A molecular cytogenetic study of intergenomic
recombination and introgression

of chromosomal segments in liliesL{lium)

Muhammad Nadeem Khan



Thesis committee

Thesis Supervisors
Prof. Dr. Richard G. F. Visser
Professor of Plant Breeding

Wageningen University

Dr.ir. J. M. Van Tuyl
Senior Scientist, Plant Research International

Wageningen University

Other members
Prof. Dr. R. F. Hoekstra, Wageningen University
Dr. J. H. S. G. M. de Jong, Wageningen University
Prof. Dr. J. J. M. Dons, Wageningen University
Prof. Dr. E. van Bockstaele, University of Gent

This research was conducted under the auspicée @raduate School of Experimental Plant

Sciences



A molecular cytogenetic study of intergenomic
recombination and introgression

of chromosomal segments in liliesL{lium)

Muhammad Nadeem Khan

Thesis
Submitted in partial fulfilment of the requiremenif the degree of doctor
at Wageningen University
by the authority of the Rector Magnificus
Prof. dr. M. J. Kropff
in the presence of the
Thesis Committee appointed by the Doctorate Board
to be defended in public
on Wednesday 3 June 2009
at 1:30 pm in the Aula



Muhammad Nadeem Khan
A molecular cytogenetic study of intergenomic rebamation and introgression of chromosomal

segments in liliesL{lium), 121 pages

PhD Thesis, Wageningen University, Wageningen, 2000)

With references, with summaries in Dutch and Ehglis

ISBN 978-90-8585-380-0



Table of contents

Chapter 1
General Introduction
Chapter 2

Relevance of diploid BC progenies for intergenomgcombination and

introgression breeding in Longiflorum x Asiatic s
Chapter 3

11

Construction of chromosomal recombination maps hoéd genomes of

lilies (Lilium) based on GISH analysis
Chapter 4

Relevance of unilateral and bilateral sexual paligtation in relation to

intergenomic recombination and introgressiohilium species hybrids
Chapter 5
Construction of a genetic linkage map in a F1 pajpoh of Longiflorum x
Asiatic (LA) lily hybrids using Diversity Array Témology (DArT)
Chapter 6
General Discussion
References
English Summary
Dutch Summary
Acknowledgments
Curriculum Vitea
List of Publications

Educational Statement

27

47

81

91

109
113
117
119
121






Chapter 1
General Introduction






Chapter 1

Lilies

The genud.ilium belongs to the Liliaceae family which comprisesabbut 80 species (Comber
1949), and thousands of cultivars (Leslie 1982-200Mhe lily species are taxonomically
classified into seven different sections based anious morphological and physiological
characteristics. The seven sections are Lilium, tdgm, Pseudolirium, Archelirion,
Sinomartagon, Leucolirion and Oxypetalum (Combetat®e Jong 1974).

In general, wild species within each section alatikely easy to cross and the hybrids are fertile
(McRae 1990; Van Tuyl et al. 2002). Most of thetieaks, however, are interspecific hybrids
within the sections (especially Leucolirion, Arciiein and Sinomartagon) and represent the
most important cultivated groups which are:

1. The Longiflorum hybrids {-genome) which originate from intra- or interspecif
hybridization in the Leucolirion section, have tqet-shaped, pure white flowers, a
distinctive fragrance, year- round forcing abilisnd mostly outward-facing flowers
(McRae 1990).

2. TheAsiatic hybrids A-genome) are derived from interspecific crossesraat least 12
species of the Sinomartagon section (Leslie 1985 pCultivars of Asiatic hybrid lilies
have a wide colour variation in their flower tepals (oge, white, yellow, pink, red,
purple and salmon) and early to late flowering (\Wwomck and Stern 1950). Some
species in this section show resistancEusariumand viruses (McRae 1998).

3. The Oriental hybrids O-genome) are nowadays the most important lily ttylgioup.
They result from hybridization among five speciéshe Archelirion section. Generally,
Oriental hybrids are late-flowering, with big arfibsvy flowers with a pleasant fragrance
(McRae 1998). Most Oriental hybrids show a fair réeg of resistance t@otrytis

elliptica (Barba-Gonzalez et al. 2005). Fig. 1.1 shows Lamgfim, Asiatic and Oriental
hybrids.

Fig 1.1. Figures from different lily hybrids: (a) Longiflom hybrids, (b) Oriental hybrids and (c) Asiatic
hybrids
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Fertilization barriers and hybrid sterility

The species ofilium possess a wide range of ornamental traits asasalesistances to fungal
and virus diseases. Interspecific hybridizatiothes most important method inlium breeding to
produce cultivars from distantly related speciesr(VTuyl and Lim 2003). Most of the lily
cultivars have an interspecific hybrid origin, lwadly between diploids (2n = 24) and, more
rarely, between tetraploid parents. Breeding adilfor new cultivars is time consuming. They
need 2 to 3 years from sowing of seeds to firstidéiong. Vegetative propagation takes another 3
- 5 years. Because of their heterozygous genometste they are maintained as clones (Booy et
al. 1998).

It is desirable to combine or introgress some irtgrdrhorticultural traits from species of
different sections into a single cultivar. Lilium it is very difficult to obtain F1 interspecific
hybrids due to pre- and post fertilization barriétearly all the F1-hybrids between Longiflorum
x Asiatic (LA) and Oriental x Asiatic (OA) are ster This sterility is due to irregular
chromosome paring between the parental genomesgduneiosis (Asano 1982; Lim et al. 2000;
Barba-Gonzalez et al. 2004). For successful ingmifp hybridization pre- and post-
fertilization barriers can be overcome by the uSevariousin vitro pollination and embryo
rescue techniques respectively (Van Tuyl et al.1)98uccessful interspecific crossed.iium
are depicted in Fig. 1.2 as a crossing polygon (&iral. 2007) Somatic chromosome doubling of
the F1 hybrids using colchicine or oryzalin canuoe allotetraploids in which homologous
pairing can restore fertility (Van Tuyl and De J&897). However, this method could not
contribute much to introgression breeding due ® fibrmation of the so-called “permanent
hybrids” as their progenies never segregate foremgal characters due to autosyndatic
chromosome pairing (Ramanna and Jacobsen 2003TMdrand Lim 2003).

On the contrary, intergenomic recombination mayuoda sexual polyploids induced
through the formation of rR gametes (Ramanna et al. 2003; Ramanna and Jac2b88j
Interestingly, some F1 LA and OA hybrids producenctional 2 gametes in reasonable
frequencies. When suchn @ametes are used for generating back cross pexémy have the
potential to generate genetic variation as has baeewn in BC1 progenies of Oriental x Asiatic
(Barba-Gonzalez et al. 2005a) and Longiflorum xa#isi hybrids and cultivars (Zhou 2007,
Zhou et al. 2008).r2gametes occur occasionally in interspecific hybodLilium (Van Tuyl et
al. 1989) and, as has been demonstrated in otaetspithey result from abnormal meiosis (Mok
and Peloquin 1975; Ramanna 1979; Lim et al. 200hdjlies the BC1 progenies resulting from
functional 2 gametes hybridize and sometimes their homoeologbusmosomes pairs and
recombine at certain level (Lim et al. 2001a; BaBmnzalez et al. 2004; Zhou 2007). This may
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result in the assembly of complementary characigtisin a single genotype in a back cross

breeding program.

LEUCOLIRION

LILIUM

SINOMARTAGON PSEUDