultivars, but is also very common between species. This genome size 

study is an important step in unravelling the complex biodiversity within the genus Begonia. 

Chromosome counts and genome sizes are valuable information to predict possible crossing barriers 

for interspecific hybridization. The importance of both chromosome number and genome size on 

crossing compatibility within the genus are investigated in chapter 7. 
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4 Occurrence of viable 2n pollen in a Begonia 

collection
*
 

 

4.1 Introduction 

 

In this chapter, a Begonia collection will be screened on the occurrence of 2n pollen by using flow 

cytometric and microscopical techniques. The efficiency of each technique to estimate 2n pollen 

frequency will be evaluated. 

Special attention is paid to the establishment of a flow cytometric protocol. Although 

estimation of nuclear DNA content by flow cytometry has been widely used to differentiate plant 

ploidy levels in various tissues, the determination of pollen ploidy levels requires more effort. To 

determine the DNA content of pollen nuclei, nuclei have to be released from pollen and purified from 

the pollen wall.  

 

 

 

 

 

 

 

 

 

 

 

                                                      

*
 This chapter has been published as:  

A. Dewitte, T. Eeckhaut, J. Van Huylenbroeck, E. Van Bockstaele (2006). Flow cytometric detection of 

unreduced pollen in Begonia. Acta hort 714: 107-112. 

 

A. Dewitte, T. Eeckhaut, J. Van Huylenbroeck, E. Van Bockstaele (2009). Occurrence of viable unreduced 

pollen in a Begonia collection. Euphytica 168: 81-94. 
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4.2 Specific materials and methods 

 

4.2.1 Nuclear isolation from pollen and flow cytometric analysis 

 

Five treatments to isolate nuclei from collected pollen were evaluated. The first four treatments were 

performed on non germinated pollen, after centrifuging the pollen filtrate (obtained after pollen 

collection as described in chapter 2) 6 min at 6800g. 

In treatment 1 (mechanical chopping), the pollen pellet was resuspended in 400 µl solution A 

(0.1 mol/L citric acid and 0.5% Tween 20) and centrifuged. The pollen pellet was then chopped with a 

sharp razor blade on a Petri dish and finally resuspended in 400 µl solution A.  

For treatment 2 (osmotic shock), the pollen pellet was resuspended in 5ml demineralised water 

containing 0, 7, 10, 12, 15, 20 or 30% sucrose (4h).  

In treatment 3 (enzymatic treatment), the pollen pellet was resuspended in 2-aminoethanol for 

15 min to remove partially the exine layer. After centrifugation, the pellet was washed with 

demineralised water and resuspended in 5 ml of an enzyme mixture containing 2 mmol/L MES, 0.5% 

cellulase, 0.5% macerozyme and 0.5% driselase (0.5, 1, 2 and 4 hours) or the enzyme mixtures 

described by Chang-gong et al. (1994) and Xu et al. (2002) (Table 4.1).  

 

Table 4.1: Enzyme solutions in Brassica chinensis en Nicotiana tabacum for removal of the pollen cell wall 

Chang-gong et al. (1994) Xu et al. (2002) 

0.8% cellulase 0.6% cellulase 

0.5% pectinase 0.3% macerozyme 

0.1% pectolyase 2mM MES pH 6.7 

13% mannitol 8% sucrose 

10% glucose 0.1% BSA 

0.3% Kdextrane sulfate  

3 mmol/L MES  

 

Treatment 4 was performed by ultrasonic treatment according to Pan et al. (2004). The pollen pellet 

was resuspended in 5ml NIB (composition described in chapter 2). The pollen solution was treated 5, 

7.5, 10 and 15 min with an ultrasonic device (Biologics Inc., ultrasonic homogenizer, model 150V/T), 

output intensity 20, 40 or 50, using 80% pulses. Every 2.5 min, a 15 sec pause was incorporated.  

Treatment 5 was performed on germinated pollen. The pollen filtrate (in 5ml germination 

medium) was shaken overnight in small bottles (150rpm). The germination ratio was determined under 

a light microscope after adding a drop of the pollen solution on a slide. The solution was  centrifuged 
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(6 min at 6800g), and the pellet resuspended in a hypotonic buffer (0.01 mol/L Tris pH 7.5, 0.01 

mol/L NaCl and 0.0045 mol/L MgCl2) according to Lafountain and Mascarenhas (1972) for 30 min.  

Each treatment was evaluated by centrifuging one fourth of the treated solution (6 min at 

6800g) and resuspending the pellet in 100 µl solution A (0.1 mol/L citric acid and 0.5% Tween 20) 

and 200 µl solution B (0.4 mol/L Na2HPO4 and 2 mg/l DAPI). The presence of free nuclei was 

visualised microscopically with UV exitation (355 nm) of the DNA bound DAPI. The rest of the 

treated solution was used for further purification, and finally analysed by flow cytometry as described 

in chapter 2. 

 

4.2.2 Pollen size measurements and germination 

 

Protocols for pollen collection, pollen size measurements and pollen germination were described in 

chapter 2. At least 30 pollen of each genotype were measured to determine the typical pollen size 

range. When a subpopulation of large pollen was observed, its percentage was estimated based on at 

least 300 pollen. 

 

4.2.3 Analysis of the microsporogenesis 

 

The protocol to analyse microsporogenesis is described in chapter 2. Analysis was based on at least 

150 cells. 

 

4.2.4 Crosses performed 

 

The crosses performed are described in the results. Five flowers per genotype were pollinated. Seeds 

were initiated in vitro and finally acclimatized in the greenhouse. Seedlings originating from 2n 

gametes were determined by using flow cytometry, as described in chapter 2. 
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4.3 Results 

 

4.3.1 Establishment of a flow cytometric protocol to release pollen nuclei 

 

Two of the five tested treatments were able to release nuclei from Begonia pollen: treatments with 

nuclear isolation from pollen by ultrasonic treatment (Treatment 4) and treatments with nuclear 

isolation from germinated pollen after osmotic shock (Treatment 5). No damaged pollen or free nuclei 

were observed microscopically after chopping and osmotic treatment (Treatment 1 and 2). By pre-

treatment of pollen by aminoethanol (Treatment 3), a very small number (1-2% of pollen) of 

protoplasts or free nuclei were visible, but further enzymatical treatments did not result in an efficient 

release of pollen nuclei. 

Treatment 4 was only successful when output intensity 40 was used. At intensity 20 and 50, no 

flow cytometric signal was obtained, indicating that the first intensity was too low, while intensity 50 

was too strong. The signal (Number of nuclei * s
-1

) at output 40 was highest after 7.5 and 10 min, but 

was obviously weaker after 5 min (Table 4.2, Fig 4.1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1: Sonicator treatment of pollen (genotype B258) at output intensity 40 (equal Y-axis). A: 

external leaf reference. B: 5 min treatment of pollen. C: 7.5 min treatment of pollen. D: 10 min treatment 

of pollen. All pollen treatments resulted in 2 peaks obtained from a population of vegetative nuclei and 

generative nuclei. On the X-axis, the channel numbers of the flow cytometric distribution analyser are 

plotted, the Y-axis represents the number of DAPI fluorescence signals recorded per channel. 
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Table 4.2: Output of a sonicator treatment of equal pollen samples. For this, a pollen filtrate was diluted 

equally over 3 samples, which were treated differently. 

Duration of sonicator 

treatment (min) 

% microscopically 

harmed pollen 

Number of nuclei 

analysed with FCM 

Acquisition time 

(s) 

Number of 

nuclei*s
-1

 

5 1 2503 414 6.05 

7.5 7 10860 432 25.1 

10 12 8861 313 28.3 

 

 

Flow cytometric analysis of somatic leaf tissue (reference) showed one peak in a flow cytometric 

histogram (Fig. 4.1). However, two equal peaks were obtained when pollen nuclei were analysed after 

ultrasonic treatment and osmotic treatment on germinated pollen (Fig. 4.1). In general, flow 

cytometric histograms contained more debris after use of the sonicator (Fig. 4.4). 

DAPI staining of pollen revealed indeed a more and a less intense stained nucleus in both 

pollen and pollen germination tube (Fig. 4.2). They respectively correspond to a population of normal 

vegetative nuclei and a population of normal generative nuclei. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2: DAPI staining of Begonia pollen. A: Both pollen cell wall and nuclei become fluorescent after 

DAPI staining; 2 nuclei are visible. B: Within the pollen germ tube, 2 nuclei with different fluorescence 

intensity are visible.  C: Nuclei migrate through a non fluorescent tube to a swollen tip (arrow). 

A 

C 

B 
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4.3.2 Occurrence of 2n pollen in a Begonia collection 

 

4.3.2.1 Pollen size measurements and germination 

Pollen size largely depends on the Begonia genotype (Table 4.3). In most genotypes, there was a 

single pollen population with a difference of 4-6 µm between smallest and largest pollen. In case of B. 

„Orococo‟, B. „Bubbles‟, B. „Anna Christine‟, B. pearcei, B. dregei, B. „Spatflacier‟ and B. „Rubaiyat‟, 

2 pollen populations with different pollen size were detected. In these genotypes, the larger fraction 

comprised rather spherical pollen (Fig. 4.3). In B. „Florence Rita‟ and B276 all pollen were very large 

and spherical instead of ellipsoidal. Also pollen of B. „Tamo‟ and B. luxurians var. ziesenhenne were 

rather spherical but were smaller. The frequency of these large pollen was very genotype dependent, 

and varied from 1% (B. „Rubaiyat‟) to 100% (B. „Florence Rita‟ and B276) (Table 4.3). 

In B. dregei, large pollen have only been observed during 2 consecutive weeks. In the other 

aforementioned genotypes, the presence of large or spherical pollen has been confirmed repeatedly. 

Nine of the 71 genotypes (B. „Dark Rex‟, B. „Eunice gray‟, B. „Ginny‟, B201, B202, B208, B215, 

B251, B255) produced no or shrunken pollen. Three genotypes (B. heracleifolia, B. bowerae and B. 

listada) produced male flowers that dropped before opening. Pollen germination in the other 

genotypes was very variable and varied from 1% in B. „Tamo‟ to 95% in B. subvillosa var. leptotricha. 

Only pollen of B. „Florence Rita‟ were unable to germinate.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3: Pollen of B. ‘Bubbles’ with large spherical pollen (long arrow), normal ellipsoidal pollen (short 

arrow) and bad, shrunken pollen. 
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Table 4.3: Pollen characteristics of the analysed Begonia genotypes. 

Genotype Normal 

pollensize (µm) 

Abnormal 

pollen (%) 

Abnormal 

pollensize (µm) 

Germination 

(%) 

2n nuclei 

(%) 

      

B. albo-picta 18-22 0  21 0 (A) 

B. boliviensis 17-21 0  57 0 (B) 

B. bowerae -y -  - - 

B. cucculata 16-20 0  81 0 (A) 

B. coccinea 18-22 0  47 0 (A) 

B. corallina 21-25 0  36 0 (A) 

B. diadema 18-23 0  55 0 (A) 

B. dregei 23-27 6 z,x 27-30 22 - 

B. echinosepala spp. elongatifolia 16-21 0  93 0 (A) 

B. fischeri 23-28 0  78 0 (B) 

B. heracleifolia -y -  - - 

B. listada -y -  - - 

B. luxurians var. ziesenhenne 17-21 0 z  31 6 (A) 

B. maculata 19-23 0  17 0 (B) 

B. manicata 18-22 0  81 0 (A) 

B. odorata 18-23 0  23 0 (B) 

B. partita 21-25 0  5 0 (A) 

B. pearcei 19-23 8 z 25-29 81 0 (A), 9 (B) 

B. undulata 19-23 0  8 0 (A) 

B. solananthera 15-19 0  87 0 (A) 

B. soli-mutata 15-19 0  37 0 (A) 

B. subvillosa var. leptotricha 17-20 0  95 0 (A) 

B. tomentosa 18-22 0  56 0 (B) 

B. ulmifolia 15-19 0  21 0 (A) 

B. venosa 16-21 0  84 0 (A) 

B. „Anna Christine' 20-25 2z 25-28 16 0 (A) 

B. „Art Hodes‟ 17-20 0  6 0 (A) 

B. 'Barbara Ann' 22-26 0  0 0 (B) 

B. „Beauregard‟ 20-24 0  24 0 (B) 

B. „Bubbles‟                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        23-29 14z 30-33 5 0 (A), 12 (B)  

B. 'Cracklin Rosie' 20-24 0  19 0 (B) 

B. „Dark Rex‟ no pollen 0  0 0 

B. „Ebony‟ 23-28 0  43 0 (A) 

B. „Eunice Gray‟ bad pollen 0  0 0 

B. „Florence Rita‟ 22-34 0 z  0 100 (B) 

B. 'Ginny' bad pollen 0  0 0 

B. „Honeysuckle' 19-24 0  82 0 (A,B) 

B. 'Maxine Wilson' 22-26 0  9 0 (A) 

B. 'Orange Rubra' 20-24 0  92 0 (A) 

B. 'Orococo' 14-18 88z 20-26 9 43 (A) 

B. „Ramke‟ 22-27 0  19 0 (A) 

B. 'Richardsiana' 21-27 0  54 0 (A) 

B. 'Rubaiyat' 22-27 1z 28-30 9 0 (A) 

B. „Spatflacier‟ 21-25 27z 26-29 49 26 (A) 

B. 'Tamo' 22-28 0 z  1 19 (A) 
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Table 4.3 continued 

Genotype Normal 

pollensize (µm) 

Abnormal 

pollen (%) 

Abnormal 

pollensize (µm) 

Germination 

(%) 

2n nuclei 

(%) 

      

B201 bad pollen 0  0 0 

B202 bad pollen 0  0 0 

B208 bad pollen 0  0 0 

B210 18-22 0  11 0 (B) 

B211 19-23 0  12 0 (A) 

B212 21-28 0  29 0 (A) 

B215 no pollen 0  0 0 

B221 22-28 0  2 0 (A) 

B230 22-25 0  34 0 (A) 

B232 21-26 0  5 0 (A) 

B238 22-27 0  79 0 (A) 

B239 21-26 0  9 0 (A) 

B243 19-22 0  74 0 (A) 

B246 20-26 0  2 0 (A) 

B247 20-26 0  5 0 (A) 

B251 bad pollen 0  0 0 

B255 bad pollen 0  0 0 

B258 19-22 0  75 0 (A,B) 

B259 21-24 0  19 0 (A,B) 

B268 19-22 0  11 0 (A) 

B273 20-23 0  24 0 (A) 

B276 26-32 0 z  52 100 (A) 

B277 15-19 0  87 0 (A) 

B278 16-20 0  5 0 (A) 

B280 16-20 0  92 0 (A) 

B283 16-19 0  56 0 (A) 

A: Flow cytometrical detection after an osmotic shock on germinated pollen; B: Flow cytometrical detection 

after treatment of pollen with a sonicator. 

z
spherical pollen 

y
male flower drops before opening; no pollen could be investigated 

x
temporary detection; no flow cytometric data obtained 

 

 

4.3.2.2 Flow cytometric analysis of pollen  

Pollen nuclei were analysed after sonicator mediated release of nuclei or after osmotic shock on 

germinated pollen, as indicated in Table 4.3. For B. pearcei, B. „Florence Rita‟ and B210, the first 

population was reduced in size or even totally absent compared to the second one after use of the 

sonicator.  

When nuclei were isolated from germinated pollen, a peak at the 4C level could be observed in 

B. luxurians var. ziesenhenne, B. „Orococo‟, B. „Tamo‟, B. „Spatflacier‟ and B276 (Table 4.3, Fig. 4.4) 

with a ratio 4C/2C nuclei of 0.06 in B. luxurians var. ziesenhenne, 0.19 in B. „Tamo‟, 0.26 in B. 

„Spatflacier‟, 0.43 in B. „Orococo‟ and 1 in B276. In other large pollen producers (LPP) as B. 

„Florence Rita‟, B. „Bubbles‟ or B. pearcei, the presence of these nuclei could only be detected after 
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use of the sonicator. No signal at the 4C level was obtained for genotypes which did not produce large 

or spherical pollen. In B. dregei, no data were obtained, as large pollen were not consistently produced 

in this genotype. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4: Flow cytometric analysis of leaf and pollen nuclei. A: Somatic leaf tissue of the genotype B258. 

B: Normal (reduced) pollen nuclei released after ultrasonic treatment, showing the peaks according with 

the vegetative (V) and the generative (G) nuclei populations of the same genotype. C: Normal (reduced) 

pollen nuclei released after osmotic shock of germinated pollen. D: Begonia genotype (B276) producing 

only 2n gametes. The nuclei were released after an osmotic shock of germinated pollen. 

 

4.3.2.3 Analysis of the microsporogenesis 

During normal microsporogenesis, cytokinesis and cell wall formation started only after telophase II, 

meaning after the division of the 4 nuclei („simultaneous type‟ of meiosis). This resulted in 4 

microspores (tetrad) each containing 1 nucleus (Fig. 4.5).  

During microsporogenesis of all large pollen producers (LPP), variable frequencies of monads, 

triads and mainly dyads were observed (Table 4.4; Fig. 4.5), increasing along with the amount of large 

pollen present. In B. „Tamo‟ however, the size of the microspores was very variable (even in tetrads) 

and several pentads, hexads or abnormal triads (containing 2 large and 1 small microspore) were seen 

(Fig. 4.5). Only in B. dregei, no dyads but triads were observed next to tetrads. Again, this was only 

temporary, as in later observations, only tetrads (or rarely pentads) were observed. 

 

A B  V   G 

D    G 

  V 
C 

 G 

   V 
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Table 4.4: Microsporogenesis characteristics of the investigated Begonia genotypes. Percentage (%) of 

observed tetrads, triads, dyads or monads. B. fischeri, B243 and B. ‘Orange Rubra’ are controls, the other 

genotypes produce large pollen. 

 tetrad triad dyad1  monad1 others2 

   Type I Type II  Type I Type II  

Controls         

B. fischeri 99 0 0 0  0 0 1 

B.„OrangeRubra‟ 99.5 0 0 0  0.5 0 0 

B243 100 0 0 0  0 0 0 

         

2n pollen producers         

B. dregei 89.5 10 0 0  0 0 0.5 

B. pearcei 89 3 5 0  1 0 2 

B. luxurians  81 2 8 0  0 0 9 

B. „Anna Christine‟ 94 0.5  2 0  1 0 2.5 

B. „Bubbles‟ 81 4 12.5 0  1 1 0.5 

B. „Florence Rita‟ 5 1 82 0  3 9 0 

B. „Orococo‟ 42 4  52 0  0 0 2 

B. „Rubaiyat‟ 97.5 0 1.5 0  0.5 0 0.5 

B. „Spatflacier‟ 82 2 10 1  1 0 4 

B. „Tamo‟ 55 1 4 0  1 0 39 

B276 4 2 87 2  2 4 0 
1
Type I: one nucleus per microspore; type II: more than one nucleus per microspore 

2
Pentads, hexads or abnormal triads with two large and one small microspore 

 

Formation of triads was already visible before cytokinesis, where three nuclei were present in a pollen 

mother cell (PMC). After cytokinesis, this resulted in two smaller and one bigger microspore. Dyads 

usually contained one nucleus in each microspore (Type I dyad). However, 2 nuclei per microspore 

were observed in B276 (Type II dyad). Also monads could be divided in two types containing 1 (Type 

I) or more (Type II) nuclei. Monads were mainly observed in B. „Florence Rita‟ where they often 

contained 4 equal nuclei (Type II). Flow cytometric analysis (sonicator) of  B. „Florence Rita‟ pollen 

showed indeed a very small accumulation of nuclei at the 8C level, with a ratio 8C/4C of 0.03 (Fig 

4.6).  
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Figure 4.5: Microsporogenesis in Begonia. A: Normal tetrad. B: Triad with 1 large and 2 small 

microspores. C: Dyad. D: Abnormal triad in B. ‘Tamo’ consisting of 2 large microspores and 1 small 

microspore. 

 

 

 

 

 

 

 

 

 

Figure 4.6: Flow cytometric histogram of B. ‘Florence Rita’ pollen (2C reference at channel number 100). 

A 4C peak is very obvious at channel number 200, but a small 8C signal (arrow) was observed at channel 

number 400 (8C/4C = 0.03), indicating the presence of 4n nuclei.  
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4.3.2.4 Progeny analysis 

Several crosses were performed with the 2n pollen producers B. dregei, B. pearcei, B. „Orococo‟, B. 

„Tamo‟, B. „Bubbles‟, B. „Florence Rita,‟ B276, B. „Spatflacier‟ and the control B243. Crosses 

resulting in offspring are described in Table 4.5.  

All seedlings of the control cross B243 x B243 exhibited no increased nuclear DNA content, 

as expected. When B243 was crossed with B. „Maxine Wilson‟ (which has a twice as large DNA 

content; chapter 3), all seedlings exhibited an intermediate DNA content of about 1.5 x the DNA 

content of B243, which can be expected from normal gametes.  

 

Table 4.5: Progeny analysis from successful crosses with large pollen producers, and B243 as control.  

Cross Number of seedlings 

evaluated 

Number of seedlings 

originating from 2n gametes1 

♀ ♂   

B243  B243  30 0 

B. „Maxine Wilson‟  B243  50  0 

    

B. echinosepala var. elongatifolia B. luxurians var. ziesenhenne 8 8 

B. soli-mutata  B. „Orococo‟  212 203  

B. „Art Hodes‟  B. „Orococo‟  64  63  

B. corallina  B. dregei  3 1  

B. „Bubbles‟  B276  37 37  

1
determined by flow cytometric analysis of seedlings and parent plants  

 

Analysis of B. echinosepala var. elongatifolia x B. luxurians var. ziesenhenne, B. soli-mutata x B. 

„Orococo‟, B. „Art Hodes‟ x B. „Orococo‟, B. corallina x B. dregei and B. „Bubbles‟ x B276 showed 

an increased DNA content in all (B. „Bubbles‟ x B276; B. echinosepala var. elongatifolia x B. 

luxurians var. ziesenhenne), a majority (B. soli-mutata x B. „Orococo‟, B. „Art Hodes‟ x B. „Orococo‟) 

or a part (B. corallina x B. dregei) of the progeny, while the DNA content of the parent plants was 

very similar (chapter 3). The DNA content of these seedlings was about 1.5 higher compared to the 

intermediate DNA content of parent plants, what could be expected from a cross between a normal and 

a 2n gamete (Fig. 4.7).   
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Figure 4.7: Flow cytometric histogram representing a sample where leaf tissue of B. dregei, B. corallina 

and the seedling with raised DNA content were chopped and analysed simultaneously. 

 

In the cross B. echinosepala var. elongatifolia x B. luxurians var. ziesenhenne, hundreds of seedlings 

were obtained. With exception of 8 seedlings, all suffered from albinism (Fig 4.8). The 8 obtained 

seedlings were all raised in DNA content (Table 4.5). 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8: Albinism in begonia seedlings was observed when B. luxurians var. ziesenhenne was used as 

pollen parent in crosses. 
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4.3.2.5 Comparison between the four methods 

Table 4.6 summarizes the data obtained with the different detection methods for the 2n pollen 

producers and controls. The presence or absence of 2n gametes was in all genotypes confirmed by the 

use of the different methods. 

 

Table 4.6: Comparison between the different methods used for frequency determination of 2n pollen (%). 

‘-‘: No data available. 

 Microscopical 

evaluation 

 Flow cytometry Meiosis1 Progeny 

analysis2 

 size shape  Osmotically sonicator   

Controls        

B. fischeri 0 0  - 0 0 - 

B.„Orange Rubra‟ 0 0  0 - 0 - 

B243 0 0  0 - 0 0 

        

2n pollen producers        

B. luxurians 0 100  6 - 8 100 

B. dregei 6 6  - - 3 33 

B. pearcei 8 8  0 9 4 - 

B. „Anna Christine‟ 2 2  0 - 1 - 

B. „Bubbles‟ 5 5  0 12 8 - 

B. „Florence Rita‟ 0 100  - 100 89 - 

B. „Orococo‟ 88 88  43 - 37 96 

B. „Rubaiyat‟ 1 1  0 - 1 - 

B. „Spatflacier‟ 27 27  26 - 7 - 

B. „Tamo‟ 0 100  26 - 4 - 

B276 0 100  100 - 90 100 
1
The frequency was calculated based on the numbers of tetrads, triads, dyads and monads observed.  

2
Proportion between seedlings obtained from 2n gametes and total number of seedlings. For B. „Orococo‟, both 

crosses with B. soli-mutata and B. „Art Hodes‟ (Table 4.5) were evaluated simultaneously (276 seedlings). For B. 

dregei, only 3 seedlings could be evaluated. 

 

 

In none of the control genotypes evidence was found for 2n gamete production. Within the 2n pollen 

producers, the frequency of 2n pollen depended on the used method. B. pearcei for instance, shows 

frequencies between 3.7 and 9%. However, no 2n pollen were detected using the flow cytometric 

method on germinated pollen. Similar results were obtained for B. „Anna Christine‟, B. „Bubbles‟ and 

B. „Rubaiyat‟. In B. „Florence Rita‟ and B276, only 2n pollen were detected based on pollen shape and 

flow cytometric data. Nevertheless, during the microsporogenesis also a low number of tetrads (which 

should result in normal pollen) were formed in these 2 genotypes. In B. „Orococo‟, 96% of the 

seedlings resulted from 2n pollen, while only 43% of the viable pollen were unreduced. 

Investigation of the pollen tube formation on 200 pollengrains of B. „Orococo‟ after 24 h (Fig 

4.9) showed that pollen tubes of 2n pollen (599 ± 376 µm) grew significantly (Student‟s t-test) faster 

than pollen tubes of normal pollen (328 ± 219 µm). More than 50% of the normal pollen did not obtain 

a pollen tube of 300 µm or longer, while this was only 22% in case of 2n pollen. About equal numbers 
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of pollen (about 35%) obtained a germination tube between 300 and 600 µm, while longer germination 

tubes were mainly observed within 2n pollen.   

Remarkable results were obtained with B. „Tamo‟ and B. luxurians var. ziesenhenne, where all 

pollen were spherical but only a part of these pollen was unreduced. Based on microsporogenesis, this 

frequency even does not exceed 4% for B. „Tamo‟.  
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Figure 4.9: Comparison of pollen tube length between n and 2n pollen of B. ‘Orococo’ after 24h (n = 200).  

 

4.4 Discussion 

 

4.4.1 Establishment of a flow cytometric protocol 

 

Two methods to measure the relative DNA content in pollen using flow cytometry were successfully 

developed. One method is performed on non germinated pollen, the other on germinated pollen. Flow 

cytometric investigation of pollen DNA content revealed the presence of 2 nuclei populations of even 

size. The first contained the vegetative nuclei, with half of the DNA content compared to somatic leaf 

nuclei; the latter was composed of generative nuclei with the same DNA content as the leaf tissue. 

This indicates that the haploid generative nucleus is in the post replication stage of cell division (G2) 

and generates the 2C-peak (van Tuyl et al., 1989; Bino et al., 1990). DAPI staining of Begonia pollen 

indeed revealed a more (generative) and a less (vegetative) intensely stained nucleus in pollen or in the 

pollen tube. The generative nucleus divides into 2 sperm cells, although the time of division can vary 

between different plant families (Russell, 1991). In our observations, at the moment of detection, the 

generative nucleus had already duplicated its amount of chromosomes, but had not divided yet. As a 
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consequence, vegetative nuclei of 2n pollen exhibit the same DNA content of the leaf reference and 

generative nuclei from normal pollen (2n), while generative nuclei from 2n pollen have a doubled 

DNA content compared to the leaf reference (4n). In a pollen population with normal and 2n pollen, 

generative „normal‟ nuclei and vegetative „2n‟ nuclei can not be distinguished from each other.  

The main bottleneck to detect 2n pollen with flow cytometry, is finding a suitable way to 

isolate pollen nuclei. Indeed, the presence of a complex outer exine layer on the pollen surface makes 

pollen strongly resistant to several physical and chemical agents (Bohne et al., 2003). Also in lily and 

Brassica napus, 2n pollen have been detected using flow cytometry (Van Tuyl et al., 1989; Pan et al., 

2004), although no direct information on their viability was obtained. For practical plant breeding, 

only pollen able to germinate are important. Flow cytometric detection of nuclei released after osmotic 

shock of germinated pollen offers a powerful screening method to prove the presence of viable 2n 

pollen. A prerequisite for this is that not germinated pollen do not release their nuclei during treatment, 

which is the case in Begonia. Indeed, no signal was obtained when pollen of B. „Florence Rita‟ (which 

did not germinate) were treated osmotically. Although ultrasonically mediated release of nuclei can 

also be used to detect 2n pollen, it provides no direct information on their viability. Ultrasonic 

treatment also causes more debris in a flow cytometric histogram. Nuclei that were damaged by the 

treatment generate noise that (partially) covers the peak of the vegetative nuclei. In some cases, the 

vegetative nuclei peak was reduced in size or completely absent, which suggests that this nucleus is 

less stable when the sonicator protocol is used. Decreasing the time of ultrasonic treatment decreased 

not only the amount of damaged nuclei, but also the amount of released nuclei.  

Although the two described isolation techniques were applied successfully in Begonia, they should be 

tested in other genera. One problem may arise from the short viability of pollen as in grasses. In 

Festuca arundinaceae (Poaceae), pollen viability drops from more than 60% to less than 1% in less 

than an hour (Wang et al., 2004a). In this case, isolation of nuclei from germinated pollen is nearly 

impossible. Own research on Lolium multiflorum has confirmed this low viability. However, when 

Lolium multiflorum pollen were submersed in Begonia germination medium, they immediately start to 

leak the pollen content (including the nucleus) in the solution. Further purification and flow cytometric 

analysis resulted in one single peak representing nuclei with half the DNA content compared to the 

reference. In this case, the generative nuclei have already divided in two sperm nuclei with equal DNA 

content as the vegetative nucleus. Investigations on Hibiscus showed that chopping of pollen 

(according to treatment 1 in materials and methods) is effective to release nuclei and detect 2n pollen 

(Van Laere et al., 2009). These results show that the choice and the efficiency of the nuclear isolation 

technique can be very variable dependent on the genus. 

Another method to release nuclei is the quick bead beating assay as described by Roberts 

(2007) in rose. In this method, pollen and leaf tissue of the calibration standard were placed in a screw 

capped tube along with 10 zirconium/silica beads and isolation buffrer, and agitated. The filtered 
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suspension was then evaluated. First attempts with this method in Begonia were successful (data not 

presented), but further optimization is still necessary. 

 

4.4.2 Occurrence of 2n pollen in a Begonia collection 

 

After studying a collection of 71 Begonia genotypes, 2n pollen have been detected in 11 different 

genotypes based on pollen size and shape, flow cytometry, microsporogenesis and progeny analysis. 

These results show that 2n pollen are not uncommon in Begonia, as a relatively high number of 

investigated plants (15%) produced 2n pollen. Some of the examined genotypes (B. „Orococo‟, B. 

„Tamo‟) are interspecific hybrids (Tebitt, 2005). It is well known that interspecific hybrids frequently 

produce 2n gametes in other plant genera (Ramanna and Jacobsen, 2003). 

The frequency of 2n pollen producers in a population (number of individuals producing 2n 

gametes/total number of individuals examined) can be very variable. A review by Bretganolle and 

Thompson (1995) listed frequencies of 60% in Dactylis glomerata, 11% in Lolium perenne, 3% in 

lotus tenuis, 38% for Manihot spp., 28% for Medicago spp., 39% for Trifolium nigrescens and 13% 

for Vaccinium spp. Other examples include 22% in a Musa acuminata collection (Ortiz, 1997), about 

10% in different wild Anthoxanthum alpinum populations (Bretagnolle, 2001), 15 to 41% in wild 

Solanum taxa (Watanabe and Peloquin, 1989) and 46% for different accessions of Paspalum species 

(Pagliarini et al., 1999). In two studied Achillea borealis (Asteraceae) populations during two 

consequtive years, 34 to 50 % of the individuals produced 2n pollen. However, only a limited number 

of these individuals produced frequencies of 2n pollen formation higher than 1%. 2N pollen were 

observed in all populations investigated of Pfaffia glomerata and Pfaffia tuberosum (Brazialian 

Ginseng) (Taschetto and Pagliarini, 2003). These values show the frequent occurrence of 2n pollen 

producers, even in wild populations. The observed frequency of 2n pollen producers in Begonia are 

comparable with the abovementioned frequencies, but it is obvious that this frequency is very variable 

among studied species or populations investigated. 

Comparison between the different detection methods used in this study showed that the 

frequency of 2n pollen depended on the used method. However, it must be mentioned that frequencies 

may vary in a certain genotype during time due to environmental fluctuations (Bretagnolle and 

Thompson, 1995; Crespel et al., 2006). In general, not only 2n gamete frequency may be variable due 

to environmental fluctuations, but also pollen viability as will be discussed more extensively in 

chapter 7. In case of the species B. heracleifolia, B. bowerae and B. listada,  male flowers dropped 

before opening, a characteristic which is rather typical for hybrids. However, when B. bowerae was 

grown in other environments (lower temperatures during winter), it flowered with the production of 

normal viable ellipsoidal pollen. This indicates that early flower drop in these genotypes is probably 

caused by unfavorable growing conditions. 
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Microscopical determination of pollen grain sizes is a very fast method for the detection of 2n pollen. 

Pollen of B. dregei, B. pearcei, B. „Orococo‟, B. „Rubaiyat‟, B. „Anna Christine‟, B. „Spatflacier‟ and 

B. „Bubbles‟ could be clearly subdivided in 2 populations with different pollen size. It is well known 

that 2n pollen grains are generally larger than normal grains. The presence of giant grains frequently is 

an indication for the production of 2n pollen (Sala et al., 1989; Van Tuyl et al., 1989; Bretagnolle, 

2001; Becerra Lopez-Lavalle and Orjeda, 2002) and our results proved that this is also the case in 

Begonia. However, a larger pollen diameter is no unequivocal proof for a doubled DNA content. 

Moreover, supplementary evaluation of pollen viability is necessary. Another disadvantage is the 

broad overlap in size distribution between small and large pollen in some genera like grasses. In these 

cases, the frequency of 2n pollen based on pollen size is difficult to determine (Jansen and Den Nijs, 

1993). Besides size also pollen shape (spherical in stead of ellipsoidal) was associated with the ploidy 

level, which simplifies the determination of 2n pollen. These spherical pollen had a larger diameter. 

Akutsu et al. (2007) observed in lilies that induced 2n pollen had rather a spherical than an elliptical 

shape. In our study, the spherical shape of the pollen was a strong indication in B. „Florence Rita‟ and 

B276 that all these pollen were unreduced, as was confirmed with the other methods. Only in B. 

„Tamo‟ and B. luxurians var. ziesenhenne, no 2 populations with different pollen size could be 

observed microscopically, while flow cytometric data showed the presence of both „n‟ and „2n‟ nuclei. 

Possibly, there was a broad overlap in size distribution between normal and large pollen, while both 

populations were rather spherical. In this case, the accuracy of using pollen size or shape to determine 

the frequency 2n pollen was rather poor. In B. dregei, large pollen were observed only temporary, but 

also meiotic studies demonstrated the (temporary) presence of triads within this genotype. It remains 

unclear what causes this observational anomality, although environmental changes can have an effect 

on 2n pollen production (Negri and Lemmi, 1998; Crespel et al., 2006).  

Although sample preparation for flow cytometry requires more time compared to microscopic 

evaluation, the presence of 2n pollen can be unambiguously confirmed. When the nuclei are released 

after sonicator treatment, the frequency should be similar to the number of large pollen, assuming that 

both n and 2n pollen are equal sensitive to disruption. On contrary, when the nuclear release of 

germinated pollen is used, significant lower frequencies might be obtained, as was observed in B. 

„Bubbles‟ and B. pearcei. Both genotypes form 2n gametes but they did not germinate as 

demonstrated by combining both isolation techniques. 

2N pollen producers are characterised by abnormalities during meiosis (Islam and Shepherd, 

1980; Bretagnolle and Thompson, 1995; Pagliarini et al., 1999; El Mokadem et al., 2002a). The 

identification of the mechanisms behind the formation of 2n gametes is complex, because different 

cytological mechanisms may operate within one individual. In Begonia, as in most dicots, a 

„simultaneous‟ type of meiosis is active: the pollen mother cells forms 4 nuclei after 2 meiotic 

divisions; subsequently cytokinesis and cell wall formation lead to the formation of tetrads. Each 

individual microspore contains half of the DNA amount of the original mother cell. Abnormalities 
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during meiosis were characterised by the accumulation of mainly dyads, with exception of B. dregei. 

These dyads usually contain 1 nucleus in each microspore, although occasionally 2-nuclear dyads 

were observed in B276, which can be explained by an irregular cytokinesis. In some rare cases, 

meiotic aberrations result in the formation of monads with 1 (type I) or more nuclei (type II). These 

„jumbo pollen‟ contain 8n generative nuclei as detected with the flow cytometer in B. „Florence Rita‟, 

but they were not viable. In contrast, normal tetrads were observed in B. „Florence Rita‟ and B276, 

while no normal n pollen were detected with flow cytometry. In this case, premeiotic mitosis could 

have led to a 4n pollen mother cell (Bretagnolle and Thompson, 1995). Thus, despite normal meiosis, 

the pollen grain could have retained the initial somatic chromosome number. Another possibility is 

that microspores in tetrads originate from an unequal chromosome division, which usually leads to 

sterile pollen (Bretagnolle and Thompson, 1995). Hexads, pentads, tetrads and triads with abnormal 

microspore size were typical results of meiotic aberrations in B. „Tamo‟. This can be explained by 

abnormal chromosome divisions during anaphase I and II, resulting in small micronuclei. These 

polyads have been observed in several other plant genera, as Citrus or Nicotiana (Del Bosco et al., 

1999; Trojak-Goluch and Berbec, 2003). It also explains the low pollen fertility of B. „Tamo‟. More 

detailed meiotic studies are described in chapter 5. 

Analysis of the meiosis does not provide any information about pollen viability. Moreover, 

what is observed at the end of meiosis, is not necessarily reflected in the pollen. Tetrads observed in B. 

„Florence Rita‟ and B276 did not end up as normal pollen, as they could not be detected by the other 

methods. Hence, the final 2n pollen frequency is not only the result of the proportion between tetrads, 

triads, dyads and monads, but also of the balanced chromosome segregation during the formation of 

these meiotic products. When the chromosome segregation is not balanced, the formed pollen will 

become bad or shrunken (Bretagnolle and Thompson, 1995). Therefore, scoring the meiotic products 

is not the best method for frequency determination of the final 2n pollen frequency, although in most 

investigated genotypes, the obtained frequency was very similar to the frequencies obtained with the 

other methods. Some obvious exceptions on this were B. „Tamo‟ and B. „Spatflacier‟.  

Progeny analysis directly indicates the existence of viable 2n pollen in parent plants. 

Nevertheless, it is possible that 2n pollen in parent plants remain unnoticed because of preferential 

pairing between normal gametes. As a drawback, it is very time consuming and no information about 

the production frequency in the parent plant can be obtained (Bretagnolle and Thompson, 1995) as 

there might be a difference in pollen viability, germination speed or pollen tube growth between n and 

2n pollen. Van Breukelen (1982) showed that in Solanum, 2x pollen grew faster than x pollen what 

can strongly increase the number of seedlings with an increased DNA content. A clear example of this 

was observed in B. „Orococo‟, where the number of meiotic polyploids was much higher than could be 

expected from flow cytometry. Germination tubes of 2n pollen grew indeed faster than those of 

normal pollen. It is not obvious whether the faster pollen tube growth of 2n pollen is sufficient to 

account for the discrepancy between the number of 2n pollen estimated by pollen scoring and by 
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scoring ploidy of offspring. The number of triploid seedlings obtained will not only be determined by 

2n pollen frequency and speed of pollen tube growth, but also by the viability of the produced diploid 

and triploid seeds. However, a faster pollen tube growth of 2n pollen will at least raise the frequency 

of triploid embryos formed and may result in higher frequencies of triploid seedlings that might have 

been expected from scoring of pollen. 

 

4.5 Conclusion 

 

2N pollen in Begonia can be detected by abnormal pollen size or shape, flow cytometric analysis of 

pollen nuclei, analysis of the microsporogenesis and ploidy analysis of the progeny. The occurrence of 

2n gametes by a specific method was confirmed by at least one other method during this study.    

The presence of 2n pollen is not a rare phenomenon in Begonia, but frequencies should be 

considered carefully. For breeding purposes, the most reliable results are obtained after nuclei isolation 

from germinated pollen followed by flow cytometric analysis. This frequency represents the 

percentage 2n pollen able to germinate, which may lead to the formation of meiotic polyploids.  
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5 Meiotic aberrations during 2n pollen formation in 

Begonia
*
 

 

5.1 Introduction 

 

The heterozygosity within a 2n pollen grain depends on the cytological mechanism operating in 2n 

pollen formation. These mechanisms are currently subdivided as first division restitution (FDR), 

second division restitution (SDR), indeterminate meiotic restitution (IMR) or post-meiotic restitution 

(PMR) (Ramanna and Jacobsen, 2003). Traditional cytological methods based on fixed anthers or 

ovaries are frequently used to identify mechanisms operating in 2n pollen formation. The 

identification is based on abnormalities during chromosome orientation, chromosome division, spindle 

formation (as parallel or tripolar spindles) and cytokinesis (Bretagnolle and Thompson, 1995; Jauhar, 

2003; Taschetto and Pagliarini, 2003). Other methods focus on the use of molecular cytological 

techniques, such as AFLP (as described in chapter 6).  

In chapter 4, 11 genotypes that produce 2n pollen have been identified. In all these genotypes, 

meiotic aberrations resulted mainly in the formation of dyads. Five 2n pollen producing genotypes 

were selected and their chromosome behaviour during meiosis was observed microscopically using 

fluorescent chromosome staining on (squashed) pollen mother cells. The objective was to analyse the 

meiosis in order to determine the exact mechanism behind 2n pollen formation within the five selected 

genotypes. Two other genotypes, characterised by normal tetrad formation and high pollen fertility, 

were used as controls.  

 

 

 

 

                                                      

*
 This chapter has been published as:  

A. Dewitte, T. Eeckhaut, J. Van Huylenbroeck, E. Van Bockstaele (2010). Meiotic aberrations during 2n pollen 

formation in Begonia. Heredity 104: 215-223. 
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5.2 Materials and methods 

 

5.2.1 Plant material 

 

Five 2n pollen producing Begonia genotypes were selected: B. „Orococo‟ (2n = 40 + 1 or 2 

fragments), B. „Tamo‟ (2n = 23 + 0 to 2 fragments), B. „Bubbles‟ (2n = 78), B. „Florence Rita‟ (2n = 

54) and B276 (2n = 50). As a control, two genotypes that produce only normal pollen were used: B. 

fischeri (2n = 92) and B243 (2n = 22). Microsporogenesis and pollen characteristics of these 

genotypes are described in chapter 3. 

 

5.2.2 Analysis of the meiosis 

 

All protocols to evaluate chromosome pairing and chromosome segregation during different stages of 

meiosis have been described in chapter 2. 

 

5.3 Results 

 

5.3.1 Formation of restitution nuclei during meiosis 

 

A simultaneous type of meiosis was observed in all genotypes: cytokinesis started only after the 

formation of the four nuclei. Within one single anther of the same flower in the controls B243 and B. 

fischeri, pollen mother cells (PMCs) developed simultaneously through meiosis (Fig. 5.1). In contrast, 

49% of the PMCs of B. „Orococo‟ did not progress with the other PMCs to anaphase I to form two 

equal nuclei. Instead, a single restitution nucleus was formed (Fig. 5.2A-D). The same phenomenon 

was observed in B. „Tamo‟ in 27% and in B. „Bubbles‟ in 16% of the PMCs. In B. „Florence Rita‟, 

only 16% of the PMCs formed two distinctive nuclei at the end of anaphase I. The other PMCs of B. 

„Florence Rita‟ formed spherical or 8-shaped restitution nuclei. This was the result of an incomplete 

separation of the two nuclei during anaphase I (Fig. 5.2F). A similar event was observed in B276: only 

11% of the PMCs reached the binuclear stage at the end of anaphase I, while the other PMCs formed 

restitution nuclei. A small micronucleus was sometimes formed during restitution. In all genotypes, 

the restitution nuclei divided at anaphase II to form a FDR dyad, while the normal PMCs developed to 

a 4-nuclear stage and formed a tetrad (Fig. 5.2E). Restitution nuclei did not develop into dyads but 

resulted in monads in 8% (B. „Florence Rita‟) and 5% (B276) of the PMCs. 

In B. „Tamo‟, 32% of the PMCs contained 3 nuclei after meiosis II, mostly accompanied by 

micronuclei. In these cases, one of the two nuclei present after a normal meiosis I did not completely 
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divide during anaphase II (second division restitution or SDR), and finally resulted in the formation of 

triads (or polyads when micronuclei were formed) (Fig 5.2G). This type of restitution also 

occasionally occurred in B. „Orococo‟ (4% of the PMCs) and B. „Bubbles‟ (3% of the PMCs). Triads 

also originated from tripolar spindles (Fig. 5.2H) at meiosis II, but this was rather uncommon. Parallel 

spindles were highest in the control B243 with a frequency of 6%, but did not result in restitution 

nuclei. In some PMCs of B. „Orococo‟, B. „Bubbles‟, B. „Florence Rita‟ and B276, early (asymmetric) 

cytokinesis was also observed (Fig. 5.2I). An overview of the nuclear restitution types can be found in 

Table 5.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1: Different stages in the meiosis of the control B. fischeri. A: All PMCs progress simultaneously 

through anaphase I, although in several PMCs lagging chromosomes were observed. B: At telophase I, 2 

equal nuclei were formed. C: At anaphase II, the two nuclei formed after meiosis I divided with a different 

spindle orientation. 
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Figure 5.2: Nuclear restitution events observed within the investigated genotypes. A: Two restitution 

nuclei and one dividing nucleus during anaphase I of B. ‘Orococo’. B: Restitution nucleus next to a 

dividing nucleus at anaphase I in B. ‘Orococo’. The restitution nucleus of B. ‘Orococo’ consists of an 

unoriented chromatin mass. C: one dividing nucleus (middle) next to two restitution nuclei in B. 

‘Orococo’ at anaphase I. One of the restitution nuclei forms a small micronucleus of univalents 

(arrowhead). D: Telophase I of a restitution nucleus and a normally dividing nucleus in B. ‘Orococo’. E: 

While normal pollen mother cells of B. ‘Orococo’ reach the 4-nuclear stage after anaphase II (right 

below), restitution nuclei divide to reach the binuclear stage. F: At the end of anaphase I in B276 and B. 

‘Florence Rita’, frequently 2 nuclei could be observed which did not completely separate and form an 8-

shaped restitution nucleus. G: Also in anaphase II, incomplete division of one of the 2 nuclei could be 

observed (B. ‘Orococo’). H: A tripolar spindle at anaphase II in B. ‘Orococo’ will form a triad. I: Early 

asymmetric cytokinesis, leading to an empty microspore and a 4n microspore in B. ’Orococo’. 
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Table 5.1: Importance of several restitution mechanisms within the different investigated Begonia 

genotypes. Values represent the percentage (%) of PMCs in which the specific restitution type was 

observed. 

Genotype % Omission 

of MI
1
 

% Early 

cytokinesis 

% Omission 

of MII
1
 

% Parallel 

spindles at 

MII 

% Tripolar 

spindles at 

MII 

B. fischeri 0 0 0 3 0 

B243 0 0 0 6 0 

      

B. „Orococo‟ 49 3 4 6 1 

B. „Tamo‟ 27 0 32 5 1 

B. „Bubbles‟ 16 2 3 1 0 

B. „Florence Rita‟ 84 1 0 2 0 

B276 89 1 0 2 0 
1
absence or incomplete division of the nuclei 

 

5.3.2 Chromosome pairing at metaphase I 

 

Sufficient chromosome spreading at metaphase I could only be obtained in B. fisheri, B243, B. 

„Orococo‟ and B. „Tamo‟. In B. „Bubbles‟, B276 and B. „Florence Rita‟, large sticky chromosome 

clusters were formed, in addition to paired (bivalents or multivalents) or unpaired (univalents) 

chromosomes. The exact chromosome pairing in B276 and B. „Florence Rita‟ was not evaluated 

because the large chromosome clusters made it impossible to evaluate the exact chromosome pairing. 

In the controls B243 and B. fisheri, and in the 2n pollen producer B. „Orococo‟, the number of 

univalents was low compared with the numbers of bivalents (Table 5.2; Fig. 5.3A-C). In B. fisheri, one 

or two very small chromosome clusters were occasionally observed. Very few chromosome bridges in 

B. fisheri were present at this stage. B. „Tamo‟ formed a high number of univalents, while the other 

chromosomes formed bivalents or multivalents of three to seven chromosomes (Fig. 5.3D). In B. 

„Bubbles‟, most chromosomes clumped together in one or two large chromosome clusters consisting 

of sticky bivalents or multivalents (Fig. 5.3E). In addition to these chromosome clusters, a high 

number of univalents and occasionally also bivalents were observed. B. „Florence Rita‟ and B276 

created various chromosome clusters of paired chromosomes and also several chromosome bridges 

(Fig. 5.3F).  
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Table 5.2: Pairing behaviour of chromosomes during metaphase I (%) as observed during pollen meiosis 

(n > 50) in the different Begonia genotypes. In B. ‘Florence Rita’ and B276, chromosome pairing was not 

evaluated due to the large number of chromosome clusters formed. 

Genotype Univalents Bivalents Multivalents Chromosome 

clusters 

B243 7 93 0 0 

B. fischeri 10 88 0 2 

     

B. „Orococo‟ 16 84 0 0 

B. „Tamo‟ 58 30 12 0 

B. „Bubbles‟ 79 9 2 10 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3: Representative meiotic chromosome spreads of the different investigated genotypes. Arrows 

indicate bridges, arrowheads indicate univalents. A: B243 with 10 bivalents and 2 univalents. B: B. fisheri 

with 4 univalents and 2 small chromosome clusters, from which one possessed chromosome bridges. The 

other chromosomes formed bivalents. C: B. ‘Orococo’ with 15 bivalents and 11 univalents. D: 

Chromosomes of B. ‘Tamo’ frequently showed abnormal pairing or did not pair at all. During this 

abnormal pairing, several multivalents of non-homologous (with strong difference in size) chromosomes 

were formed. E: In B. ‘Bubbles’, typically one or two large chromosome clusters were formed in addition 

to several univalents, although also bivalents and multivalents were observed. F: In B276 and B. ‘Florence 

Rita’, several small and large chromosome clusters were observed, frequently linked to each other with 

chromosome bridges.  
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5.3.3 Behaviour of univalents during meiosis 

 

During metaphase I, several univalents did not accumulate at the equatorial plane. This happened in 

only 4-6% of the PMCs in the controls, but occurred in 93% of the PMCs in B. „Bubbles‟ (Fig 5.4A). 

In the other genotypes, this percentage varied between 16 and 29% (Table 5.3). The further behaviour 

of these univalents depended on the genotype and resulted in retarded movement to the pole, 

formation of micronuclei, and precocious separation in sister chromatids as described below (Fig 

5.4B-F).  

 

Table 5.3: Percentage PMCs with lagging chromosomes at each stage of the meiosis as observed in the 

different Begonia genotypes. In metaphase, lagging chromosomes did not join the other chromosomes at 

the equatorial plate, while in anaphase, lagging chromosomes did not migrate simultaneously to the poles 

with the bivalents. 

Genotype 

 

Metaphase I Anaphase I Metaphase II Anaphase II 

B. fisheri 4 41 6 3 

B 243 6 19 26 16 

     

B. „Orococo‟ 16 14 13 5 

B. „Tamo‟ 27 49 63 58 

B. „Bubbles‟ 93 27 31 24 

B. „Florence Rita‟ 26 28 10 15 

B 276 29 22 8 8 

 

 

In B. fischeri, B243, B. „Orococo‟, B. „Bubbles‟, B. „Florence Rita‟ and B276, the univalents mostly 

joined the large chromosome sets at the poles, although they were retarded in their movement (lagging 

chromosomes). During metaphase and anaphase II, lagging chromosomes were also observed, but 

were finally incorporated in the same microspore as the other chromosomes after cytokinesis. This 

finally resulted in a tetrad; formation of micronuclei was rather uncommon.  

In B. „Tamo‟, lagging chromosomes rather formed new micronuclei. Micronuclei formed after 

meiosis I resulted in two daughter micronuclei after anaphase II (Fig 5.4E). New micronuclei were 

also formed during meiosis II. This resulted in the formation of pentads and hexads.  

Precocious separation of univalents into two sister chromatids during anaphase I was observed 

in about 1% of the PMCs of both B. „Florence Rita‟ and B276. These univalents stayed at the 

equatorial plane and divided later than the half-bivalents (Fig 5.4F).  

Remarkably, the control B. fisheri showed a very high number of cells with lagging 

chromosomes during anaphase I. However, in contrast to the other genotypes, the lagging 

chromosomes consisted mostly of bivalents that divided shortly after the other bivalents. The half-

bivalents joined the other bivalents at the poles. 
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Figure 5.4: Univalent segregation behaviour during metaphase and anaphase I and II. A: univalents do 

not accumulate at the equatorial plate at metaphase I in B. ‘Bubbles’. Exceptionally, also bivalents were 

involved. B: Lagging chromosomes at anaphase I, retarded in their movement to a pole (B. ‘Bubbles’). C: 

Lagging chromosomes in B. ‘Tamo’ do not join the other chromosomes at a pole but will form 

micronuclei. D: Similar to metaphase I, lagging chromosomes at metaphase II do not join the other 

chromosomes at the equatorial plate (B. ‘Orococo’). E: Micronuclei formed after meiosis I also divide 

during meiosis II (B. ‘Tamo’). F: Precociously separation of univalents located at the equatorial plane in 

B. ‘Florence Rita’. 

 

5.3.4 Occurrence of chromosome bridges during meiosis 

 

In B. „Florence Rita‟, B276 and B. „Bubbles‟, about half of the PMCs that progressed to the binuclear 

stage during anaphase I contained chromosome bridges (Fig. 5.5). In B. „Florence Rita‟ and B276, 

numerous bridges were formed, frequently accompanied by fragments or univalents. In B. „Bubbles‟, 

up to 3 bridges without fragments were observed.  

Chromosome bridges were completely absent in B243 and B. „Tamo‟, and appeared only 

rarely (<1% of the anaphase I cells) in B. „Orococo‟ and B. fischeri.  

Two types of chromosome bridges were observed: single and double arm bridges. The latter 

type was only observed exceptionally in B. „Florence Rita‟ and B276.  
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Figure 5.5: Chromosome bridge formation in B. ‘Bubbles’, B. ‘Florence Rita’ and B276. A: Chromosome 

bridges were frequently observed simultaneously with fragments or univalents (B. ’Florence Rita’). B: 

Three double chromosome bridges in B. ’Florence Rita’. C: Up to 3 very thin chromosome bridges were 

observed in B. ‘Bubbles’. D: In B. ’Florence Rita’ and B276, numerous chromosome bridges were formed. 

Both single and double arm chromosome bridges can appear simultaneously. 
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5.4 Discussion 

 

Our results show that restitution occurred mainly during the first division of the meiosis, resulting in 

FDR dyads and pollen grains. This concurs with previous observations where 2n pollen producers 

formed mostly dyads (chapter 4). In all genotypes, a large number of the PMCs did not progress to 

anaphase I to form two equal nuclei; they formed restitution nuclei instead. Only during meiosis II did 

restitution nuclei divide normally. This is equivalent to a meiosis where meiosis I is omitted and FDR 

gametes are formed. Additionally, some less important mechanisms, such as abnormal spindle 

geometry during meiosis II may result in an equivalent of FDR. Other mechanisms were also observed 

that result in SDR (incomplete separation of nuclei during meiosis II, resulting in triads) or IMR 

pollen (precocious separation of univalents), but they occurred only sporadically. Only in B. „Tamo‟, 

triads were frequently observed in addition to dyads, but they were mostly accompanied by 

micronuclei owing to unbalanced chromosome segregation. Several of these cytological abnormalities 

responsible for 2n gamete production have been observed in other crops and discussed more 

extensively by Bretagnolle and Thompson (1995) and Ramanna and Jacobsen (2003). 

FDR is typical in synaptic mutants or distant hybrids, where homologous chromosome pairing 

(bivalent formation) is low or absent (Ramanna and Jacobsen, 2003). A low frequency of chromosome 

pairing results only in an equational division of all sister chromatids, while no half-bivalents are 

formed. This is equal to a meiosis where meiosis I is omitted and only meiosis II (a mitotic division) is 

completed, resulting in an FDR dyad. In wheat-barley hybrids for instance, it is postulated that 

restitution depends on a high frequency of univalent accumulation at the equatorial plate at metaphase 

I and the subsequent failure of the chromosomes to undergo anaphase I separation (Islam and 

Shepherd, 1980). Also in ferns, the lack of chromosomal homology can be responsible for asynapsis 

(Walker, 1985). Since B. „Orococo‟, B. „Tamo‟ and B. „Florence Rita‟ are described as interspecific 

hybrids (Tebbitt, 2005; no exact information is available on the origin of B. „Bubbles‟ and B276), the 

presence of FDR was expected. However, only in B. „Tamo‟ and B. „Bubbles‟ was meiosis pairing 

very irregular and a high number of univalents were formed. The behaviour of these univalents was 

very unpredictable and resulted in retarded movement to the poles, micronucleus formation or 

precocious separation of the univalents (equational division). It has been reported in all cases that 

univalents divide after bivalents (Dawe, 1998). The above mentioned aberrations have been reported 

in several genera as in durum wheat haploids (Jauhar, 2003), leek (Kazanehdari and Jones, 1997) and 

hybrids of Nicotiana (Trojak-goluch and Berbeć, 2003), wheat-barley (Islam and Sheperd, 1980) and 

Citrus (Del Bosco et al., 1999), but are not necessarily associated with 2n pollen formation. With the 

exception of B. „Tamo‟, which frequently formed micronuclei, the univalents mostly migrated to the 

pole and were incorporated into one of the microspores. This explains why a low frequency of 

micronuclei formation in all genotypes was observed (chapter 4), with the exception of B. „Tamo‟. The 
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numerous micronuclei in B. „Tamo‟ resulted in a very high number of malformed pollen grains; the 

result of unbalanced chromosome segregation. Based on pollen malformation, it can also be concluded 

that chromosome segregation was more balanced in the controls than in the 2n pollen producers, 

although it does not always result in micronucleus formation. Jauhar (2003) showed that the 

distribution of univalents to a pole is indeed very irregular.  

While the high frequency of univalents in B. „Tamo‟ may explain nuclear restitution, the 

results do not support an association between 2n pollen formation and a high number of univalents 

within B. „Orococo‟, B. „Florence Rita‟ and B276. Other causes must be present within these 

genotypes. One of these causes could be problems with orientation of the chromosomes at metaphase 

I. In B. „Orococo‟, restitution nuclei consisted mostly of an unorientated chromatin mass, which finally 

restitutes. For normal chromosome segregation, chromosomes must align at the equatorial plane and 

sister kinetochores must orient together to the same spindle pole. This is known as co-orientation of 

the sister chromatids (Dawe, 1998). When the sister kinetochores fail to orient together, chromatids 

may disjoin.  

B. „Bubbles‟, B. „Florence Rita‟ and B276 formed a large number of chromosome bridges. 

Chromosome bridges have often been studied by irradiating and damaging chromosomes within the 

cell or pollen grain (Viccinini and de Carvalho, 2002; Carballo et al., 2006), or by observing cancer 

cells containing chromosomes damaged by spontaneous telomere loss (Acilan et al., 2007; Fouladi, 

2000; Lo et al., 2002). Damaged chromosomes enter the breakage-fusion-bridge cycle, which is well-

investigated in maize (Zheng et al., 1999). In general, chromosome breakage results in chromosome 

stickiness, congregation in groups of bivalents and/or univalents, and lagging chromosomes (Rao and 

Rao, 1977). This was similar to our observations of B. „Bubbles‟, B. „Florence Rita‟ and B276. The 

sticky chromosome ends can fuse together to yield unusual chromosome structures such as rings or 

dicentrics (Franklin and Cande, 1999). Sticky chromosomes, bridges and chromatin clustering have 

also been reported in natural systems.  Examples include gametes of Nicotiana tabacum x N. glauca 

(Trojak-goluch and Berbeć, 2003), soybean (Palmer et al., 2000), Solanum tuberosum (Ünal and Alp, 

2002), Carica papaya (Bajpai and Singh, 2006) and a meiotic mutant of pearl millet (Rao et al., 1990). 

The occurence of bridges has frequently been used as indirect evidence for the presence of paracentric 

inversions during crossing-over (Newman, 1966), which result in both chromosome bridges and 

fragments. The stickiness of the chromosomes and the frequent occurrence of chromosome bridges in 

B. „Florence Rita‟, B276 and B. „Bubbles‟, together with the occurrence of fragments, indicates the 

existence of damaged chromosomes during meiosis. As there was no proof of unusual chromosome 

structures in chromosome spreads of somatic root tip cells of these Begonia genotypes (chapter 3), 

chromosome damage must occur during crossing-over. 

Chromosome bridges are one possible source of nucleus restitution. Bajer (1964) already 

remarked that kinetochore movement can be retarded by the presence of chromatin bridges, or, when 

numerous bridges are formed, it may result in nuclear restitution. The large number of  bridges, mainly 
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present in B. „Florence Rita‟ and B276, but also in B. „Bubbles‟ hinders normal spindle activity due to 

the tight associations between the chromosomes. This leads to a typical 8-shaped nucleus because of 

incomplete chromosome separation, which then results into restitution. The presence of chromosome 

bridges may also be the cause of the chromosome clustering at metaphase in these genotypes.  

These results shed new light on chromosome evolvement in the genus Begonia. Begonia 

chromosomes typically contain a high number of large secondary constrictions (Oginuma and Peng, 

2002). It is presumed that chromosome translocations occurred after polyploidization, followed by a 

decrease in chromosome number and genome stabilization (Oginuma and Peng, 2002). Our results 

indicate that large chromosomal rearrangements may also occur during restitution, when (damaged) 

chromosomes reassociate.   

 

5.5 Conclusion 

 

To conclude, FDR is the basic mechanism behind the 2n pollen formation in the investigated begonias. 

However, the exact composition of the chromosomes at the end of the meiosis was not investigated 

and only GISH analysis can provide additional information. In B. „Tamo‟, nuclear restitution 

originates from a highly irregular chromosome pairing, while in B. „Florence Rita‟ and B276, 

chromosome stickiness and chromosome bridge formation play an important role in restitution. In B. 

„Bubbles‟, a combination of both irregular meiosis pairing and chromosome bridges was observed. 

Only B. „Orococo‟ had no obvious reason for nuclear restitution, although problems with chromosome 

orientation and segregation at metaphase I are suspected. The final genetic variability transmitted by 

the FDR pollen is dependent on the heterozygosity present within these pollen grains, which, in turn, 

depends on the frequency of meiotic recombination. FDR pollen generally transmit a higher level of 

heterozygosity than SDR pollen. When no recombination occurs, the heterozygosity transmitted by a 

pollen grain is theoretically 100%, while all pollen grains are genetically identical. When 

recombination occurs, the heterozygosity transmitted by a pollen grain is lower, and the population of 

2n pollen becomes much more heterogeneous. It can be expected that chromosome rearrangements 

due to crossing-over are limited after irregular chromosome pairing as in B. „Tamo‟. In contrast, 

chromosome stickiness and chromosome pairing (B. „Florence Rita‟, B276 and B. „Bubbles‟) probably 

results from very abnormal chromosome rearrangements and may result in a higher variability in the 

progeny. Due to this potential for genetic recombination, the production of polyploids by means of 2n 

gametes presents significant advantages when compared with the production of synthetic polyploids 

by using cell cycle inhibitors.   
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In chapter 6, meiotic activity in hybrids of B276 and B. „Orococo‟ is investigated, in order to gain 

more information about the inheritance of FDR pollen formation. When 2n pollen formation is 

genetically controlled, all genes involved in 2n pollen formation will be transmitted to a seedling due 

to the FDR mechanism. Inheritance of 2n pollen is very important to study, as triploids obtained by 

polyploidization events are often sterile. In these cases, 2n pollen grains are often the only viable 

pollen produced by the triploids, as has been observed in lilies (Barba-Gonzalez et al., 2004). These 

pollengrains may be used to produce tetraploids. As such, 2n gametes play an important role in the 

establishment of new polyploid genotypes. The variability in chromosome dynamics during 2n gamete 

formation shows that 2n gametes may transmit new chromosome combinations which may have 

important consequences for chromosome and plant evolution within the genus.  
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6 Inheritance of 2n pollen formation in Begonia 

hybrids
*
 

 

6.1 Introduction 

 

Meiosis is a continuous process involving several cytological events. Mutant genes can affect meiosis 

in various ways. Some mutant genes can lead to partial or total sterility, or formation of 2n gametes. 

However, several reports have shown the complexity of the genetic base of 2n gamete formation (Nel, 

1975; Mok and Peloquin, 1975b; Veilleux and Lauer, 1981; Veilleux, 1985; Parrot and Smith, 1986; 

Lelley et al., 1987; Fukuda and Sakamoto, 1992; Barcaccia et al., 2000; Ortiz, 1997; d‟Erfurth et al., 

2008a). 

As observed cytologically, B. „Orococo‟ and B276 produce mainly FDR pollen (chapter 5). 

After omission of meiosis I, meiosis II proceeds normally to form two 2n gametes. As meiosis II is a 

pure mitosis, the resulting pollen contain nuclei which are identical to the nuclei of somatic cells. 

Hence, each gene or (genetic locus) marker present in B. „Orococo‟ and B276 should be present in the 

pollen and in turn, also in the progeny. 

In this chapter, various crosses were made with B. „Orococo‟ and B276.  B. „Orococo‟ is an 

interspecific hybrid which produces mainly dyads and tetrads resulting in a mixture of n and 2n pollen; 

B276 produces only 2n pollen (chapter 4). B. „Orococo‟ is an aneuploid (2n = 40 + fragments), 

although only bivalents and univalents are formed during meiosis (chapter 3, 5). In this chapter it will 

be considered as a diploid. B276 (2n = 50) is also an aneuploid (nearly tetraploid), but chromosome 

pairing during meiosis could not be analysed due to stickiness of the chromosomes (chapter 3, 5). 

B276 will be considered as a tetraploid. The heritability of 2n pollen formation of B. „Orococo‟ and 

B276 was studied in the resulting F1, F2 and F3 populations by evaluating the microsporogenesis, 

pollen size and pollen fertility within the hybrids. Furthermore, the level of heterozygosity transmitted 

by 2n pollen of B. „Orococo‟ is estimated based on AFLP marker segregation in progeny of B. 

„Orococo‟.  

 

 

                                                      

*
 Parts of this chapter have been published in:  

A. Dewitte, K. Van Laere, J. Van Huylenbroeck, E. Van Bockstaele (2010). Inheritance of 2n pollen formation 

in an F1 and F2 population of Begonia hybrids. Acta Hort 855: 95-100. 
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6.2 Materials and Methods 

 

6.2.1 Crosses and ploidy analysis 

 

F1, F2 and F3 progenies of B. „Orococo‟ were established after crosses between B. „Orococo‟ (1C 

genome size = 0.29 pg DNA), B. soli-mutata (1C = 0.31 pg DNA) and B. „Art Hodes‟ (1C = 0.26 pg 

DNA) (Table 6.1; Figure 6.1). F1 and F2 progenies of B276 were established after crosses between 

B276 (1C = 1.03 pg DNA) and B. „Bubbles‟ (1C = 1.03 pg DNA) (Table 6.9; Figure 6.9).  

The seeds obtained were sterilised and initiated in vitro as described in chapter 2. After in vivo 

acclimatization, the ploidy level of the progeny was analysed through flow cytometry, using B. 

fischeri as internal reference. Pollen were analysed with the flow cytometer using the germination 

method as described in chapter 2. 

 

6.2.2 Evaluation of the microsporogenesis  

 

Evaluation of microsporogenesis is described in chapter 2. A total of 300 meiocytes were analysed, 

from 2 or 3 flower buds. 

 

6.2.3 Pollen size measurements and germination ratio 

 

Collection of the pollen, pollen size measurements and determination of the germination ratio were 

described in chapter 2. At least 200 pollen of each genotype were evaluated to determine the frequency 

of large pollen. 

 

6.2.4 AFLP marker segregation analysis 

 

AFLP protocols are described in chapter 2. The marker segregation pattern in 20 diploid and 20 

triploid hybrids of the cross B. soli-mutata x B. „Orococo‟ or the reciprocal cross and 15 triploid 

hybrids of the cross B. „Art Hodes‟ x B. „Orococo‟ were evaluated. 

For the determination of the heterozygosity transmitted by gametes to the progeny, only 

heterozygous markers were considered. Furthermore, only parent specific markers are informative to 

this purpose. This means that the marker present in one parent may not be present in the other parent. 

To identify heterozygous markers, a diploid F1 population should be considered. A diploid 

population originates from 2 normal „n‟ gametes where heterozygous markers segregate while 

homozygous markers do not. This means that when a marker of a parent plant segregates in the diploid 

progeny, the marker was heterozygous in the parent plant (In the case of AFLP markers, this is only 
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detectable if the marker was absent in the other parent). If the marker does not segregate, the marker 

was homozygous. When heterozygous markers are selected based on the diploid population, the 

heterozygosity transmitted by 2n pollen to the triploid population can be calculated based on the 

marker segregation within the triploid population. 

 

6.2.4.1 Theoretical segregation model of markers 

When a marker is heterozygous, the marker segregates and the chance that a diploid hybrid obtains the 

marker is 50% or 0.5. When a marker is homozygous, the marker does not segregate and is present in 

all hybrids. However, when 20 hybrids are considered, a statistical approach is necessary to obtain a 

theoretical marker segregation model: 

 

Consider one specific marker M: 

The chance that none of the 20 hybrids obtain the marker (or P(0)) is 0.5
20

  

The chance that only one of the 20 hybrids obtain the marker and the other 19 not (or P(1)) is 20  x 

0.5
1
 x 0.5

19
 

P(2) = (20 x 19)/2! x 0.5
2
 x 0.5

18
 

P(3) = (20 x 19 x 18)/3! x 0.5
3
 x 0.5

17
 

P(n) = (20!)/[(20-n)! x n!] x 0.5
(n)

 x 0.5
(20-n) 

 

Or, in terms of statistics: 

20Cn x 0.5
(n)

 x 0.5
(20-n)

 

 

Note that when the sum of the 20 calculations is made a total of 1 is achieved. This theoretical model 

is a typical statistical combinatorial model 

 

6.2.4.2 Calculation of the heterozygosity 

The heterozygosity transmitted through a gamete to a hybrid can be estimated as the proportion 

between a) the number of parent-specific heterozygous markers transmitted to a specific hybrid and b) 

the total number of parent specific heterozygous markers.  
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6.3 Results 

 

6.3.1 Progeny analysis of B. ‘Orococo’ 

 

6.3.1.1 Crosses performed and ploidy determination  

For ploidy determination of progeny, B. „Orococo‟ was considered as a diploid. Out of 4 different 

crosses between B. „Orococo‟, B. soli-mutata and B. „Art Hodes‟, 359 F1 hybrids were raised (Table 

6.1; Fig. 6.1). From the 306 hybrids obtained with B. „Orococo‟ as pollen parent (B. soli-mutata x B. 

„Orococo‟; B. „Art Hodes‟ x B. „Orococo‟ and B. „Orococo‟ x B. „Orococo‟), 295 were triploid, and 

only 11 diploid. When B. „Orococo‟ was used as seed parent and pollinated with B. soli-mutata, only 3 

of the 53 hybrids were triploid, which shows that B. „Orococo‟ also produced 2n egg cells in low 

frequency.  

An F2 generation of 15 hybrids was established after crossing a triploid hybrid of B. „Art 

Hodes‟ x B. „Orococo‟ as pollen parent with B. „Orococo‟ and B. soli-mutata as seed parent. The 

triploid hybrid used to make these crosses only produced 2n = 3x pollen (hybrid ARTORO-16 in 

Table 6.5), and the 15 resulting hybrids were all tetraploid. One of these tetraploid F2 hybrids (hybrid 

ORO(ARTORO)-1), which produced only normal „n = 2x‟ gametes, was self-pollinated and resulted 

in a progeny of 121 F3 hybrids, all of which were tetraploid (Table 6.1).  

 

Table 6.1: Performed crosses and ploidy analysis of B. ‘Orococo’ progenies. 

Hybrid Acronym
1
 No of hybrids grown No of hybrids at each 

ploidy level 

   2x 3x 4x 

      

F1       

B. „Orococo‟ x B. „Orococo‟ OROORO 20 1 19 0 

B. soli-mutata  x B. „Orococo‟ SOLORO 221 9 212 0 

B. „Art Hodes‟ x B. „Orococo‟ ARTORO 65 1 64 0 

B. „Orococo‟ x  B. soli-mutata OROSOL 53 50 3 0 

      

F2      

B. „Orococo‟ x ( B. „Art Hodes‟ x B. „Orococo‟) ORO(ARTORO) 12 0 0 12 

B. soli-mutata  x  (B. „Art Hodes‟ x B. „Orococo‟) SOL(ARTORO) 3 0 0 3 

      

F3      

B. „Orococo‟ x (B. „Art Hodes‟ x B. „Orococo‟) selfing ORO(ARTORO)S 121 0 0 121 

1
Acronyms consist of the first 3 letters of each parent plant. In the F3 progeny, S refers to a self pollination 
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Figure 6.1: Crossing scheme used to obtain progenies from B. ‘Orococo’. For each cross, the obtained 

number of diploids, triploids and tetraploids are indicated.  

 

The triploid F1 generation of B. „Art Hodes‟ x B. „Orococo‟ and B. soli-mutata x B. „Orococo‟ showed 

a stronger growth vigour than the diploid population (Fig 6.2 A, B). All triploid hybrids (with a few 

„dwarf‟ exceptions; Fig 6.2 C) had a stronger or equal growth vigour than the diploid hybrid with the 

strongest growth vigour. Furthermore, diploid hybrids were more compact at flowering time than the 

triploid hybrids (Fig 6.2 D). However, it is not relevant to give statistical comparisons of phenotypic 

characteristics because of the low number of diploid hybrids (1 in B. „Art Hodes‟ x B. „Orococo‟ and 7 

in B. soli-mutata x B. „Orococo‟). In general, the triploid hybrids were very homogeneous in 

morphology with exception of some colour intensities and colour pattern of the leaves. Only 3 of the 

212 triploid hybrids in B. soli-mutata x B. „Orococo‟ remained remarkably small and compact (dwarf 

genotypes), even compared to the diploid hybrids of the same cross (Fig 6.2 C).  

Many hybrids of B. soli-mutata x B. „Orococo‟ and the reciprocal cross expressed 2 types of 

leaves: leaves that were morphologically nearly identical to B. soli-mutata and leaves that were nearly 

identical to B. „Orococo‟ (Fig 6.2 E, F).  
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6.3.1.2 Microsporogenesis and pollen analysis of the F1, F2 and F3 generation 

Microsporogenesis of 31 diploid F1, 61 triploid F1, 10 tetraploid F2 and 28 F3 hybrids was analysed. 

Of the 31 investigated diploid F1 hybrids from B. „Art Hodes‟ x B. „Orococo‟, B. soli-mutata x B. 

„Orococo‟ and B. „Orococo‟ x B. soli-mutata, 14 produced type I meiocytes (monads, dyads or triads) 

while 11 hybrids produced only type II meiocytes (Table 6.2). The remaining 6 hybrids formed no 

pollen mother cells at all. Within the 31 diploid F1 hybrids analysed, 21 hybrids produced no pollen 

(often associated with incomplete developed anthers), 7 produced (nearly) only normal pollen, 1 

produced only large pollen and 2 produced a mixture of normal and large pollen (Table 6.3). 

Germination of pollen within the diploid F1 progeny was poor and did not exceed 3% with exception 

of one hybrid that obtained a germination capability of 47%. Table 6.4 presents more detailed data of 

the diploid F1 hybrids analysed. 

 

 

 

 

Figure 6.2: Growth characteristics of F1 hybrids of B. ‘Orococo’. A: The single diploid hybrid (arrow) 

from B. ‘Art Hodes’ x B. ‘Orococo’ has a lower growth vigour than all other triploid hybrids. B: The 

same diploid hybrid (arrow) and a triploid hybrid at the start of the flowering. C: Two triploid hybrids of 

B. soli-mutata x B.  ‘Orococo’ with very different growth vigour (left a dwarf genotype). D: Typical 

triploid (left) and diploid (right) hybrids of B. soli-mutata x B. ‘Orococo’ at flowering time. Diploid 

hybrids were usually more compact as is the seed parent. E, F: Many triploid hybrids of B. soli-mutata x 

B.  ‘Orococo’ express 2 different types of leaves: a green (often almost white) and large B. ‘Orococo’-like 

leaf and a small red greenish B. soli-mutata-like leaf.  

A 

F E 

C 

D 

B 

  15 cm   15 cm   12 cm 

  15 cm   10 cm   1 cm 
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Table 6.2: Overview of microsporogenesis characteristics of the diploid and triploid F1, tetraploid F2 and 

tetraploid F3 hybrids investigated. 

Population 2n = Number of 

hybrids 
investigated 

 Numbers of hybrids producing 

  No pollen 

mother cells 
Type I meiocytes 

monads, dyads or 

triads 

Type II meiocytes 

Only tetrads or others1 

       
F1 2x 31  6 14 11 

       

F1 3x 61  0 61 0 
       

F2 4x 10  0 8 2 
       

F3 4x 28  0 6 22 

       
1others: pentads, hexads or dyads containing micronuclei 

 

Table 6.3: Overview of pollen characteristics of the diploid and triploid F1, tetraploid F2 hybrids and 

tetraploid F3 hybrids investigated. 

Population 2n = Number of 

hybrids 
investigated 

 Numbers of hybrids producing 

  no pollen only bad pollen only normal 
pollen 

only large 
pollen 

both large and 
normal pollen 

         

F1 2x 31  21 0 7 1 2 

         
F1 3x 61  18 13 0 17 13 

         

F2 4x 10  0 4 3 1 2 
         

F3 4x 28  13 0 14 0 1 

         

 

 

All 61 triploid F1 hybrids from the crosses B. „Art Hodes‟ x B. „Orococo‟, B. soli-mutata x B. 

„Orococo‟, B. „Orococo‟ x B. „Orococo‟ and B. „Orococo‟ x B. soli-mutata produced a variable 

frequency of monads, dyads and triads which could result in 2n (or 4n) gametes (Table 6.2). From the 

61 triploid F1 hybrids investigated, 18 hybrids produced no pollen, 13 produced only bad (malformed) 

pollen, 17 produced only large spherical pollen (in addition to malformed pollen) and 13 produced a 

mixture of large, normal and malformed pollen (Table 6.3; Fig. 6.3). None of the hybrids produced 

only normal pollen. Triploid F1 hybrids had a germination capability up to 37%. Table 6.5 presents 

more detailed data of the triploid hybrids analysed. 

Flow cytometric analysis was performed on pollen of the triploid hybrids ARTORO-1, 3, 4, 14 

and 16 but none of them resulted in obvious histograms. Only in hybrid ARTORO-1, a weak signal 

was observed repeatedly at the 4C level, at the position where the peak of 2n generative nuclei was 

expected. 
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Table 6.4: Microsporogenesis (n=300) and pollen (n=200) characteristics of the F1 diploid hybrids from 

three different cross combinations. 

Hybrid  Microsporogenesis  Pollen 

 Type I meiocytes  Type II meiocytes  Normal 

(%) 

Large 

(%) 

Germination 

(%)  Monads (%) Dyads (%) Triads (%)  Tetrads (%) Others (%)  

            

B. ‘Orococo’ x B. soli-mutata         

            

OROSOL-1  73 2 1  1 23  --
y
 -- -- 

OROSOL-2  -
z
 - -  - -  -- -- -- 

OROSOL-3  2 5 0  86 7  100 0 0 

OROSOL-4  0 0 0  89 11  100 0 2 

OROSOL-5  0 0 0  1 99  -- -- -- 

OROSOL-6  1 10 1  78 10  99 1 1 

OROSOL-7  - - -  - -  -- -- -- 

OROSOL-8  0 8 1  4 87  -- -- -- 

OROSOL-9  58 3 1  1 37  -- -- -- 
OROSOL-10  3 9 7  8 73  0    100 2 

OROSOL-11  3 11 0  47 39  -- -- -- 

OROSOL-12  0 9 5  46 40  -- -- -- 

OROSOL-13  0 0 0  97 3  -- -- -- 

OROSOL-14  - - -  - -  -- -- -- 

OROSOL-15  0 0 0  91 9  100 0 0 

OROSOL-16  0 0 0  94 6  100 0 1 

OROSOL-17  7 12 6  8 67  -- -- -- 
OROSOL-18  - - -  - -  -- -- -- 

OROSOL-19  - - -  - -  -- -- -- 

OROSOL-20  1 2 4  72 21  100 0 3 

OROSOL-21  - - -  - -  -- -- -- 

OROSOL-22  0 0 0  69 31  -- -- -- 

OROSOL-23  0 0 0  63 37  -- -- -- 

OROSOL-24  0 0 0  60 40  100 0 2 
OROSOL-25  0 0 0  90 10  -- -- -- 

            

B. soli-mutata x B. ‘Orococo’         

            

SOLORO-1  0 45 3  3 49  -- -- -- 

SOLORO-2  0 14 9  10 67  -- -- -- 

SOLORO-3  0 2 1  1 96  -- -- -- 

SOLORO-4  0 0 0  4 96  -- -- -- 
SOLORO-5  0 0 0  85 15  100 0 47 

            

B. ‘Art Hodes x B. ‘Orococo’         

            

ARTORO-1  4 5 1  85 5  99 1 2 
z
No pollen mother cells (PMCs) observed 

y
No pollen was formed 
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Table 6.5: Microsporogenesis (n=300) and pollen (n=200) characteristics of the F1 triploid hybrids from 

four different cross combinations. 

Hybrid  Microsporogenesis  Pollen 

 Type I meiocytes  Type II meiocytes  Normal 

(%) 

Large 

(%) 

Germination 

(%)  Monads (%) Dyads (%) Triads (%)  Tetrads (%) Others (%)  

            

B. soli-mutata x B. ‘Orococo’         

            

SOLORO-1  3 47 10  18 22  6  94 3 

SOLORO-2  1 3 3  63 30  71  29 8 

SOLORO-3  6 29 3  15 47  0  100 0.5 

SOLORO-4  7 49 4  16 24  --
z
  -- -- 

SOLORO-5  0 2 8  64 26  x
y
 x x 

SOLORO-6  3 20 1  10 66  x x x 

SOLORO-7  3 39 16  31 11  50 50 0 

SOLORO-8  5 39 14  15 27  0 100 0 

SOLORO-9  3 0 0  0 97  -- -- -- 

SOLORO-10  100 0 0  0 0  x x x 

SOLORO-11  29 21 1  5 44  x x x 

SOLORO-12  3 3 0  1 93  x x x 

SOLORO-13  0 1 0  1 98  x x x 
SOLORO-14  1 11 1  59 28  57 43 13 

SOLORO-15  4 62 9  8 17  2 98 1 

SOLORO-16  1 30 0  21 48  5 95 17 

SOLORO-17  20 0 0  1 79  x x x 

SOLORO-18  9 35 1  45 10  44 56 7 

SOLORO-19  100 0 0  0 0  -- -- -- 

SOLORO-20  100 0 0  0 0  -- -- -- 
SOLORO-21  0 41 5  26 28  27 73 37 

SOLORO-22  54 0 0  0 46  -- -- -- 

SOLORO-23  9 14 2  11 64  -- -- -- 

SOLORO-24  20 18 5  30 27  39 61 21 

SOLORO-25  2 67 7  1 23  0 100 15 

         

 

 

 

  

Figure 6.3: Pollen characteristics of triploid F1 hybrids. A: Pollen size distribution of hybrid SOLORO-1. 

Circles represent the small and the large pollen fraction. B: Pollen of hybrid SOLORO-16 with bad 

shrunken pollen, normal ellipsoidal pollen, large round pollen and aberrantly shaped pollen which were 

partially ellipsoidal and partially round (arrows). 

40 µm 

B A 
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Table 6.5 : continued 
Hybrid  Microsporogenesis  Pollen 

 Type I meiocytes  Type II meiocytes  Normal 

(%) 

Large 

(%) 

Germination 

(%)  Monads (%) Dyads (%) Triads (%)  Tetrads (%) Others (%)  

            

B. ‘Art Hodes’ x B. ‘Orococo’         

            

ARTORO-1  4 46 29  12 9  20 80 24 

ARTORO-2  9 50 15  18 8  8 92 5 

ARTORO-3  59 38 3  0 0  0 100 3 

ARTORO-4  3 42 22  29 4  48 52 5 
ARTORO-5  86 14 0  0 0  0 100 2 

ARTORO-6  16 54 5  6 19  0 100 12 

ARTORO-7  33 31 1  2 33  -- -- -- 

ARTORO-8  88 8 1  3 0  x x x 

ARTORO-9  25 52 11  11 1  -- -- -- 

ARTORO-10  15 50 13  13 9  -- -- -- 

ARTORO-11  91 6 1  1 1  0 100 0.5 

ARTORO-12  56 36 5  3 0  1 99 0.5 
ARTORO-13  21 29 8  13 29  x x x 

ARTORO-14  100 0 0  0 0  x x x 

ARTORO-15  6 56 4  33 1  0 100 3 

ARTORO-16  29 29 0  1 41  0 100 12 

ARTORO-17  10 20 12  3 55  x x x 

ARTORO-18  1 6 9  13 71  x x x 

ARTORO-19  5 30 5  5 55  0 100 0.5 
ARTORO-20  10 25 2  10 53  0 100 9 

ARTORO-21  23 22 1  25 29  0 100 8 

ARTORO-22  50 14 1  3 32  0 100 5 

ARTORO-23  0 14 2  1 83  x x x 

ARTORO-24  15 12 12  1 60  0 100 13 

ARTORO-25  33 4 0  1 62  0 100 12 

         

B. ‘Orococo’ x B. ‘Orococo’         
            

OROORO-1  22 52 3  4 19  0 100 0 

OROORO-2  93 2 0  1 4  -- -- -- 

OROORO-3  20 9 3  1 67  -- -- -- 

OROORO-4  76 17 0  3 4  -- -- -- 

OROORO-5  20 4 2  0 74  -- -- -- 

OROORO-6  85 3 0  0 12  -- -- -- 

OROORO-7  100 0 0  0 0  -- -- -- 
OROORO-8  1 4 2  8 85  -- -- -- 

OROORO-9  22 18 5  21 34  -- -- -- 

         

B. ‘Orococo’ x B. soli-mutata         

            

OROSOL-1  2 17 2  16 63  -- -- -- 

OROSOL-2  100 0 0  0 0  0 100 4 
z
No pollen was formed 

y
Only bad pollen was formed 

 

The exact nuclear restitution mechanism in each F1 hybrid was not investigated in detail, but different 

mechanisms were active dependent on the hybrid investigated such as different spindle configurations 

but also many cytokinesis problems (Fig. 6.4).  
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Figure 6.4: Examples of frequently observed meiotic aberrations in the F1 progeny of B. ‘Orococo’. 

Arrows indicate monads. A, B: The shape of the nucleus within a monad frequently showed a tripolar 

configuration, indicating tripolar spindle activity without complete division of the nuclei. C: Asymmetric 

early cytokinesis resulting in one empty meiocyte and one meiocyte which contains the nucleus. 

 

Of the 10 F2 hybrids investigated, 8 produced type I meiocytes that all resulted in large pollen (Table 

6.2; Table 6.3). Only 2 hybrids (ORO(ARTORO)-1 and 3; Table 6.6) did not produce type I meiocytes 

and consequently formed only normal pollen. The tetraploid F2 progeny showed germination rates up 

to 21%. Table 6.6 presents more detailed data of the hybrids analysed. 

 

Within the F3 population, 6 of the 25 investigated hybrids (ORO(ARTORO)S-6, 7, 9, 12, 14 and 16; 

Table 6.7) produced type I meiocytes but mostly in low frequencies. Type I meiocytes were absent in 

the other genotypes. All hybrids produced only normal pollen (except for those which had formed no 

pollen or only bad pollen), with germination ratios up to 68%. Only in ORO(ARTORO)S-14, which 

also produced type I meiocytes, large pollen were observed. 
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C 
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Table 6.6: Microsporogenesis (n=300) and pollen (n=200) characteristics of the F2 tetraploid hybrids from 

two different cross combinations. 

Hybrid Microsporogenesis  Pollen 

Type I meiocytes  Type II meiocytes  Normal 

(%) 

Large 

(%) 

Germination 

(%) Monads (%) Dyads (%) Triads (%)  Tetrads (%) Others (%)  

           

B. ‘Orococo’ x (B. ‘Art Hodes’ x B. ‘Orococo’)   

           

ORO(ARTORO)-1 0 0 0  82 18  100 0 21 
ORO(ARTORO)-2 5 24 0  2 69  0 100 7 

ORO(ARTORO)-3 0 0 0  77 23  100 0 9 

ORO(ARTORO)-4 100 0 0  0 0  x
z
 x x 

ORO(ARTORO)-5 100 0 0  0 0  x x x 

ORO(ARTORO)-6 100 0 0  0 0  x x x 

ORO(ARTORO)-7 3 16 1  16 64  20 80 15 

       

B. ‘Orococo’ x (B. ‘Art Hodes’ x B. ‘Orococo’)   

           

ORO(ARTORO)-1 6 22 0  65 7  74 26 18 

ORO(ARTORO)-2 0 1 3  91 5  100 0 12 

ORO(ARTORO)-3 81 7 1  3 8  x x x 

           
z
Only bad pollen was formed 

 

Table 6.7: Microsporogenesis (n=300) and pollen (n=200) characteristics of the F3 tetraploid hybrids. 

Hybrid Microsporogenesis  Pollen 

Type I meiocytes  Type II meiocytes  Normal 

(%) 

Large 

(%) 

Germination 

(%) Monads (%) Dyads (%) Triads (%)  Tetrads (%) Others (%)  

           

ORO(ARTORO)S-1 0 0 0  69 31  100 0 14 

ORO(ARTORO)S-2 0 0 0  63 37  100 0 11 

ORO(ARTORO)S-3 0 0 0  68 31  100 0 18 

ORO(ARTORO)S-4 0 0 0  80 18  100 0 22 
ORO(ARTORO)S-5 0 0 0  43 57  --

z
 -- -- 

ORO(ARTORO)S-6 1 1 0  88 10  100 0 6 

ORO(ARTORO)S-7 0 1 0  90 10  100 0 41 

ORO(ARTORO)S-8 0 0 0  2 98  -- -- -- 

ORO(ARTORO)S-9 0 12 1  6 81  -- -- -- 

ORO(ARTORO)S-10 0 0 0  0 100  -- -- -- 

ORO(ARTORO)S-11 0 0 0  98 2  100 0 0 

ORO(ARTORO)S-12 1 3 1  5 90  -- -- -- 
ORO(ARTORO)S-13 0 0 0  14 86  100 0 0 

ORO(ARTORO)S-14 5 7 1  33 54  98 2 68 

ORO(ARTORO)S-15 0 0 0  47 53  -- -- -- 

ORO(ARTORO)S-16 0 2 1  64 33  -- -- -- 

ORO(ARTORO)S-17 0 0 0  89 11  100 0 61 

ORO(ARTORO)S-18 0 0 0  79 21  100 0 2 

ORO(ARTORO)S-19 0 0 0  59 40  -- -- -- 

ORO(ARTORO)S-20 0 0 0  86 14  100 0 26 
ORO(ARTORO)S-21 0 0 0  64 36  100 0 0 

ORO(ARTORO)S-22 0 0 0  0 100  -- -- -- 

ORO(ARTORO)S-23 0 0 0  0 100  -- -- -- 

ORO(ARTORO)S-24 0 0 0  74 26  100 0 12 

ORO(ARTORO)S-25 0 0 0  82 18  -- -- -- 

ORO(ARTORO)S-26 0 0 0  72 28  100 0 45 

ORO(ARTORO)S-27 0 0 0  68 32  -- -- -- 
ORO(ARTORO)S-28 0 0 0  42 58  -- -- -- 
z
No pollen was formed 
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6.3.1.3 AFLP marker segregation analysis of the F1 generation 

 

A. Identification of the heterozygous markers 

By the use of 4 different primer combinations, E-AGC/M-CAG, E-AAG/M-CAA, E-AAG/M-CAC 

and E-AGC/M-CAC, 40 B. „Orococo‟ specific and 25 B. soli-mutata specific markers could be 

selected. To know whether these markers are heterozygous, a diploid progeny population of the cross 

B. „Orococo‟ x B. soli-mutata was considered. 

Based on the number of parent-specific markers a theoretical distribution model is represented 

in Figure 6.5A. It represents how the segregation of the markers to the hybrids statistically occurs 

when all markers are heterozygous. For instance: of the 40 B. „Orococo‟ specific markers, 1 is 

transmitted to 5 hybrids, 1 is transmitted to 6 hybrids, 3 are transmitted to 7 hybrids, …, and none is 

transmitted to all 20. As such, a Gaussian (normal) distribution is obtained, with a maximum (mean) 

observed at 10 hybrids. If a marker is homozygous, the marker would be transmitted to all hybrids.  

The empirical data of the markers in the diploid population of B. „Orococo‟ x B. soli-mutata 

shows strong similarity with the theoretical model: none of the markers are transmitted to all hybrids, 

what indicates that all markers are heterozygous (Fig. 6.5B). The two sample Kolmogorov-Smirnov 

goodness of fit test was used to show that the empirical data from the diploid progeny comes from the 

same distribution as the diploid segregation model for both the B. „Orococo‟ specific markers (p = 

0.99) as the B. soli-mutata specific markers (p = 0.92). Thus, the empirical data fit perfectly within the 

diploid segregation model. 
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Figure 6.5: Marker segregation in a theoretical model and from empirical data in the diploid progeny of 

B. ‘Orococo’ x B. soli-mutata. In total, 25 B. soli-mutata specific markers (white bars) and 40 B. ‘Orococo’ 

specific markers (black bars) are considered. A: Theoretical distribution of the parent specific markers in 

20 hybrids when all markers are supposed to be heterozygous. B: Empirical marker distribution.  

 

A B 
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B. Calculation of the heterozygosity in diploid and triploid F1 populations 

When 2n pollen of B. „Orococo‟ are considered to be FDR pollen without recombination (so no 

segregation at all), theoretically all B. „Orococo‟-specific markers are transmitted to all hybrids while 

B. soli-mutata-specific markers segregate normally (Fig 6.6). However, when recombination occurs 

between B. „Orococo‟ chromosomes during meiosis I, some markers may not be transmitted to all 

hybrids, dependent on the frequency of recombination. 

Fig 6.7 shows the segregation of the markers in the triploid population. Two groups of B. „Orococo‟ 

specific markers could be distinguished: a) markers transmitted to all or the majority of hybrids (38 

markers) and b) markers which rather segregate as in the diploid hybrids (2 markers).  The B. soli-

mutata-specific markers were segregating as expected, although a few markers were absent or nearly 

absent in the hybrids. The Kolmogorov-Smirnoff test showed that the B. soli-mutata-specific markers 

followed the normal diploid segregation model (p = 0.79), whereas this was not the case for the B. 

„Orococo‟ specific markers (p = 0). 

 A very similar result was obtained when triploid hybrids (no diploid hybrids available) of B. „Art 

Hodes‟ x B. „Orococo‟ (15 in total) were analysed (Fig 6.7). 
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Figure 6.6: Theoretical distribution model of heterozygous markers transmitted by FDR (without 

recombination) pollen (black bars) and normal ‘n’ egg cells (white bars). All markers transmitted by FDR 

pollen will be detected in all hybrids. 
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Figure 6.7: Segregation of markers transmitted through 2n pollen (black bars) and normal ‘n’ (white 

bars) egg cells in the cross B. soli-mutata x B. ‘Orococo’ (A) and B. ‘Art Hodes’ x B. ‘Orococo’ (B). Two 

groups of B. ‘Orococo’ specific markers (a and b) could be distinguished based on their marker 

segregation pattern. 

 

The heterozygosity transmitted through 2n pollen to the individual triploid hybrids varied from 60 to 

95% (Fig 6.8). The calculated mean heterozygosity transmitted to the hybrids is represented in Table 

6.8. As expected, the heterozygosity transmitted through both normal pollen and egg cells to the 

diploid progeny is about 50%. In contrast, 86% of the heterozygosity of B. „Orococo‟ is transmitted to 

the triploid progeny by the 2n pollen, in contrast to only 41% of B. soli-mutata by the normal egg 

cells. Unexpectedly, the heterozygosity transmitted through the egg cells (41%) was significant lower 

to the triploid hybrids than to the diploid hybrids (49%) (p = 0.043).   

 

Table 6.8: Heterozygosity of B. soli-mutata and B. ‘Orococo’ transmitted through normal and 2n gametes 

to the diploid and triploid progeny of the cross B. soli-mutata x B. ‘Orococo’, estimated by the segregation 

of AFLP markers. Means followed by different letters are significantly different (pairwise comparisons 

with t-test at 5% confidence level). 

F1 hybrids Heterozygosity transmitted from B. 

soli-mutata (means ± SD) 

Heterozygosity transmitted from B. 

„Orococo‟ (means ± SD) 

diploid 49.4 ± 13.8
b
 50.4 ± 12.0

b
 

triploid 40.8 ± 12.1
a
 86.0 ± 10.1

c
 

 

A B 

b 

a 

b 

a 
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Figure 6.8: Classification of the triploid hybrids of B. soli-mutata x B. ‘Orococo’ according to the level of 

heterozygosity transmitted by 2n pollen. 

 

Similar results were obtained in the cross B. „Art Hodes‟ x B. „Orococo‟, where the heterozygosity 

transmitted by 2n pollen of B. „Orococo was 79 ± 8.0 % and by normal egg cells from B. „Art Hodes‟ 

47 ± 18 % (15 hybrids analysed).  

 

6.3.2 Progeny analysis of B276 

 

6.3.2.1 Crosses performed and ploidy determination  

Out of the cross B. „Bubbles‟ x B276, 37 hybrids were obtained which were all hexaploid (Table 6.9). 

Hybrid BUB276-1 and BUB276-2 (Table 6.10) were self pollinated, but only self pollination of 

BUB276-1 resulted in a hexaploid F2 generation of 10 plants. When BUB276-1 was pollinated with 

B276, 2 septaploids were raised (Table 6.9; Fig. 6.9). Several of the F1 and F2 hybrids contained weak 

growth vigour and did not flower or were lost shortly after acclimatization. Phenotypic characteristics 

between the hybrids were very variable, in particular growth vigour (Fig. 6.10). 
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Table 6.9: Performed crosses and ploidy analysis of B276 progenies. 

Hybrid Acronym No of hybrids grown No of hybrids at each 

ploidy level 

   4x 6x 7x 

F1       

B. „Bubbles‟ x B276 BUB276 37 0 37 0 

      

F2      

(B. „Bubbles‟ x B276) x (B. „Bubbles‟ x B276) BUB276S 10 0 10 0 

B276 x (B. „Bubbles‟ x B276) BUB276BC 2 0 0 2 

1
Acronyms consist of the first 3 letters of „Bubbles‟ and the 3 numbers of B276. The letter S refers to a self 

pollination, BC refers to a backcross with the pollen parent. 

 

 

 

 

 

Figure 6.9: Crossing scheme used to obtain progenies from B276. For each cross, the obtained number of 

tetraploids, hexaploids and septaploids are indicated.  

 

 

 



  Chapter 6: Inheritance of 2n pollen formation in Begonia hybrids 

 124 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.10: F1 hybrids of B. ‘Bubbles’ x B276 showed a large variation in phenotypic characteristics. 

 

6.3.2.2 Microsporogenesis and pollen analysis of the F1 and F2 generation 

Microsporogenesis of 6 hexaploid F1 and 4 hexaploid F2 hybrids was analysed. All F1 hybrids formed 

a high number of type I meiocytes, in particular dyads. In all cases, this resulted in a mixture of large 

and normal pollen except for one hybrid that was male sterile (BUB276-5; Table 6.10). Flow 

cytometric analysis (using the germination method to release nuclei) on pollen of BUB276-1 and 2 

showed that only BUB276-2 produced a high frequency of viable 2n pollen, although both hybrids 

produced a similar amount of large pollen (Table 6.10, Fig. 6.11; Fig. 6.12). Pollen within the F1 

progeny had a germination capability up to 24%. Just as for the F1 hybrids, all F2 hybrids investigated 

produced type I meiocytes.  In 3 of the 4 hybrids, the frequency of type I meiocytes was rather low (≤ 

5%), whereas in the other hybrid 27% of the PMCs resulted in dyads. 

 

Table 6.10: Microsporogenesis (n=300) and pollen (n=200) characteristics of the F1 and F2 hexaploid 

B276 hybrids analysed. 

Hybrid Microsporogenesis  Pollen 

Type I meiocytes  Type II meiocytes  Normal 

(%) 

Large 

(%) 

Germination 

(%) Monads (%) Dyads (%) Triads (%)  Tetrads (%) Others (%)  

           

B. ‘Bubbles’ x B276   

           

BUB276-1 7 16 2  38 1  86 14 14 

BUB276-2 12 58 3  27 1  89 11 14 

BUB276-3 5 14 2  79 0  92 8 0 

BUB276-4 3 36 2  54 5  70 30 8 

BUB276-5 7 5 1  87 0  x
1
 x x 

BUB276-6 5 44 1  50 0  98 2 24 
       

(B. ‘Bubbles’ x B276) x (B. ‘Bubbles’ x B276)   

           

BUB276S-1 0 2 0  93 5    99       1 9 

BUB276S-2 2 3 0  92 3  Not determined 

BUB276S-3 2 1 0  87 9  Not determined 

BUB276S-4 0 27 0  73 0  Not determined 
1
only bad pollen was formed 

10 cm 
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Figure 6.11: Flow cytometric histograms of B276, B. ‘Bubbles’ and progeny of B. ‘Bubbles’ x 

B276. A, B: Somatic leaf tissue of B276 and B. ‘Bubbles’ with B276 as external tetraploid 

reference at channel 100. C: Somatic leaf tissue of BUB276-1 (hexaploid leaf tissue at channel 

150). D: Pollen sample of BUB276-1 with the peaks of the vegetative and generative nuclei of 

normal pollen at the 1C and 2C level. E: Somatic leaf tissue of BUB276-2 (hexaploid leaf tissue 

at channel 150). F: Pollen sample of BUB276-2 (with a peak from unreduced generative nuclei 

(Gu) at the 4C level indicated by an arrow). 
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Figure 6.12: Pollen size distribution of BUB276-1. Circles represent the small and the large pollen 

fraction. 

 

6.4 Discussion 

 

A very large percentage of progenies of B. „Orococo‟ (B. „Art Hodes‟ x B. „Orococo‟, B. soli-mutata x 

B. „Orococo‟, B. „Orococo‟ x B. „Orococo‟ and B. „Orococo‟ x B. soli-mutata) produced 2n pollen, but 

diploid and triploid F1 hybrids showed differences in microsporogenesis and formation of large 

pollen. Within the diploid hybrids, 14 of the 31 hybrids investigated produced monads, dyads or triads, 

11 hybrids produced mainly tetrads, and the other hybrids formed no pollen mother cells. This means 

that several diploid hybrids formed only normal pollen and no 2n pollen, indicating segregated 

inheritance within this diploid population for 2n pollen. All triploid hybrids produced monads, dyads 

or triads in some frequency and all resulted in the formation of large 2n pollen (except for those which 

had formed no pollen or only bad pollen), which indicates complete inheritance of 2n pollen formation 

within the triploid population. Tetrad formation was usually low and a high number of micronuclei 

containing PMCs were observed. Micronuclei originate from unbalanced chromosome segregation and 

usually results in bad sterile pollen (Bretagnolle and Thompson, 1995).  

According to Ramanna and Jacobsen (2003), 2n gamete production may be genetically 

controlled or may be a result of disturbed chromosome pairing after interspecific or intergeneric 

hybridization. Interspecific hybrids share two important features. First, both 2n eggs and 2n pollen are 

produced simultaneously by the same hybrid. Second, neither the two parents of the F1 hybrids nor 

their (F2) sexual polyploid progenies possess the ability to produce 2n gametes in any notable 

frequencies. In contrast, 2n gamete formation within meiotic mutants is based on a mutation in a gene 
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active in the meiosis. As different genes are active within the micro- and macrosporogenesis, 2n pollen 

can be formed without 2n egg cells and vice versa. Although B. „Orococo‟ is an interspecific hybrid, 

chromosome pairing was relative good (chapter 5). The high heritability of 2n pollen production 

during this study shows that the 2n pollen formation in B. „Orococo‟ must have a genetic cause. 

Moreover, both micro- and macrosporogenesis are affected since both 2n pollen and 2n egg cells are 

produced; the latter ones however in lower frequencies. Single genes controlling 2n gamete formation 

in some distant hybrids have been reported in wheat, rye and Aegilops hybrids (Xu and Joppa, 1995). 

As shown in chapter 4, B. „Orococo‟ produces mainly first division restitution (FDR) dyads as 

a result of an omitted meiosis I. The high level of estimated heterozygosity transmitted by                  

B. „Orococo‟ 2n pollen (86% or 79% dependent on the analysed cross) confirms that mainly FDR 

pollen are produced by B. „Orococo‟. Several reports show that the heterozygosity transmitted by FDR 

gametes is high and ranges mostly between 70 to 90% (Werner & Peloquin, 1991b; Werner & 

Peloquin, 1991c; Barone et al., 1995; Chen et al., 1997; Crespel et al., 2002). None of the analysed 

hybrids obtained a heterozygosity lower than 60%, which indicates that all hybrids probably arised 

from FDR pollen. The values are close to the theoretical rate of heterozygosity transferred by 2n 

gametes resulting from FDR with crossing over, which corresponds to 80% (Buso et al., 1999).  

Marker segregation analysis showed that the majority of the heterozygous markers were 

transmitted to the majority of the hybrids. When no crossing over would be present, all markers would 

be transmitted to all the hybrids by the FDR mechanism and the heterozygosity transmitted through 2n 

pollen would be 100%. Since only 80% is transmitted, crossing over probably occurred. However, a 

few markers rather showed a segregation pattern and were transmitted to a minority of the hybrids. 

Highly probably, this is associated with the unpredictable migration pattern of univalents in B. 

„Orococo‟ as demonstrated in chapter 4. Another possibility is that parts of the motherchromosomes 

are eliminated after hybridization to form stable genomes. Genome rearrangements are not unusual 

after hybridization. As a result, some of the markers may be transmitted by the gametes but finally 

eliminated in the hybrid. Cytological studies may contribute to a better understanding of this. 

One aspect of AFLP marker segregation that was not considered during this study is AFLP 

marker segregation distortion. Segregation distortion is the deviation of segregation ratios from the 

expected mendelian fraction (50:50 in this case) and has been reported in a wide range of plant species 

as among others tomato (Saliba-Colombani et al., 2000), Cryptomeria japonica (Nikaido et al., 1999), 

Populus (Cervera et al., 2001), Rice (Maheswaran et al., 1997), Lolium perenne (Bert et al., 1999) or 

Medicago (Jenczewski et al., 1997). For each marker, a chi square test should be used to identify 

deviations from mendelian ratios. However, larger Begonia populations are necessary to identify 

markers with a distorted segregation. Marker distortion has consequences for the heterozygosity 

calculations and might explain why the heterozygosity of B. soli-mutata transmitted to the triploid 

population was significantly lower than 50%. It might also explain why some markers show a 
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segregation pattern in the triploid population, instead of being transmitted to the majority of the 

hybrids as most of the markers did. 

As a result of the FDR mechanism in B. „Orococo‟ pollen, all genes present in B. „Orococo‟ 

(with exception of crossing over fragments; Bretagnolle and Thompson, 1995) were transmitted to the 

triploid hybrids. Since all triploid hybrids showed monad, dyad or triad formation in some frequency 

independent of the crossing partner, a dominant gene possibly is responsible for 2n gamete formation. 

This dominant gene then segregates in diploid hybrids. However, the highly variable frequencies of 2n 

pollen formation in the different hybrids can not be explained by the action of a single dominant gene. 

Other modifier genes must be present that strongly influence the mechanism and frequency of 2n 

pollen production.  

Within the F2 population, type I meiocytes were observed in 8 of the 10 hybrids. This is in 

contrast to the triploid F1 population, where 2n pollen production was observed in all triploid hybrids. 

If a dominant gene is indeed responsible for 2n gamete production, one could expect that this 

dominant gene would be transmitted to all tetraploid F2 hybrids. This statement is true for FDR pollen, 

but not for SDR pollen where genes rather segregate. In the F1 generation, mechanisms have been 

observed that may result in both FDR pollen and SDR pollen although these mechanisms have not 

been studied in detail. Consequently, tetraploid F2 hybrids may be the result of both SDR and FDR 

pollen. F2 hybrids that originated from SDR pollen do not necessarily inherit the dominant gene. This 

might explain why not all F2 hybrids produce 2n pollen. 

If 2n gamete production is modulated by a dominant gene, then the F3 hybrids would not 

express type I meiocytes, since the F3 originated out of a F2 hybrid which did not produce type I 

meiocytes. This was true for most hybrids, but a few hybrids still produced type I meiocytes in notable 

frequencies. This indicates that 2n pollen formation is not caused by a single dominant gene only, but 

that at least a second gene, probably recessive, may be active during 2n pollen production. However, it 

is very difficult to unravel the exact genetic cause of 2n pollen production because of 2 reasons. First, 

the genetic base of 2n gamete formation is usually very complex. The formation of 2n gametes can be 

a polygenetic trait and several of these genes can be influenced by the environment. Second, B. 

„Orococo‟ was considered as a diploid although it is not the case. It is difficult to imagine the exact 

type of segregation that can be expected in the progenies. Hence, the statement of a major dominant 

gene responsable for 2n gametes should be considered very carefully. 

The outcome of the microsporogenesis was not perfectly reflected within the pollen 

formation, as was already remarked in other genotypes (chapter 4). Tetrads were observed in many 

hybrids, but not in all these hybrids normal pollen were observed. This may be explained by assuming 

that chromosome segregation in tetrads was not perfectly balanced. As described in chapter 5, 

unpaired chromosomes may form micronuclei, or join the other chromosomes at the pole. In the latter 

case, tetrads are formed but the microspores will result in sterile pollen if the chromosome segregation 
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occurs unbalanced. Next to the normal and large pollen observed, a large number of bad pollen was 

mostly present which also explains the low germination percentage in several hybrids.  

Because triploids showed high inheritance of 2n pollen formation, these genotypes can result 

in tetraploid progenies through crossing with a diploid. Furthermore, in many triploids, the 2n pollen 

(2n = 3x) seemed to be the only viable source of pollen. Without the formation of 2n pollen, the 

majority of the hybrids would be sterile. Similar results were observed in blueberry triploids, where 

pollen mostly aborted. Only a small fraction of about 1% viable giant pollen grains were obtained 

derived from monads, dyads or triads (Dweikat and Lyrene, 1988). In Solanum stoloniferum, 2n pollen 

producers were used to produce triploid offspring. A number of these resulting triploids produce 2n 

pollen, resulting from parallel spindles during anaphase II (equivalent to FDR; Brown, 1988). Also in 

a spontaneously occurring triploid of S. chacoense and two triploids of S. commersonii, parallel 

spindles were active. This is the basis for the formation of viable pollen in these triploids, since 

parallel spindles at anaphase II could confer male fertility to odd-ploids by forming 2n pollen (Mok et 

al., 1975). Within this study, the exact ploidy level of the normal ellipsoidal pollen observed in some 

triploid hybrids was not determined since flow cytometric analysis of pollen nuclei failed. Crosses 

with triploids in other genera revealed that euploid gametes of triploids can be 1x, 2x or 3x (Husband, 

2004; Van Huylenbroeck et al., 2005). 

The high inheritance of 2n pollen formation has also been observed in progeny of B276. 

However, both the pollen parent B276 and the seed parent B. „Bubbles‟ produced 2n pollen. Since 

different genes from both parent plants may be involved in 2n pollen formation, it is difficult to study 

the genetic control of 2n pollen formation in the parent plants by analysing the progeny. One of the 

main differences between the progeny of B. „Orococo‟ and B276 was the low amount of micronuclei 

formed in the progeny of B276. Another difference was that each hybrid produced a high number of 

normal pollen next to large pollen within the F1 generation.  

One remarkable phenomenon is the expression of 2 types of leaves in several of the triploid F1 

hybrids of B. „Art Hodes‟ x B. „Orococo‟ and B. soli-mutata x B. „Orococo‟, in contrast to their diploid 

counterparts. This was not observed at early stages of the development but became more pronounced 

in adult plants. Although the exact mechanisms of this phenomenon was not investigated, probably 

epigenetic effects play an important role. In maize, an anthocyanin (colour pigmentation) regulating 

locus has been characterized. The anthocyanin pathway of maize includes several enzymatic genes 

(a1, a2, bz1, bz2, c2, chi, pr and whp) that catalyze the biosynthesis or transport of anthocyanin and 

regulatory genes (b, c1, Pl, r and vp1) that govern the tissue-specific expression of anthocyanin 

synthesis (Hanson et al., 1996). The different genes can be controlled epigenetically. For instance, Pl-

Blotched
 
is a stable epigenetic allele of the maize anthocyanin regulatory

 
gene, purple plant1(pl). Pl-

Blotched plants display a variegated
 
pattern of pigmentation that contrasts sharply with the uniformly

 

dark purple pigmentation of plants carrying the dominant Pl-Rhoades
 
allele. Both alleles

 
exhibit 

developmentally sensitive changes in methylation. In
 
Pl-Blotched, methylation of two diagnostic 
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HpaII/MspI sites
 
increases progressively, coincident with the juvenile-to-adult

 
transition in growth. 

(Hoekenga et al., 2000). Other examples of tissue specific expression and epigenetic modification in 

maize of these genes are described by Rachi (1985); Ronchi et al. (1995); Walker et al. (1998), Sekhon 

et al. (2007), and Sekhon and Chopra (2008). 

These observations show that pigmentation can be controlled epigenetically. Since it is 

possible that one complete genome set is silenced (called nucleolar dominance; Pikaard, 1999), it can 

be assumed that a similar effect plays in leaves of the triploid hybrids, in particular at the adult stage of 

the plant. However, evidence for this is lacking. Furthermore, it is not obvious why not all hybrids 

express the 2 types of leaves and why both leaf types are expressed on the same plant. It suggests that 

both genomes are silenced in turn during development of the leaves.  

 

6.5 Conclusion 

 

The results show that the ability to produce 2n gametes can be transmitted at a high level to the 

progeny.  Probably, at least two genes are involved in the production of 2n pollen. The frequency of 

2n pollen production within the progeny might be very variable; in particular when different ploidy 

levels are considered as in progeny of B. „Orococo‟: most diploid hybrids produced only normal pollen 

in contrast to triploid hybrids which all produced large pollen (except for those which had formed no 

pollen or only bad pollen). Furthermore, several hybrids produced type I meiocytes but showed no or 

bad pollen formation. Even when good pollen are formed, a strong variation in germination capability 

was observed.  

The high heritability of 2n gamete production can be very useful in ploidy breeding programs. 

One of the major problems in ploidy breeding is the weak fertility or even total sterility of triploids. 

Often, as also observed within this data set, the presence of 2n gametes is necessary to overcome 

sterility of triploids and finally to produce fertile tetraploids or even plants with higher ploidy levels.  

Estimation of heterozygosity transmitted through gametes confirms that mainly FDR pollen 

are produced in B. „Orococo‟, as was determined by cytological studies in chapter 5. The FDR pollen 

transmit a high level of heterozygosity to the progeny, which explains the high heritability of 2n pollen 

formation in the hybrids investigated. The same is true for B276, although the heterozygosity 

transmitted through 2n pollen of B276 could not be determined. 
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7 Induction of 2n pollen
*
 

 

7.1 Introduction 

 

Variation of 2n pollen production can be related to environmental fluctuations in general. The 

frequency of 2n gamete production can be increased by manipulating environmental factors such as 

temperature (Veilleux and Lauer, 1981; Negri and Lemmi, 1998; Crespel et al., 2006). 

For breeding purposes, induction of 2n gametes in any given genotype is of high importance. 

Recently, N2O fumigation was reported to be an effective tool for induction of 2n gametes (Okazaki et 

al., 2005; Barba-Gonzalez et al., 2006; Akutsu et al., 2007). Akutsu et al. (2007) showed that effects 

were optimal when treatments started during pollen mother cell progression to metaphase I. In tulip, 

microsporogenesis occurs inside the bulb, thus mitotic antimicrotubule agents such as colchicine, 

oryzalin or trifluralin are not useful for induction. In genera where microsporogenesis starts within 

external flower buds, antimicrotubule agents might be an interesting alternative for N2O treatments. 

Next to the common agents colchicine, oryzalin or trifluralin, other less frequent reported molecules as 

MG 132 (Planchais et al., 2000), caffeine (Becerra and Carmona, 1983; Burón and García-Herdugo, 

1983), Benzobenil or 2,6-dichlorobenzonitrile (Vaughn et al., 1996; Burón and García-Herdugo, 

1983), Binuclein 2 (Eggert et al., 2004), puromycin (Benbadis and Levy, 1980), Staurosporine (Swe 

and Sit, 1997) and blebbistatin (Kovács et al., 2004) might be interesting alternatives to disrupt 

meiosis and induce 2n gametes. The above mentioned molecules all disrupt metaphase, anaphase or 

cytokinesis in mitosis of plant or animal systems. 

Another way to induce 2n gametes is interspecific hybridization. The occurrence of 2n gametes 

has been reported frequently in interspecific hybrids. Formation of 2n gametes in interspecific hybrids 

is generally based on bad chromosome pairing during meiosis, usually resulting in first division 

restitution (FDR) pollen (Bretagnolle and Thomposon, 1995; Ramanna and Jacobsen, 2003).  

 

 

 

                                                      

*
 Parts of this chapter have been published in:  

A. Dewitte, T. Eeckhaut, J. Van Huylenbroeck, E. Van Bockstaele (2010). Induction of 2n pollen in Begonia by 

trifluralin and N2O treatments. Euphytica 171: 283-293. 
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In this chapter, several ways to induce or raise the frequency of 2n pollen formation are evaluated. In 

the first 3 experiments, methods are evaluated to induce 2n pollen in genotypes which do not naturally 

produce 2n pollen: 1) temperature based induction of 2n pollen, 2) chemical based induction of 2n 

pollen and 3) interspecific hybridization. In experiment 4 and 5, methods are evaluated to increase the 

frequency of 2n pollen in genotypes which do naturally produce 2n pollen at low frequency: 1) 

temperature based increase of 2n pollen and 2) flow cytometric sorting of large pollen. The 

effectiveness of these techniques to induce or raise the frequency of 2n pollen in Begonia is discussed.  

 

7.2 Materials and Methods 

 

7.2.1 Experiment 1: Temperature based induction of 2n pollen production 

 

One year old flowering cuttings of B. coccinea, B. odorata and B. ulmifolia were transferred from the 

greenhouse to the climate room or cold room. The experiment was performed in winter (Februari-

April), when temperature in the greenhouse was controlled (mean of 20°C, relative humidity (RH) 

between 70% and 80%). Opened flowers were removed from the plant before transfer.  

In experiment 1A, plants were submitted to heat stress. Therefore, plants were maintained in the 

climate room at day/night temperatures of 40/38, 35/33, 30/28 or 25/23°C and a relative humidity 

(RH) of 80/75% during 8 weeks. The photosynthetic period was extended to 16h.day
-1

 (Photosynthetic 

photon flux density 40 µmol m
-2

s
-1

). 

In experiment 1B, plants were submitted to cold stress. Therefore, plants were maintained in 

the cold room at day/night temperatures of 8/6 or 12/10°C and a relative humidity (RH) of 80/75% 

during 8 weeks. The photosynthetic period was extended to 16h.day
-1

.  

The production of large pollen within the opened flowers in the climate or cold room was 

monitored over time, as indicated in the results. The number of plants (cuttings) treated at each 

temperature are described in Table 7.1. 

 

Table 7.1: Number of plants treated at each temperature. 

Genotype Heat stress
z
  Cold stress

z
 

 40°C 35°C 30°C 25°C  12°C 8°C 

B. coccinea 4 3 3 3  2 3 

B. odorata 1 4 2 1  1 2 

B. ulmifolia 1 2 2 0  1 2 

z
Temperatures are day temperatures 

 



  Chapter 7: Induction of 2n pollen 

 133 

7.2.2 Experiment 2: Chemical based induction of large pollen 

 

7.2.2.1 Plant material 

Four male fertile species B. cucullata, B. subvillosa (var. leptotricha), B. schmidtiana and B. fisheri 

and the male sterile hybrids B. subvillosa x B. cucullata and B. schmidtiana x B. cucullata were used 

throughout this experiment. The species all belong to the section Begonia. Cuttings were made of each 

genotype to obtain several clones for treatment. Chromosome numbers, genome size and pollen 

characteristics of the different species and hybrids were determined in chapters 3 and 4. 

 

7.2.2.2 Influence of liquid cell cycle disruptors on meiosis 

The ability of trifluralin, MG 132, caffeine, benzobenil (2,6-dichlorobenzonitrile), binuclein 2 and 

puromycin to disrupt meiosis was tested on flower buds of B. fischeri. Anthers from small flower buds 

of about 4 mm were collected. Preliminary tests had shown that meiosis could be observed in flower 

buds of about 4 mm in size in all genotypes, although there is a slight difference in developmental 

stage of the pollen mother cells between the anthers of a single bud. 

Collected anthers were submerged in a solution with concentrations of 10, 100 and 1000 µM 

of the cell cycle disruptor. Trifluralin, MG 132, benzobenil and binuclein 2 were first dissolved in 

dimethylsulfoxide (DMSO), and further diluted with water so that the final concentration of DMSO 

was not higher than 0.5%. After 24 h, the anthers were washed with water and dissected on a slide in a 

drop of Saline Sodium Citrate (SSC) buffer (0.3 mol/L NaCl, 0.03 mol/L Sodium citrate; pH 7) 

containing 1µM 4‟,6-diamidino-2-phenylindole (DAPI). The formation of pollen mother cells and 

microspores was then evaluated microscopically. As a control, anthers were treated with 0.5% DMSO 

only. 

 

7.2.2.3 2N pollen induction by trifluralin treatment 

All genotypes used have inflorescences that contain several developing flower buds, each differing 

only slightly in development (Fig 7.1). If one of the flower buds reached about 4 mm in size, the 

inflorescence was submerged in a small bottle containing a trifluralin concentration of 10, 100 or 1000 

µM. After 24h, the inflorescence was briefly washed with water.  

All flower buds of the treated inflorescences were sampled over time (8 to 20 days after the 

start of the treatment) as described below. When one of the flowers opened, 3 to 5 anthers of the 

flower were removed and submerged in liquid germination medium (10 % sucrose, 0.01 % H3BO3, 

0.01 % CaCl2, 0.02 % MgSO4.7H2O, 0.01 % KH2PO4, 0.01 % chloramphenicol); the solution was 

vortexed and filtered through a nylon filter with 50 µm mesh size. A drop of the pollen filtrate was 

pipetted on a slide, covered with a cover slip and examined under a light microscope for the presence 

of large pollen (Leica DMIRB). When at least 1% large pollen was present, the treatment was 
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considered to be successful. Intact anthers were then immediately used for further crossings (see 

below). Germination of the large pollen was determined after 24 h.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

7.2.2.4 2N pollen induction by in vivo N2O fumigation 

N2O treatments were performed in a pressure tolerant vessel at 6 bar for 48 h (Fig 7.2). Preliminary 

experiments of 24, 48 and 72 h on each genotype showed that physiological effects (chlorosis) on the 

plant were observed after 72 h, but only in the hybrid B. cucullata x B. subvillosa. Based on this, a 

treatment period of 48 h was maintained in this study. After treatment, plants were grown in the 

greenhouse until flowers opened. Similar to trifluralin treatments, 3 to 5 anthers were monitored for 

the presence of large pollen. The other anthers were then immediately used for crossings. 

 

 

Figure 7.2: N2O treatments were performed in a pressure tolerant vessel. 

 

 

 

Figure 7.1: Inflorescence of B. fischeri. The inflorescence (arrow) contains several developing flower buds, 

each differing only slightly in development. 

 7 mm 
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7.2.2.5 Crossing experiments and progeny analysis 

For crossing experiments, only flowers producing at least 50% large pollen were used. Seed parents 

were not subjected to N2O or trifluralin treatments to prevent female macrosporogenesis from resulting 

in 2n egg cells. Successful crosses are described in the results (Table 7.5). Obtained seeds were grown 

in vitro and finally acclimatised in the greenhouse.  

Flow cytometry was used to determine ploidy levels of the hybrids. Histograms were made of 

both parents and hybrids with B. fischeri as an internal reference, since the genome size of B. fischeri 

is about threefold that of the other genotypes (chapter 3). The ratio between the relative peak position 

of samples and the internal reference was determined to evaluate ploidy level of samples. 

 

7.2.3 Experiment 3: Interspecific hybridization  

 

Interspecific crosses were performed between 19 Begonia species from different sections and with 

different chromosome numbers and genome size (Table 7.2).  

 

Table 7.2: Origin, botanical classification, genome size and chromosome numbers of the used Begonia 

species as described in chapter 3. 

Species Origin Section Genome size 

1C (pg DNA) 

Chromosome 

number (2n) 

B. listada America Pritzelia 0.31 56 

B. echinosepala var. elongatifolia America Pritzelia 0.32 56 

B. coccinea  America Pritzelia 0.56 56 

B. corallina America Gaerdtia 0.78 56 

B. albo-picta America Gaerdtia 0.58 56 

B. solananthera America Solananthera 0.57 56 

B. luxurians var. ziesenhenne America Scheidweileria 0.32 56 

B. odorata America Begonia 0.56 52 

B. subvillosa var. leptotricha America Begonia 0.29 34 

B. cucullata  America Begonia 0.30 34 

B. schmidtiana America Begonia 0.38 34 

B. venosa America Begonia 0.25 30 

B. ulmifolia America Donaldia 0.25 30 

B. heracleifolia America Gireoudia 0.75 28 

B. boliviensis America Barya 1.46 28 

B. pearcei America Eupetalum 1.46 26 

B. dregei Africa Augustia 0.66 26 

B. grandis spp. evansiana Asia Diploclinium 0.68 26 

B. diadema Asia Platycentrum 0.58 22 

 

Five fruits were pollinated per cross. The resulting seeds were initiated on in vitro medium in petri 

dishes. Just before transferring plantlets to jar, hybrids could be easily distinguished morphologically 

from seedlings obtained by self pollination. About 200 (if present) putative hybrids were visually 

selected at this stage and transferred from petri dish to jar. After acclimatization in the greenhouse, the 

hybrid status of the seedlings was checked with AFLP or flow cytometry in case the genome size of 

the parent plants was different. Twenty hybrids of each cross were further maintained. When hybrids 
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flowered, pollen was evaluated microscopically. At least 3 flowers were investigated per hybrid, and 5 

to 10 hybrids per cross.  

 

7.2.4 Experiment 4: Temperature based enrichments of 2n pollen production 

 

B. „Anna Christine‟ and B. „Rubaiyat‟ both produce large pollen in a low frequency (1-2%; chapter 4). 

About one year old flowering cuttings of both cultivars were transferred to the climate room at 

day/night temperatures of 25/23°C and a relative humidity (RH) of 80%. The photosynthetic period 

was extended to 16h.day
-1

 (Photosynthetic photon flux density 40 µmol m
-2

s
-1

). The production of 

large pollen was monitored over time, as indicated in the results. 

 

7.2.5 Experiment 5: Flow cytometric sorting of large pollen 

 

7.2.5.1 Sample analysis 

Begonia pollen were submerged in demineralised water and filtered through a filter with 50µm mesh 

size. The pollen filtrate was analysed based on the forward scatter (FS), sideward scatter (SS) and 

fluorescence signals (FL) using the Partec PAS III flow cytometer equipped with an argon laser (488 

nm). The obtained FS signal is related to the approximate particle size, the SS signal to the cell 

complexity or granularity. As such, cells with similar size and shape can be identified by a 

combination of FS and SS signals. FL signals can be related to the level of (auto)fluorescence of the 

analysed cells. Before analysis, the different channels were calibrated using commercial fluorescence 

2 µm beads (Partec). 

Artificial pollen mixtures of large and small pollen were made of a) B. ulmifolia and B276, b) 

B. schmidtiana and B. „Florence Rita‟, and c) B. odorata and B. „Florence Rita‟. As described in 

chapter 4, B. schmidtiana and B. ulmifolia produce small pollen, B. „Florence Rita‟ and B276 large 

pollen, and B. odorata intermediate sized pollen. Before analysing pollen mixtures, the individual 

pollen samples were analysed. As 2n pollen producers, B. „Orococo‟ and B. „Bubbles‟ were selected. 

 

7.2.5.2 Sorting 

The Flow Chamber (Partec) has a piezo valve and an electronic device for the piezoelectric activation. 

The diamant piezo deflects the cells of interest in a second branch of the flow cell. During the 

piezoelectric activation, a pressure wave is generated and, as a consequence, a small volume of sheath 

fluid is deflected together with the cell of interest. Dilution should be considered at the end of the 

process. The piezo activation of sorting process is repeated each time there is a cell to sort, according 

to the acquisition signals. About hundred of particles per second were analysed and eventually sorted 

during the process. According to gating, the computer decides what cells need to be sorted before they 

reach the piezo element.  
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7.3 Results 

 

7.3.1 Experiment 1: Temperature based induction of 2n pollen 

 

7.3.1.1 Heat stress treatments 

The sudden rise of temperature to 40°C or 35°C resulted in complete or partial dehydrated flower buds 

and peduncles, while also physiological reactions such as leaf drop and chlorosis became visible on 

the leaves within a few days (Fig. 7.3). No pollen could be analysed at these temperatures. 

At 30°C, all inflorescences developed normally (except for B. ulmifolia) and were further 

monitored for the production of large pollen during 8 weeks. Flower buds of B. odorata produced only 

bad, sterile pollen during this period, while flower buds of B. coccinea dropped shortly before 

opening.  

At 25°C, inflorescences of all species developed normally but only normal ellipsoidal pollen 

were observed. 

 

 

 

 

 

 

 

 

 

Figure 7.3: Temperatures of 40 and 35°C resulted in dehydrated flower buds or peduncles (left) and 

physiological reactions of leaves (right).  

 

7.3.1.2 Cold stress treatments 

At both 8 and 12°C, the development of the inflorescences stopped in B. odorata and B. ulmifolia, 

while physiological reactions became visible on the leaves. In B. coccinea, the development of the 

inflorescences was slowed down and flowers dropped before opening (about 7 weeks after initiation). 

Physiological reactions were not observed in B. coccinea. 

 

 

   3 cm     2 cm 
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7.3.2 Experiment 2: Chemical based induction of large pollen 

 

7.3.2.1 Influence of liquid cell cycle disruptors on meiosis 

Pollen mother cells (PMC) of B. fischeri affected by trifluralin treatments contained highly variable 

numbers of nuclei (between 1 and 10) with highly variable sizes (Fig. 7.4), while PMCs in the control 

buds ended with four nuclei of equal size. The number of PMCs containing a deviating number of 

nuclei compared to the control was obviously lower at 10 µM than at 100 and 1000 µM (Fig. 7.5). At 

the end of meiosis, a fluorescent cell wall was observed around the pollen mother cells at all 

concentrations, which indicates that cytokinesis was inhibited and multinuclear monads were formed.  

Pollen mother cells treated with MG 132, caffeine and binuclein 2 all resulted in normal tetrad 

formation. In case of benzobenil and puromycin, a small fraction of the PMCs resulted in polyads. 

With exception of trifluralin, none of the compounds showed interesting features to induce large 

pollen formation and were not used in further treatments. 

 

 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.4: Effect of trifluralin on pollen mother cells of B. fischeri. A: untreated control containing 4 equal 

nuclei. B: treated pollen mother cells (indicated by arrows) containing a variable number of nuclei with 

different size. C: treated pollen mother cells finally form a cell wall (which is fluorescent after DAPI 

staining) without cytokinesis, resulting in a monad. 



  Chapter 7: Induction of 2n pollen 

 139 

Trifluralin concentration (µM)

0 10 100 1000

%

0

20

40

60

80

<4 nuclei

>4 nuclei

4 nuclei

 

Figure 7.5: Effect of trifluralin concentration on the number of nuclei formed within pollen mother cells of 

B. fischeri (n = 300).  

 

7.3.2.2 Effect of trifluralin on pollen formation 

Flower buds treated with trifluralin formed large spherical pollen for the male fertile genotypes B. 

cucullata, B. subvillosa and B. fischeri. In the sterile hybrids only flat shrunken pollen were observed 

(Table 7.3). In B. cucullata and B. subvillosa, two distinct pollen populations were observed. Large 

spherical pollen achieved a size of 23-30 µm (diameter) while the size of normal elliptical pollen (long 

axis) varied between 16 and 20 µm. For B. fischeri, the normal pollen size varied between 23 and 28 

µm; large pollen measured between 30 and 36 µm. 

Only buds flowering 14 days after treatment produced large pollen. These flowers were 

associated with buds of 4 mm at the time of treatment. A small number of flowers collected 13 or 15 

days after treatment also produced large pollen. Buds flowering earlier than 13 or later than 15 days 

after treatment never produced large pollen. In all cases, only one flower of the complete inflorescence 

produced large pollen. 

Figure 7.6 shows that the percentage of large pollen obtained within a single flower can be 

very variable. The germination capability for the large pollen was also highly variable. Germination 

was usually low when the percentage of large pollen was high. In several cases, two or three 

germination tubes and tube branching were observed from a single pollen grain. DAPI staining of 

these germinated pollen revealed that in all cases, only one of the germination tubes contained a 

vegetative and generative nucleus (Fig. 7.6). 
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A few treatments also resulted in the formation of 100% large but malformed pollen. Since this pollen 

is not able to germinate and may not result in progeny, these treatments were not considered 

successful.  

 

Table 7.3: Effect of trifluralin (applied on small flower buds) on the formation of large pollen in mature 

flowers of different Begonia genotypes. 

Trifluralin 

concentration 

(µM) 

Genotype N° of 

inflorescences 

treated1 

N° of 

inflorescences 

survived 

N° of successfully 

treated 

inflorescences2 

     

10 

B. cucullata 52 45 7 

B. fischeri 62 57 1 

B. subvillosa  3 2 2 

B. subvillosa x B. cucullata 39 36 0 

B. schmidtiana x B. cucullata 58 43 0 

     

100 

B. cucullata 54 45 12 

B. fischeri 60 43 3 

B. subvillosa  15 9 2 

B. subvillosa x B. cucullata 55 47 0 

B. schmidtiana x B. cucullata 52 50 0 

     

1000 
B. fischeri 6 5 1 

B. subvillosa  1 1 0 

1
Inflorescences were treated when one of the flower buds reached the appropriate size (4 mm). 

2
A treatment was considered to be successful when one of the flowers of the inflorescence produced large pollen. 
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Figure 7.6: Characteristics of pollen affected by trifluralin. A: Percentage of large pollen formation (black 

bars) and germination capability of the large pollen (white bars) of different B. cucullata flowers treated 

with 100 µM trifluralin. B: Pollengrain (encircled) forming 2 germination tubes. Only in one of the 

germination tubes, a nucleus was observed after DAPI staining (arrow). C: DAPI fluorescence image of 

large and normal pollen (B. cucullata). Large round pollen (arrowhead) contain larger nuclei compared to 

normal ellipsoidal pollen (arrows). As in normal pollen, large pollen contain one vegetative and one 

generative nucleus. 

 

7.3.2.3 Effect of N2O on pollen formation 

Treatments with N2O were mainly successful with the sterile hybrid B. schmidtiana x B. cucullata 

(Table 7.4). This hybrid produced viable spherical pollen (18 - 26µm) in 14 out of the 49 treated 

inflorescences. Similar to trifluralin treatments, only one flower per treated inflorescence produced 

large pollen and all flowers producing large pollen were collected 14 days after treatment. In two 

cases, two flowers (collected 14 and 15 days after treatment) of the same inflorescence produced large 

A 

B C 
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pollen. The percentage of large pollen and the germination capability was highly variable (Fig. 7.7). In 

contrast to trifluralin treatments, germination was high when the number of large pollen was high. In 

some cases, two or three germination tubes and tube branching was observed, similar to trifluralin 

treatments. 

 

Table 7.4: Effect of N2O (applied on small flower buds) on the formation of large pollen in mature flowers 

of different Begonia genotypes. 

Genotype  
N° of inflorescences 

treated1 

N° of inflorescences 

survived 

N° of successfully treated 

inflorescences2 

B. cucullata 18 12 0 

B. fischeri 59 58 0 

B. subvillosa  1 1 1 

B. subvillosa x B. cucullata 15 14 0 

B. schmidtiana x B. cucullata 49 36 14 

1
Inflorescences were treated when one of the flower buds reached the appropriate size (4mm). 

2
A treatment was considered to be successful when one of the flowers of the inflorescence produced large pollen. 

 

 

Figure 7.7: Percentage of large pollen formation (black bars) and germination capability of the large 

pollen (white bars) of different B. schmidtiana x B. cucullata flowers treated with N2O.  
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7.3.2.4 Crossing experiments and ploidy determination of progenies  

From the different crosses with pollen obtained after trifluralin treatment, only one hybrid of the cross 

B. subvillosa x B. cucullata was triploid (Table 7.5; Fig 7.8). Beside the hybrids, a large number of 

seedlings from selfing (or apomixis) were obtained when B. cucullata or B. subvillosa were used as 

seed parent.   

In crosses made with flowers producing large pollen after N2O treatment of the hybrid B. 

schmidtiana x B. cucullata, all seedlings obtained were raised in ploidy level (Table 7.5). With B. 

schmidtiana and B. subvillosa as the seed parents, all seedlings were triploid, with exception of one 

tetraploid seedling. With B. schmidtiana x B. cucullata as seed parent (which is male but not female 

sterile), the majority of the seedlings were tetraploid. The control cross, between untreated pollen of B. 

cucullata and B. schmidtiana x B. cucullata as seed parent, showed that triploids were also formed in 

this cross. This was not the case in all other control crosses, which suggests that the hybrid B. 

schmidtiana x B. cucullata produced 2n egg cells. Selfing of B. schmidtiana x B. cucullata did result 

in early abortion of the fruit or the formation of malformed seeds as a result of the male sterility. 

 

Table 7.5: Ploidy determination of seedlings obtained after crosses with large pollen resulting from 

trifluralin treatments and N2O fumigation. Crosses were only performed when the flower produced at 

least 50% large pollen. 

Cross No of male 

flowers 

used 

No of 

flowers 

pollinated 

No of 

seedlings 

grown 

No of 

obtained 

hybrids1 

No of progeny at 

each ploidy level  

♀ ♂ 2x 3x 4x 

         

Control crosses with untreated pollen         

B. cucullata B. cucullata 2 3 200 -2 200 0 0 

B. subvillosa  B. cucullata 3 3 400 302 302 0 0 

B. subvillosa x B. cucullata B. cucullata  2 5 63 63 63 0 0 

B. schmidtiana x B. cucullata B. schmidtiana x B. cucullata  3 5 0 0 - - - 

B. schmidtiana x B. cucullata B. cucullata  2 2 35 35 10 25 0 

B. schmidtiana B. cucullata  2 3 50 50 50 0 0 

         

Crosses with trifluralin treated pollen         

B. cucullata B. cucullata 2 2 222 -2 222 0 0 

B. subvillosa B. cucullata 3 3 600 206 205 1 0 

B. cucullata B. subvillosa 1 1 200 0 - - - 

         

Crosses with N2O treated pollen         

B. schmidtiana x B. cucullata B. schmidtiana x B. cucullata  5 9 83 83 0 19 64 

B. subvillosa B. schmidtiana x B. cucullata  3 5 640 13 0 12 1 

B. schmidtiana B. schmidtiana x B. cucullata  2 4 46 46 0 46 0 

B. cucullata B. schmidtiana x B. cucullata  1 2 306 0 - - - 

1
Progeny of cross pollination (hybrids) could easily be morphologically distinguished from self-pollination. Self-

pollination frequently occurs in B. subvillosa and B. cucullata. 

2
In case of self pollination, all seedlings were screened for ploidy level. 



  Chapter 7: Induction of 2n pollen 

 144 

 

 

 

 

 

 

 

 

 

 

 

 

7.3.3 Experiment 3: Interspecific hybridization 

 

From the 156 cross combinations performed, 27 generated viable hybrids (Table 7.6). In case of B. 

coccinea x B. cucullata and B. odorata x B. dregei, only 1 hybrid seedling could be obtained, from 

which the first one died shortly after acclimatization. In all other succesfull crosses, at least 5 hybrids 

were obtained. Phenotypic characteristics of the hybrids were obviously intermediate to the 

phenotypic characteristics of the parent plants; in particular the leaf morphology (Fig. 7.9, Fig. 7.10).  

First of all, succesfull crosses were observed when species within the section Begonia were 

cross hybridized. Among them, B. cucullata, B. subvillosa var. leptotricha and B. schmidtiana had 

equal chromosome numbers (2n = 34), while B. odorata contained a higher chromosome number (2n 

= 52). The genome sizes of B. cucullata and B. subvillosa var. leptotricha were similar (about 0.30 

pg), but lower compared to those of B. schmidtiana (0.38 pg) and B. odorata (0.56 pg). Another 

species from the section Begonia, B. venosa (2n = 30; 1C = 0.25 pg), did not cross with these species. 

Secondly, hybrid progenies were obtained from crosses between species belonging to different 

sections, but all containing 56 chromosomes (B. coccinea, B. corallina, B. albo-picta, B. 

solananthera). Genome sizes of these species varied between 0.56 pg and 0.58 pg, except for B. 

corallina which had a larger genome size of 0.78 pg. Finally, hybrids were obtained from crosses 

between species with a very divergent botanical origin, different chromosome numbers and/or genome 

sizes as in B. dregei x B. coccinea; B. dregei x B. corallina, B. boliviensis x B. coccinea, B. odorata x 

B. dregei, B. pearcei x B. grandis, B. subvillosa x B. ulmifolia, B. echinosepala var. elongatifolia x B. 

luxurians var. ziesenhenne and B. echinosepala var. elongatifolia x B. venosa.  

Figure 7.8: The single triploid seedling next to a representative diploid seedling of the cross B. subvillosa x 

B. cucullata. Large pollen were induced in B. cucullata after trifluralin treatments. The triploid seedling is 

more compact than the diploid seedling. 
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Table 7.6: Overview of the performed interspecific crosses with different Begonia species. Combinations 

resulting in viable hybrids are marked with ’o’, combinations which did not result in hybrids with an ‘x’. 

  
 B

. 
lis

ta
d
a
 

 B
. 
e
c
h
in

o
s
e
p
a
la

  

 B
. 
c
o
c
c
in

e
a
  

 B
. 
c
o
ra

lli
n

a
  

 B
. 
a
lb

o
-p

ic
ta

 

 B
. 
s
o
la

n
a
n
th

e
ra

 

 B
. 
lu

x
u
ri
a

n
s
  

 B
. 
o
d
o
ra

ta
 

 B
. 
s
u
b
v
ill

o
s
a
 

 B
. 
c
u
c
u
lla

ta
 

 B
. 
s
c
h
m

id
ti
a

n
a
 

 B
. 
v
e
n
o
s
a
  

 B
. 
u
lm

if
o
lia

  

 B
. 
h
e
ra

c
le

if
o
lia

 

 B
. 
b
o
liv

ie
n
s
is

 

 B
. 
p
e
a
rc

e
i 

 B
. 
d
re

g
e
i 

 B
. 
g
ra

n
d
is

 

 B
. 
d
ia

d
e
m

a
 

B. listada   x x x x x x x x x   x x   x x x x x 

B. echinosepala      x x x x o x x x   o x   x       x 

B. coccinea    x   o o o x x x o   x x         x   

B. corallina    x o   o o x x x x   x x   x x o x x 

B. albo-picta   x o o   o x x x x   x x   x       x 

B. solananthera   x     o   x x x     x x             

B. luxurians    x x x   x   x x x   x x   x       x 

B. odorata   x x x x x x   o o   x x   x   o x x 

B. subvillosa   x x x x   x o   o   x o             

B. cucullata   x x x x   x o o    x     x   x   x 

B. schmidtiana                   o                   

B. venosa     x                                 

B. ulmifolia    x x x x x x x x     x               

B. heracleifolia    x x x x x x x x x   x x             

B. boliviensis     o         x   x                   

B. pearcei               x       x           o   

B. dregei     o o     x   x x   x           x x 

B. grandis                   x                   

B. diadema                       x               

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 7.9: B. grandis spp. evansiana (left) passes the red nerves to a part of the progeny in B. pearcei x B. 

grandis spp. evansiana (right). 
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Figure 7.10: Leaf characteristics of interspecific hybrids and parent plants. At each picture, the leaf of the 

interspecific hybrid is represented (middle) next to leaves of the seed parent (left) and pollen parent 

(right). A: B. echinosepala x B. luxurians. B: B. echinosepala x B. venosa. C: B. subvillosa x B. cucullata. D: 

B. subvillosa x B. ulmifolia. E: B. corallina x B. albo-picta. F: B. corallina x B. solananthera. 

 

Most of the obtained F1 hybrids were male sterile. All hybrids of B. dregei x B. corallina, B. dregei x 

B. coccinea, B. corallina x B. dregei and B. pearcei x B. grandis dropped their male flower before 

opening, while this was not the case in both parents. In the hybrids obtained from B. odorata, B. 

subvillosa var. leptotricha, B. cucullata, B. schmidtiana and B. ulmifolia, only bad shaped sterile 

pollen were observed. Bad pollen was also observed in the cross between B. solananthera x B. albo-

picta and the reciprocal cross. However, one hybrid of B. solanthera x B. albo-picta produced normal 

pollen simultaneously with 8% large putative 2n pollen. Hybrids from the cross B. echinosepala var. 

elongatifolia x B. luxurians var. ziesenhenne were nearly sterile. About 1% of the pollen had a good 

shape and a germination ratio of 0 to 0.5% was observed. Hybrids obtained from crosses between B. 

coccinea, B. corallina and B. albo-picta formed a high number of normal ellipsoidal fertile pollen, 

with germination ratios up to 85% for B. corallina x B. coccinea hybrids. Hybrids of four crosses did 

not flower at all during the first 3 years and were not evaluated. 
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7.3.4 Experiment 4: Temperature based enrichments of 2n pollen 

 

Based on the observations in experiment 1, temperatures of 30°C or higher generally result in the 

production of sterile pollen or the premature drop of flower buds. Hence, a temperature of 25 °C was 

maintained to monitor the production of large pollen in B. „Anna Christine‟ and B. „Rubaiyat‟. 

 

7.3.4.1 B. ‘Anna Christine’  

During the first three days after starting the treatments at 25°C, all plants (controls and climate room 

plants) exhibited a frequency large pollen of about 2-3% (Fig. 7.11). However, 6 to 12 days after 

initiation, all climate room (CR) plants showed a strong increase in large pollen production (up to 

25%), while this was not the case in the controls. In all CR plants, the frequency large pollen was 

highest 10 days after initiation whereafter a decrease in frequency was observed. At later stages, all 

flower buds of the CR plants dropped before flowering and no pollen could be evaluated, in contrast to 

the control. 

 

7.3.4.2 B. ‘Rubaiyat’  

Both CR and control plants of B. „Rubaiyat‟ produced large pollen in a frequency less than 3%, 

although there were some small fluctuations (Fig. 7.11). There was not a strong increase in frequency 

over time, but, in contrast to B. „Anna Christine‟, no flowers dropped and pollen production could be 

monitored for a longer period.  
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Figure 7.11: Large pollen production over time in climate room plants (CR) and controls of B. ‘Anna 

Christine’ (left) and B. ‘Rubaiyat’ (right). 
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7.3.5 Experiment 5: Flow cytometric sorting of large pollen 

 

7.3.5.1 Analysis of artificial pollen mixtures 

In the pollen mixture of B. ulmifolia and B276, 2 peaks could be observed in all channels (FS, SS and 

FLI). Dot plots of the different channels could clearly distinguish the two populations (Fig. 7.12). This 

was also the case in the mixture of B. schmidtiana and B. „Florence Rita‟ (Fig. 7.13).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A B C 

D E F 

Figure 7.12: Analysis of an artificial pollen mixture of B. ulmifolia and B276. In the first row (A-C), histograms 

are represented of the different channels. The left peak represents B. ulmifolia pollen, the right peak B276 

pollen. In the second row (D-F), dot plots are represented of the different channels. 
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In the pollen mixture of B. odorata and B. „Florence Rita‟, the signals of both pollen populations were 

difficult to distinguish in the FS and SS channel but they were very obvious in the fluorescence 

channel (Fig 7.14).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.13: Analysis of a mixture of B. schmidtiana (left) and B. ‘Florence Rita’ (right) pollen. At each 

channel, 2 peaks were present. The encircled peak represents a background signal of fluorescence beads 

used for the calibration of the flow cytometer. 

Figure 7.14: Analysis of a B. odorata and B. ‘Florence Rita’ pollen mixture. Only at the fluorescence 

channel (Fl1), 2 obvious peaks were present. Arrows at the Fl1 channel represent the 2 different pollen 

peaks. The second (right) peak (B. ‘Florence Rita’) is subdivided in a larger peak derived from bad 

shrunken but highly fluorescent pollen, and a smaller peak derived from normal but less fluorescent pollen. 

The encircled peak represents a background signal of fluorescence beads. 
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In some samples, the fluorescence signal of B. „Florence Rita‟ pollen was subdivided in two separate 

peaks (Fig 7.14). Microscopical investigation of the pollen showed a strong difference between the 

autofluorescence signals of shrunken and normal pollen of B. „Florence Rita‟ (Fig 7.15). The shrunken 

and normal pollen of B. „Florence Rita‟ then results in 2 separate peaks in the flow cytometric 

histogram. Furthermore, there was a visible difference in autofluorescence intensity between pollen of 

different samples (Fig 7.15). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

7.3.5.2 Analysis of 2n pollen producers 

When pollen of B. „Orococo‟ were analysed, no subpopulations were observed in any of the channels. 

This is in contrast with pollen of B. „Bubbles‟, where 2 different populations were observed in the FS 

channel. A part of the population was selected to sort as represented in Figure 7.16, but despite several 

efforts no enrichment of the large pollen population was obtained. Moreover, the final pollen sample 

obtained after sorting was so diluted that, even after centrifugation of this sample, the number of 

pollen was extremely low (not quantified). 

 

 

 

 

 

 

 

Figure 7.15: Pollen mixture of B. schmidtiana (Bs) and B. ‘Florence Rita’ (BFR) observed with normal 

light (A) and blue autofluorescence after violet excitation (as used for DAPI fluorescence) (B). The 

autofluorescence intensity of B. schmidtiana pollen was much lower than of B. ‘Florence Rita’. In 

particular the bad shrunken pollen produced a high level of autofluorescence. 
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7.4 Discussion 

 

Since 2n gametes in a genus are rather exceptional, an efficient method of inducing 2n gametes is 

needed. Furthermore, the frequency of spontaneous 2n gametes may be too low for practical breeding. 

A first method to influence the production of 2n gametes is by manipulating environmental 

conditions. Currently, knowledge about the possibility to induce 2n gametes by manipulation of the 

temperature is limited. Lokker et al. (2004) exposed four complete sterile lily genotypes to heat shock 

treatments and observed that three of the four genotypes became fertile by the production of viable 2n 

gametes. Within the investigated Begonia genotypes B. coccinea, B. ulmifolia and B. odorata, 

temperature manipulation did not result in the production of large putative 2n pollen. However, when 

other temperature regimes are exploited as was used by Lokker et al. (2004), it is not excluded that 2n 

pollen can be induced by strong temperature fluctuations.  

A strong increase of temperature resulted in pollen sterility. Other studies as in rice, mango 

and Sorghum have already shown that pollen fertility may be temperature dependent (Issarakraisila 

and Considine, 1994; Yang et al., 2004; Jain et al., 2007; Oliver et al., 2007; Endo et al., 2009). 

Issarakraisila and Considine (1994) showed that the stage most sensitive to the degree and duration of 

temperature stress was that from meiosis to the pre vacuolated microspore. Also Yang et al. (2004) 

found that temperature at meiosis was a key factor in pollen development.  

Although temperature variation was not successful to induce large pollen, it may affect the 

frequency of large pollen production as shown in B. „Anna Christine‟. The same effect was not 

Figure 7.16: FS histograms of B. 'Bubbles' pollen (from 3 different flowers) and the selection bars (RN1) 

used for sorting. Only pollen between the selection bars were sorted. Different stringency was used for 

the selection. 
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observed in B. „Rubaiyat‟. Also other experiments in among others potato, rose and Lotus tenuis 

(Veilleux and Lauer, 1981; Werner and Peloquin, 1987; Negri and Lemmi, 1998; Crespel et al., 2006) 

have shown that 2n pollen production and pollen fertility may be strongly affected by temperature.  

 

In contrast to the temperature based induction of 2n pollen, both trifluralin and N2O treatments are 

effective ways to increase pollen size (which is related to DNA content) in certain Begonia genotypes. 

Other compounds tested as binucleine 2, puromycin, benzobenil, MG 132 and caffeine showed no 

interesting features to disrupt meiosis and will not be further discussed. 

N2O has been used previously in tulips (Okazaki et al., 2005) and lilies (Barba-Gonzalez et al., 

2006; Akutsu et al., 2007) to induce 2n gametes and to restore fertility in sterile genotypes. It has been 

shown in these cases that the most useful time to start treatments is when the pollen mother cells 

proceed through meiosis, but the efficiency of the treatments may vary dependent on the exact stage of 

meiosis. In contrast with Begonia, both tulips and lilies have a successive type of meiosis, where 

cytokinesis occurs after both meiosis I and II. During this study, Begonia genotypes were treated with 

N2O when the flower size was consistent with the initiation of meiosis (about 4 mm), although the 

exact meiotic stage was not monitored during treatment. The main reason for this is that anthers at the 

meiotic stage are still very small (less than 2 mm) and flowers may be easily harmed and become 

useless when anthers are removed to check the meiotic stage. This may explain, just as for trifluralin 

treatments, the variation in the number of flowers producing large pollen within a genotype. Bud size 

could be correlated to the developmental stage of the pollen in Lilium longiflorum as well (Akutsu et 

al., 2007).  

The success of the treatment was genotype specific, as also observed in Lilium hybrids (Barba-

Gonzalez et al., 2006). However, as mentioned above, the exact meiotic stage was not monitored 

during treatment. It cannot be excluded that when a stringent cytological monitoring of meiosis is 

performed before treatment, large pollen could also be induced in all genotypes. Good timing of the 

treatments is critical to disturb meiosis and induce large pollen, as meiosis within the genotypes used 

was limited to bud sizes of 3.5 to 4.5 mm. In all cases, large pollen were observed approximately 14 

days after treatment. This is an estimate for the time between meiosis and anthesis of the genotypes 

treated. 

When large and fertile putative 2n pollen of the diploid hybrid B. schmidtiana x B. cucullata 

were used in crossing experiments with a diploid mother plant, all progeny had an increased ploidy 

level. When B. schmidtiana x B. cucullata was used as seed parent, both tetraploids and triploids were 

obtained. Although triploids could be expected from a normal egg cell and a 2n pollen grain, the 

tetraploids can most likely be explained by the occurrence of both normal and 2n egg cells within the 

hybrid. Indeed, when B. cucullata was used as pollinator, both diploids and triploids were formed. In 

contrast, when B. cucullata pollen was used for pollination of B. subvillosa x B. cucullata, all 

seedlings were diploid, which shows that no 2n egg cells are formed within this genotype.  
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Detailed studies on the exact mechanism of N2O mediated chromosome doubling during meiosis are 

limited, but it is suggested that in both mitosis (Östergren, 1954; Kihari and Tsunewaki, 1960; Dvorak 

et al., 1973; Kato and Birchler, 2006) and meiosis (Okazaki et al., 2005; Barba-Gonzalez et al., 2006; 

Akutsu et al., 2007), N2O disrupts the spindle mechanism. As a result of N2O treatment, not only 

euploids are formed, but aneuploidy is frequently observed. In Lilium, Barba-Gonzalez et al. (2006) 

showed that N2O fumigation produced mainly first division restitution (FDR) gametes, which indicates 

a disruption of meiosis I. Furthermore, Kitamura et al. (2008) showed in Lilium that microtubules were 

depolymerised during metaphase I, which prevented chromosomes from moving to the poles. 

However, cell plate formation was not inhibited. Further cytological investigations on the Begonia 

hybrids should give more information on exact chromosome numbers of the hybrids, since flow 

cytometry cannot distinguish between true triploids and near triploids (aneuploids) but can only 

classify into ploidy levels close to their relative DNA content.  

The use of trifluralin to induce 2n pollen by affecting meiosis is as yet unexploited, although 

Kato (1999) used trifluralin to induce bicellular pollen (with one vegetative and one mitotically 

arrested diploid generative cell) by spraying tassels of maize. This resulted in triploid progeny. 

Trifluralin has been used as an antimicrotubule agent during mitosis (Wan et al., 1991; Zlesak et al., 

2005; Dhooghe et al., 2009b), but our results show that it also affects meiosis and results in the 

production of large pollen grains. Trifluralin treatments resulted in the formation of multinuclear 

monads, indicating that cytokinesis was inhibited. During further maturation of the pollen, these nuclei 

restituted, which resulted in binuclear pollen with a vegetative nucleus and a generative nucleus. A 

very similar effect was observed when pollen mother cells of Triticum aestivum were treated with 

0.01% colchicine (Dover, 1972). In this case, a multipolar spindle was active during metaphase I and a 

normal bipolar spindle during metaphase II, resulting in a multinuclear cell. In contrast to our 

observations, cytokinesis was normal in Triticum aestivum, which resulted in polyads.  

Microscopical investigations suggest that after trifluralin treatment, 4n rather than 2n pollen 

were formed, although elimination of chromosomes during restitution may result in aneuploid pollen. 

In general, anti-tubulin drugs, which retard tubulin polymerization, lead to abnormal cell division and 

micronuclei formation. This induces not only euploid but also aneuploid plants with abnormal 

chromosome numbers (Iizuka and Ikeda, 1968; Planchais et al., 2000). Although flow cytometric 

efforts were performed to examine the ploidy level of the pollen, no obvious signals were obtained. 

Because of this, the exact DNA content within this pollen could not be determined.   

The features of both meiotic polyploidization techniques differ greatly. N2O is suitable for 

treating organs inside tissues as the gas simply permeates the tissue, thereby protecting the tissues 

from harmful after-effects as soon as the gas is released (Östergren, 1954; Kato, 2002). In this way, 

the permeability of both N2O and trifluralin to the anther may be very different. It is more likely that 

N2O best penetrates the tissues, as N2O is a much smaller molecule than trifluralin and is used as a gas 

under pressure. Both treatments also have a different mode of action. Brinkley and Rao (1973) showed 
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that N2O blocked cells at a more advanced stage of mitosis than the c-mitotic agents, but the exact 

mode of action of N2O remains unclear (Dhooghe et al., 2010). This may explain why both treatments 

have a different effect on the different genotypes. The difference between both techniques was most 

obvious in the sterile hybrid B. schmidtiana x B. cucullata, where fertile pollen could be obtained after 

N2O treatments but not after trifluralin treatments.  

Differences in pollen fertility were observed after N2O and trifluralin treatments. Pollen 

obtained after N2O treatments had a high germination capability, resulting in numerous seedlings with 

raised ploidy level in various cross combinations. In contrast, the germination capability of trifluralin-

induced large pollen was low. Furthermore, large pollen grains that produce two or three germination 

tubes and tube branching indicate a decrease in functionality. This was also observed by Susin and 

Álvarez (1997) in melon, where pollen grains from polyploid melon also showed a lower germination 

percentage and a slower germination rate than monoploid pollen. In crosses with trifluralin treated 

pollen, only one seedling with raised ploidy level was obtained. However, the increase in ploidy level 

could also be due to 2n egg cell formation in B. subvillosa. The tetraploid seedling obtained after the 

cross between B. subvillosa and N2O treated pollen of B. schmidtiana x B. cucullata does imply the 

occurrence of 2n egg cells in B. subvillosa. The formation of 2n egg cells must occur at very low 

frequencies, since the control cross with B. subvillosa did not support the occurrence of 2n egg cells in 

this genotype. The occurrence of tetraploids in tulips after N2O fumigation has also been attributed to 

2n egg formation in the seed parents (Okazaki et al., 2005). Consequently, it is uncertain whether the 

raise in ploidy level of the seedling originates from a 2n pollen grain or a 2n egg cell.  

Our results showed that both trifluralin and N2O treatments effectively enhance DNA content 

in the pollen grains. After trifluralin treatments, pollen had low germination capability and the 

occurrence of progeny with increased ploidy level was extremely low. To the contrary, N2O treatments 

resulted in the establishment of several viable triploids. It is thus a preferable method for the induction 

of 2n pollen in Begonia and possibly for many other genera. 

 

A third approach to obtain 2n pollen producing plants was by interspecific hybridization. An important 

advantage of interspecific hybridization is that once 2n pollen producing hybrids are identified, they 

constantly produce 2n gametes without further treatments. Interspecific Begonia hybrids were 

obtained from crosses between species with a variety in chromosome number, genome size or origin, 

but fertile F1 hybrids could only be obtained from crosses between the species B. albo-picta, B. 

coccinea and B. corallina. They are all South American species with 2n = 56. B. albo-picta and B. 

corallina belong to the section Gaerdtia while B. coccinea belongs to the section Pritzelia. However, 

B. coccinea is morphologically very similar to B. corallina and as previously suggested in chapter 3, 

might rather be classified to the same section. These data show that only crosses between species with 

the same chromosome number and origin produced male fertile offspring within this species set. 

Nevertheless, the genome size (or mean chromosome size) between these species may be strongly 
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different as was the case between B. albo-picta and B. corallina. A similar example can be found in 

Elatior hybrids (Marasek-Ciolakowska, 2010). This group of begonias originates through crosses 

between diploid (TT; n = 14) or tetraploid (TTTT; n = 27 or 28) tuberous begonias (B. x tuberhybrida) 

and diploid B. socotrana (SS; n = 14). The chromosomes of the B. x tuberhybrida group are much 

larger than the B. socotrana chromosomes, but the resulting Elatior hybrids can be fertile. The 

backcross between the triploid TTS and B. socotrana results in progeny, although probably unreduced 

egg cells are involved.  

Large (2n) pollen within the investigated hybrids were absent, with exception of one hybrid of 

the cross B. solananthera x B. albo-picta. Although 2n gametes are frequently reported within 

interspecific hybrids, they still remain a rarity within a population; even within interspecific hybrids. 

Large numbers of hybrids should be investigated to detect genotypes producing 2n gametes. In Lilium 

for instance, only 12 of the 708 OA F1 hybrids produce 2n gametes on a regular basis, while the other 

hybrids were sterile (Barba-Gonzalez et al., 2004). However, as different genes may be active during 

male and female meiosis, male fertility is not necessarily linked to female fertility. Some of the male 

sterile genotypes as B. cucullata x B. subvillosa and B. cucullata x B. schmidtiana have been used as 

seed parent in several crosses. Moreover, 2n egg cells have been detected in B. cucullata x B. 

schmidtiana. This also confirms the assumption that these hybrids, which are very important in the 

history of the economically interesting Semperflorens begonias, produce 2n gametes and finally 

resulted in tetraploids which surpassed the diploid genotypes (Horn, 2004).  

The results show that the use of interspecific hybridization to obtain 2n pollen producing 

hybrids is rather of low importance. Most of the hybrids are sterile or produce only normal pollen. 

Several hybrids must be grown and screened to detect genotypes which produce 2n gametes. The 

efforts required to obtain such hybrids may be too high to be important as a 2n gamete induction 

method. Better is to screen hybrids within an existing breeding program for the presence of 2n 

gametes.  

 

In order to raise the frequency of large pollen within a sample, pollen samples were submitted to flow 

cytometric sorting. Flow cytometry is a potential tool for sorting of protoplasts, pollen (hydrated or 

non hydrated) or even chromosomes (Harkins and Galbraith, 1987; Becker et al., 2003; Eeckhaut et 

al., 2005). Up till now, the technique has not been applied to sort n from 2n pollen. 

By making artificial pollen mixtures of different genotypes, signals at the different channels 

(FS, SS and FL) were observed. The signal at the fluorescence (FL) channel was addressed to the 

autofluorescence of the pollen grains. Beside the signals of the different pollen populations, signals 

were also observed from bad, shrunken pollen in the FL channel. This pollen exhibit a higher 

fluorescence than normal pollen. This was very obvious by microscopical investigation. Differences 

between dead and viable pollen by autofluorescence signals were also observed by Becker et al. 

(2003) in Arabidopsis, while Harkins and Galbraith (1987) in Carya and Eeckhaut et al. (2005) in 
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Bromelia used aniline blue or fluorescein diacetate (FDA) to distinguish dead and viable pollen by 

flow cytometry. 

When the 2n pollen producers B. „Orococo‟ and B. „Bubbles‟ were analysed, only in B. 

„Bubbles‟ 2 different populations were identified at the FS channel. Further attempts to sort these 2 

fractions were unsuccessful. The final sample did not show an obvious increase in large pollen while 

the concentration of pollen was very low (not quantified). Harkins and Galbraith (1987) showed in 

their sorting system for large particles (> 10 µm) a complex interaction among sorting efficiency, 

particle diameter, flow cell tip diameter and crystal drive frequency. This interaction can be 

satisfactorily explained in terms of interference effects owing to phase differences between the 

particle-induced disturbance and the undulation driven by the bimorphic crystal. Instrument 

modifications may be required for large particle sorting. Galbraith and Lucretti (2000) noted that large 

size of pollen grains is responsible for flow tip clogging and for flow perturbations, both of which 

affect analysis and sorting performance. These problems can be avoided by increasing the viscosity of 

the medium and by using large diameter flow tips. Hence, system settings should be optimised which 

may explain the low sorting efficiency of the Begonia pollen. Consequently, further optimization of 

this sorting system is necessary to draw reliable conclusions about the sorting efficiency of the system 

and the possibility to use the final sorted sample for crossings.  

 

7.5 Conclusion 

 

Several ways to induce 2n pollen or increase the 2n pollen frequency were tested. The most successful 

results to induce 2n pollen were obtained after N2O fumigation of flower buds. Since it also has been 

applied successfully in lilies and tulips, the technique is very promising for application in other 

genera. Also other cell cycle inhibitors like trifluraline, oryzalin and colchicine should be further 

tested in other genera. Their effect on meiosis may be different in other genera and more experiments 

on this topic may contribute to a better view on the use of these cell cycle disruptors to induce 2n 

pollen formation. 

 To increase the frequency of 2n pollen formation, other methods can be used as temperature 

fluctuations. The effect is however genotype dependent, and different genotypes will react different 

on temperature fluctuations. Hence, optimal temperatures to increase the frequency of 2n pollen may 

vary between cultivars. Also flow cytometric sorting of large pollen remains an option, but further 

optimization of the sorting device is still necessary to give reliable conclusions. 
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8 General discussion, conclusion and perspectives 

 

Polyploidization can be a major mechanism for crop improvement since it results in new phenotypic 

characteristics, it allows to restore fertility of sterile hybrids and to overcome problems with 

interploidy crosses. The use of 2n gametes to obtain polyploids may offer an alternative for the 

frequently used mitotic chromosome doubling techniques which have been successfully applied in 

breeding programs of several genera. 2N gametes have been reported in many genera, but their 

conscious use in (ornamental) breeding is –with exception of some genera as Lilium- less exploited. 

The main objectives of this PhD were to a) develop and evaluate techniques to use 2n gametes 

in practical plant breeding and b) examine the genetic consequences of 2n gametes in plant breeding, 

in particular ornamental breeding. Therefore, Begonia is an excellent model plant for several reasons: 

the large germplasm available, the long flowering time throughout the year and the high number of 

flowers per genotype, the high seed set and the short reproduction time, easy to propagate vegetatively 

by cuttings, the separate male and female flowers, the ease to isolate anthers, the high number of 

pollen produced per flower and the presence of 2n gametes within several genotypes. The major 

drawback to use Begonia are the small chromosomes which hinders cytological research.  

 

One of the basic aspects to investigate when starting a breeding program, is the variation in 

chromosome numbers within the collection. The genus Begonia however, is characterised by a high 

variety in chromosome numbers and a basic chromosome number within the genus is absent. Mostly, 

x = 11, 13 or 14 are proposed as basic chromosome numbers but many botanical subgroups appear to 

be characterized by particular chromosome numbers. Some authors (Matsuura and Okuno, 1936;  

Matsuura and Okuno, 1943; Okuna and Nagai, 1953; Okuna and Nagai, 1954) also suggested x=6 and 

x=7 and x = 13 as basic chromosome number where the last may be of secondary origin. By using 

GISH in Elatior begonias, Marasek-ciolakowska (2010) concluded that x = 7 may indeed be the basic 

chromosome number of B. socotrana although this basic chromosome number cannot explain x = 11 

suggested in Taiwanese begonias. However, the „diploid‟ species with a chromosome number of 2n = 

22 investigated by Oginuma and Peng (2002) express secondary constriction chromosomes which 

might indicate that some chromosomes have dissapeared after translocation during the genome 

stabilization process. Only 1 species, B. fenices (2n = 26) did not express obvious secondary 

constriction, although the exact position of centromeres could not be determined for some 

chromosomes. This might indicate also x = 13 (or x = 6 and 7) as original basic chromosome number. 

However, few studies have looked to the role of chromosomes in Begonia evolution in general and 

more karyomorphological data is necessary to draw reliable conclusions.  
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Because the genus Begonia is lacking a clear basic chromosome number, the term ploidy level is 

difficult to use. Furthermore, chromosomes are very small and difficult to count. Therefore, genome 

sizes were estimated by flow cytometry as a quick method to express the nuclear DNA content by 

using flow cytometry. Genome size measurements of Begonia species and cultivars, together with 

chromosome counts, showed that high variations within the genus or even within the same section are 

present. As a consequence, differences in genome sizes do not necessarily reflect differences in 

chromosome number. The high variability in chromosome numbers, and the frequently observed 

secondary constrictions in chromosome spreads, which are also reported in Taiwanese Begonia 

(Oginuma and Peng, 2002), suggest that polyploidization events may be followed by chromosome 

translocations and a subsequent decrease in chromosome number and genome stabilization. Once a 

genome is stabilised, new species can evolve through new chromosomal rearrangements, new 

polyploidization events or other genetic or epigenetic effects. There are numerous examples of 

polyploidization in the plant Kingdom, where chromosome rearrangements occurred following 

speciation (Ma and Gustafson, 2005; Bento et al., 2008). Oginuma and Peng (2002) noted that the 

variation in chromosomal features of Begonia is even more complex than the variation in floral and 

fruit morphology. In this way, botanical groups with a typical chromosome number may establish 

which explains the lack of a clear basic chromosome number in this large genus. Begonias cross quite 

easily even among distantly related species. Also in nature, several hybrids exist. Hence, it is very 

likely that Begonia has evolved through many hybridization and polyploidization events with a 

subsequent genome stabilization. More karyomorphological data, together with phylogenetic data may 

gradually help to understand the evolution within this genus.  

Genome size measurements provide a quick method to screen unexpected chromosomal 

rearrangements such as chromosome eliminations or expansions in seedlings of a specific cross, as 

observed in Buddleja hybrids (Van Laere et al., 2009b). Seedlings which express an unexpected 

genome size can then be investigated in more detail for chromosomal rearrangements. During this 

study, several interspecific and intraspecific progenies of B. „Orococo‟ were created with differences 

in „ploidy level‟. However, the exact genome sizes were not measured and no chromosomes were 

counted. A more extensive study on these parameters in progeny of B. „Orococo‟ may provide 

information on the exact chromosome number and chromosomal rearrangements in the progeny. 

Additional information on this can be obtained by using GISH studies. The technique was recently 

used to get an insight into the origin of Elatior cultivars as well as the basic chromosome number 

(Marasek-Ciolakowska; 2010). Genomic composition of several Elatior hybrids suggested selective 

chromosome elimination (of B. socotrana) after hybridization; also suggested by Arends (1970) and 

Preil and Lorenz (1983). 

The genome size measured in this work could be correlated to the size of the pollengrains. 

Consequently, pollen size measurements may provide an indirect method to determine the ploidy level 

of the parent plant. This method would not be of practical use in for instance Begonia, as there are no 
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pragmatic subdivisions in ploidy levels (much aneuploidy) and the genome size is not correlated to 

chromosome number or ploidy level. Furthermore, some genotypes had much smaller or larger pollen 

sizes compared to other genotypes with a similar genome size. In Arachis, both chloroplast numbers in 

guard cells and pollen grain size were found to be positively correlated with the ploidy level, and 

provided a reliable method to distinguish diploid, triploid, tetraploid and hexaploid plants from each 

other regardless of their taxonomic backgrounds (Singsit and Ozias-Akins, 1992). Also in oat, pollen 

grain length was positively associated with ploidy level between different accessions of different 

species (Katsiotis and Forsberg, 1995). In other genera (Bromus, Chamomilla) in which this method 

was examined as an indirect method to estimate ploidy levels, considerable overlapping occurred in 

pollen size distribution and the method was less suitable to be of practical use (Tan and Dun, 1973; 

Letchamo et al., 1994). Hence, this is not a favorable method to determine ploidy levels.  

 

To use 2n gametes in ploidy breeding programs, their correct identification is of high importance. 

Most detection techniques are focussed on pollen, since they are more convenient to isolate than egg 

cells. Four techniques were shown to be effective to detect unreduced pollengrains: pollen shape or 

size, flow cytometric detection of pollen DNA content, analysis of the microsporogenesis and ploidy 

analysis of the progeny. The observation of large pollen within a population has been frequently 

attributed to 2n pollen in many genera and remains the easiest, quickest and cheapest way to detect 

unreduced pollen. The capability of this 2n pollen to germinate can be tested in artificial (liquid) 

media. However, the presence of large pollen is only an indication for the presence of 2n pollen and 

other methods are necessary to confirm the correlation between large pollen and 2n pollen.  

Flow cytometry provides a powerful tool to estimate the pollen DNA content. With some 

exceptions, flow cytometric detection of unreduced gametes has been poorly applied in other genera. 

Within this thesis, an efficient protocol was developed to determine pollen DNA content from 

germinated and non germinated pollengrains. When nuclei are isolated from germinated pollen, the 

technique may even provide information on the germination of 2n pollengrains. Some genotypes (e.g. 

B. „Florence Rita‟) were identified in which 2n pollengrains were produced that were unable to 

germinate. Flow cytometric screening of 2n pollen can be used routineously in breeding programs, 

because only viable unreduced pollen is of importance. However, sample preparation for flow 

cytometry requires much more time compared to microscopic evaluation. Therefore, the use of flow 

cytometry can be limited to genotypes which produce pollengrains with highly variable sizes to 

confirm the occurrence of 2n pollengrains. Moreover, the isolation of nuclei from pollen often is 

difficult and the efficiency of nuclear isolation techniques must be investigated each time a new genus 

is analysed. Some quick physical techniques to isolate pollen nuclei, as chopping of pollengrains, may 

speed up flow cytometric screening of 2n pollen. However, this technique is not usefull in all genera 

as observed within Begonia (this thesis) and Brassica (Pan et al., 2004). Probably, it is more suitable 

for genera producing large pollen as Lilium (Van Tuyl et al., 1989) or Hibiscus (Van Laere et al., 
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2009), because of the higher chance to cut the pollen with a razorblade. Meanwhile, a quick and 

convenient bead beating technique to isolate pollen nuclei in roses has been described by Roberts 

(2007). First attempts to use this method on B. boliviensis and B. pearcei were successful, but further 

exploration in a large population and in other genera in future is necessary. The main disadvantage of 

flow cytometry to evaluate pollen nuclei is that no information on exact chromosome numbers is 

obtained. Therefore, progeny chromosome numbers should be counted to investigate whether pollen 

are exact euploid or aneuploid. Some 2n pollen producers, as B. „Orococo‟, produced very broad peaks 

in a flow cytometric histogram. This might be an indication for the presence of aneuploid pollen (or 

unstable nuclei). Several of the investigated genotypes showed unpaired chromosomes at metaphase I, 

but these chromosomes seemed to act independently from the paired chromosomes during the 

different stages of meiosis. In most cases, these univalents migrated to one of the poles and were 

incorporated within one of the 4 nuclei of the tetrad. This may result in nuclei with additional 

chromosomes incorporated (aneuploid pollen). Cytological chromosome research of the progenies of 

B. „Orococo‟ should give more information about exact chromosome numbers in the gametes of this 

cultivar.  

The use of the different screenings techniques should be further exploited in breeding 

programs of commercially interesting Begonia groups as Elatior, Tuberous, Semperflorum or Rex 

begonias, but also in other genera. Meanwhile, pollen DNA content of Hydrangea genotypes has been 

analysed from germinated pollengrains. Similar to Begonia, 2 peaks were obtained in flow cytometric 

histograms. When this protocol was applied to Lolium multiflorum pollengrains, the pollengrains 

exploded due to the osmotic pressure of the germination medium. The pollen DNA content was further 

purified and resulted in only 1 peak in the flow cytometric histogram at the 1C level, suggesting that 

the generative nucleus was already divided into 2 sperm nuclei. As such, the production of 2n pollen 

in a specific Lolium multiflorum genotype which was suspected to produce 2n pollen, has been 

confirmed. 

 

When flow cytometry is not applicable to detect 2n gametes, analysis of the microsporogenesis may 

provide an alternative method to confirm the presence of 2n pollen. The presence of large pollen 

should be associated with the occurrence of monads, diads or triads during microsporogenesis, except 

when 2n gamete formation is the result of pre- or postmeiotic doubling. Although these observations 

give no information about the viability of 2n pollen, they provide insight in the mechanisms behind 2n 

gamete formation. Cytological analysis of the microsporogenesis of several large pollen producers 

showed that omission of meiosis I was the main mechanism active within the investigated Begonia 

genotypes, resulting in first division restitution (FDR) pollen. This is important for the genetic 

consequences of the seedlings. FDR mechanisms give rise to 2n gametes that are genotypically similar 

or identical to each other as well as to the parent plant from which they are derived (Bretagnolle and 

Thompson, 1998; Ramanna and Jacobsen, 2003). As a consequence, seedlings obtained by FDR 
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gametes will inherit a large amount of the genetic information of the 2n gamete producer. By using 

AFLP markers, it was estimated that in case of B. „Orococo‟, about 80% of the heterozygosity present 

in the 2n pollen parent was transmitted through the 2n pollengrains to the progeny instead of the usual 

50% transmitted by normal gametes. This is a typical value for FDR with recombination. This could 

be expected, as chromosome pairing within this genotype was relative good. The use of genomic in 

situ hybridization (GISH) may be used to prove the presence of recombinant fragments, but this only 

in a F2 generation.  

Knowledge on the mechanisms of 2n gamete formation can be interesting to predict genetic 

variation within progenies. Because of the fairly homogeneous population of heterozygous pollen, 

FDR probably results in a more homogeneous progeny than SDR. Both SDR and FDR may be 

produced simultaneously within a flower. Although FDR generally transmit higher levels of 

heterozygosity, progeny resulting from FDR or SDR do not always differ in agronomic characteristics 

(Douches and Maas, 1998). For breeders, it might be interesting to know what seedlings originated 

from FDR or SDR gametes if both types of gametes are formed by the parent plant. This can be 

determined by heterozygosity calculations or GISH experiments on the seedlings (Lim et al., 2001; 

Crespel et al., 2002). Seedlings originating from FDR 2n gametes contain a higher genetic diversity 

and will be of higher interest for further breeding schemes than seedlings originating from SDR 2n 

gametes since their gametes will result in a higher genetic variability in the progeny which, in turn, 

offers more possibilities for selection. 

The genetic variation transmitted by 2n gametes depends on the heterozygosity present in the 

parent plants. Breeders should aim to maximize heterozygosity in the generations used for commercial 

production or to transfer new interesting horticultural traits into their existing gene pool. This can be 

achieved by crossing distanly related varieties or species, but a lot of interspecific crosses are 

unsuccessful due to the presence of pre and post zygotic barriers. In general, allopolyploidy induces a 

wider range of gene expression changes than autopolyploidy, suggesting genome doubling has smaller 

effects on gene expression and phenotypic changes than intergenomic hybridization. Hence, high 

attention must be paid to the combination of both interspecific crosses (responsible for genomic 

rearrangements) and 2n gametes (responsible for polyploidization and increasing allelic diversity) in 

breeding programs to maximize genetic variation in breeding programs. 

The use of interspecific hybrids or allopolyploids in breeding programs will benefit from 

intergenomic recombination. The occurrence of intergenomic recombination in the gametes of these 

hybrids is essential to introduce new specific traits from an alien genome into a particular genome. 

Often, interspecific hybrids are sterile but by somatic chromosome doubling, fertility is restored. 

However, the occurrence of intergenomic recombinations in these allopolyploids is not evident 

because of the preferential chromosome pairing between the parental genomes during meiosis. By the 

use of GISH, the extent of intergenomic recombination in interspecific hybrids or allopolyploids can 

be analysed, and eventual translocations can be visualised. Furthermore, GISH can be used to assess 
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the exact genome composition of the progeny and provides a powerful tool to select interesting 

genotypes (or crosses) for further breeding processes. The technique has been used extensively to 

visualise the exact genome constitutions in backcrosses of interspecific Lilium hybrids (e.g. Lim et al., 

2001b; Barba-Gonzalez et al., 2005b; Khan et al., 2009), but also in other crops as tulips (Marasek-

Ciolakowska, 2009) or Allium (Khrustaleva and Kik, 1998). Now GISH has been introduced in Elatior 

begonias by Marasek-Ciolakowska (2010), it provides oppurtunities for more selective breeding based 

on genome compositions in this genus. 

 

2N gametes were used to produce triploid F1 seedlings after several crosses with B. „Orococo‟. In 

general, triploids are often seed sterile which is undesirable for plants where seeds are commercially 

useful but is also undesirable in many breeding programs. The level of triploid survival and fertility 

will influence tetraploid establishment. The triploid population investigated within this study resulted 

from FDR 2n gametes. As a result of the FDR mechanism, the inheritance of 2n gamete formation in 

Begonia progeny was high and triploid progeny produced fertile 2n pollen. In many triploids, the 2n 

pollen (3x) seemed to be the only viable source of pollen. Hence, inheritance of 2n gamete formation 

is critical to produce fertile F1 triploid progeny and finally to obtain a tetraploid progeny.  

Analysis of the inheritance of 2n gamete formation showed that probably, at least one major 

dominant gene is responsible for 2n gamete production. Further studies could identify the gene or 

genes responsible for 2n gamete formation within B. „Orococo‟ for instance by map based cloning. 

However, such studies require the identification of closely linked markers and the building of physical 

maps which is very time consuming, in particular when no (sequenced) genomic data is present as in 

Arabidopsis. The identification of this gene may be interesting to efficiently target this gene in other 

genotypes. In general, the genetic control of 2n gamete formation offers opportunities for the creation 

of genetic mutants. Genetic control of 2n gamete formation may be complex and several genes may be 

involved in the production of 2n gametes. D‟ Erfurth et al (2008a) even showed that one single gene 

may have different phenotypic expressions (mainly dyads or triads) as a result of different spindles 

orientations (fused, parallel or tripolar spindles).  

By the use of chemicals as ethyl methane sulphonate (EMS) on seeds (used in Arabidopsis to 

create 2n gametes; De Storme, 2007), random insertional mutagenesis or by irradiation on seeds or 

buds, one can try to mutate genes and induce 2n gamete formation. As such, interesting genotypes 

which did not produce 2n gametes may become available for ploidy breeding. In future, more attention 

should be paid on methods and the efficiency of these methods to create mutants producing 2n pollen 

formation. Once mutants in a genus are available then the gene responsible for 2n gamete formation 

can be crossed within other genotypes. 

D‟Erfurth et al. (2008a) described for the first time a gene (protein) involved in 2n gamete 

production of Arabidopsis, AtPSI. The AtPS protein is conserved throughout the plant kingdom; the 

gene has been patented.  The isolation of a gene involved in 2n gamete production opens the way for 



Chapter 8: General discussion, conclusion and perspectives 

 163 

new strategies in plant breeding programs. More specific, one can try to silence the PSI gene by means 

of RNAinterference (RNAi), using a silencing RNA targeting the PSI gene to be silenced. A silencing 

RNA is a small RNA that can silence a target gene in a sequence-specific manner by base pairing to 

complementary mRNA molecules. For this, DNA constructs for delivering a silencing DNA in a plant 

are necessary, leading to a GMO construct. Another way to eliminate this gene is by gene targeting. 

Gene targeting is a genetic technique that uses homologues recombination to change an endogenous 

gene, and can be used to delete a gene or introduce a point mutation. Also in this technique, a specific 

DNA construct (vector) is necessary. The mutation can then be crossed within different interesting 

genotypes. An alternative for gene targetting based on homologous recombination is virus-induced 

gene silencing (VIGS). VIGS is a RNA-mediated post-transcriptional gene silencing mechanism. 

VIGS has emerged as an extremely powerful functional genomics tool for knocking out gene 

expression of target plant genes in some plants. It is a reverse genetic tool for analysis of gene function 

that uses viral vectors carrying a target gene fragment to produce dsRNA which trigger RNA-mediated 

silencing. It provides silencing of target genes in a sequence specific manner. Since it does not require 

plant transformation, VIGS is particularly useful on plants which are difficult to transform (Unver and 

Budak, 2009). 

 

Despite the several attractive features of 2n gametes, there is one major drawback which limits their 

use for plant breeding. This is that only a rarity of genotypes produces 2n gametes on a regular basis. 

As a consequence, a lot of screening work is necessary to identify such genotypes and in many cases, 

interesting superior genotypes do not produce these gametes. Hence, it might be easier to raise ploidy 

levels by mitotic chromosome doubling. Several efforts were performed previously to increase the 

frequency of 2n gametes mainly by manipulating environmental factors, but efficient methods to 

induce 2n gametes were lacking. However, the use of N2O, which has been used in the past as mitotic 

chromosome doubling agent, also shows attractive features to disrupt meiosis and induce 2n gametes. 

As such, the production of 2n gametes is not restricted anymore to the genotypes that produce them 

naturally. Furthermore, sterile hybrids may produce fertile gametes after treatments. Since many 

hybrids, in particular interspecific hybrids, are sterile, the use of N2O treatments may restore fertility 

within these hybrids while intergenomic recombination remains possible. The reports on N2O 

treatments to induce 2n pollen are still limited and the efficiency of it should be tested more 

extensively in other genera. 

During this thesis, viable triploids were obtained after crosses with large pollen obtained after 

N2O treatments. Pollen analysis showed that these triploids were male sterile. It would be interesting 

to perform further treatments on these triploids to induce 3x pollen. Crosses with these pollen and 

normal (x) egg cells would result in tetraploids, which may be male fertile. Our positive results, 

together with these reported previously in lilies and tulips, may be a driving force to introduce N2O 

treatments more extensively in plant breeding. However, the efficiency of N2O treatments was 
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genotype dependent as was also concluded in Lilium (Barba-Gonzalez et al., 2006). Notwithstanding, 

when a more stringent control of the meiosis is performed, it is not excluded that also other genotypes 

produce 2n gametes. The main advantage to use N2O treatments is the ease of the technique. In 

contrast, a lot of screening work may be necessary to determine the exact meiotic stage before 

treatments, while also an appropriate equipment is required. 

Another alternative for N2O treatments, namely the use of trifluralin, was not successful to 

induce 2n gametes but 4n gametes were observed which had rather a low germination capability. 

However, the effect of trifluralin and other common cell cycle disruptors as colchicine or oryzalin 

should be tested on other species to affirm these results also in other genera. In Triticum aestivum, 

colchicine did affect spindle functionality but not cytokinesis (Dover, 1972), while Wu et al. (2007) 

showed the ability to induce 2n egg formation by colchicine treatments.   

The induction of 2n gametes by manipulating temperature was not successful during this 

study. Extreme temperatures applied on the Begonia species B. odorata, B. ulmifolia and B. coccinea 

resulted in sterile pollen, early flower drop or dehydration of the inflorescence. Controlling 

temperature was rather useful to increase the frequency of large pollen as also observed in B. „Anna 

Christine‟, but not to induce them. However, instead of using constant temperatures, the influence of 

strong temperature fluctuations (e.g. Lokker et al., 2004) can be tested more extensively. Several 

day/night regimes or other fluctuation regimes may influence the production of 2n gametes, but is 

probably highly genotype dependent.  

Also interspecific hybridization did not result in large pollen production, except for 1 seedling 

of the cross B. solananthera x B. albo-picta. When larger numbers of progenies would have been 

investigated, probably more 2n pollen producers would have been identified. Moreover, the 

occurrence of 2n egg cells has not been investigated. The occurrence of 2n egg cells in the male sterile 

hybrid B. schmidtiana x B. cucullata and normal egg cells within the male sterile B. subvillosa x B. 

cucullata shows that male sterility is not necessarily correlated to female sterility or 2n gamete 

production. Crosses with these interspecific hybrids may identify more 2n egg producers. However, as 

explained in chapter 7, the efforts required to obtain 2n gamete producing hybrids may be too high to 

be important as an interesting 2n gamete induction method. Better is to screen hybrids within an 

existing breeding program for the presence of unreduced gametes. This does not imply that 

interspecific hybridization in this genus is of minor importance. Interspecific hybridization still is 

commonly used in begonias to introduce new characteristics into the breeders assortment. Moreover, 

2n pollen production in interspecific hybrids depends on the selected parental species (e.g. the 

interspecific hybrids B. „Orococo‟ and B. „Tamo‟). Selection of other species in the crossing scheme 

could result in more hybrids which produce 2n pollen. Hence, the effect of interspecific hybridization 

on 2n pollen production may not be underestimated.  

Finally, flow cytometric sorting was used to increase the frequency of large pollen. The 

performed experiments did not result in a raised frequency of large pollen while the final sample was 
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too diluted to be usefull. However, further optimization of the sorting device is necessary to obtain 

reliable results. 

In the future, also other techniques may be further explored as pollen sieving or the application 

of other stress factors as drought or salt stress, water or nutrient depletion. Therefore, B. „Anna 

Christine‟ and B. „Rubaiyat‟ are excellent Begonia model genotypes because of their low frequency of 

2n pollen production. 

 

It is generally assumed that crop improvement by the use of 2n gametes is advantageous over crop 

improvement by mitotically chromosome doubled plants, but practical reports on it are very limited, 

especially in ornamentals (McCoy and Rowe, 1986; Lim et al. 2001b; Beuselinck et al., 2003). 

Meanwhile, mitotically doubling of chromosomes has become a very common tool for breeding 

strategies and more evidence about the practical use of 2n gametes and meiotic polyploids is necessary 

to convince breeders to use this breeding technique. Furthermore, many studies compared diploids 

with polyploids by analysing mainly morphological characteristics, but potential physiological 

advantages as stresstolerance or post-harvesting characteristics are usually less investigated. 

To compare the potential breeding value of meiotic polyploids to both mitotic polyploids and 

diploids, B. „Orococo‟ has been doubled mitotically in chromosome number by using the microtubuli 

drug oryzalin. In future, triploid progeny obtained by 2n pollen after the cross B. soli-mutata x B. 

„Orococo‟ (as obtained within this thesis) will be compared with triploid progenies derived normal 

from gametes from the same cross but where B. „Orococo‟ is artificially doubled. Similarly, the 

triploid progeny obtained can be compared with the diploid progeny from B. „Orococo‟, although this 

study showed that only a small frequency of diploids are formed after crosses. Hence, large numbers 

of progenies must be grown to obtain populations which are statistically large enough to make 

comparisons. 

In a next step, the fertility of the triploid progeny derived from the mitotically doubled plant 

can be compared and when these triploids are fertile, it might be even possible to compare F2 

progenies at the tetraploid level to see the influence of meiotic and mitotic polyploidization in further 

breeding programs. 

 

As a final conclusion, this thesis showed in the genus Begonia that a) 2n pollen are frequently formed 

and easy to detect, b) 2n pollen may transmit a high level of heterozygosity (genetic variation) to the 

progeny, c) the ability to produce 2n gametes may be inherited to the progeny and d) their production 

can be induced by artificial techniques as N2O fumigation. However, their conscious use in breeding 

programs is currently limited and more research should be focussed on a) the advantages of meiotic 

polyploids to mitotic polyploids and b) methods to induce 2n gametes as N2O fumigation or 

mutagenesis in order to make 2n gametes available in any genotype of interest. 
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This thesis comprised a lot of basic research on 2n gametes within the genus Begonia. 2N gamete 

production within this genus was not investigated yet and many of the results described are now 

available for Begonia breeding on commercially interesting genotypes. Furthermore, several results 

help to understand evolutionary aspects within this complex genus and can be helpful for future 

interspecific hybridization programs.  

The described techniques should now be tested in other genera and interesting results should 

find their way to the breeders. This will increase the interest of breeders to use 2n gametes within their 

breeding programs and can be used as a very interesting alternative for the more common mitotic 

polyploidization protocols. This may lead to important innovations in the commercial assortment of 

many (ornamental) genera. 

. 
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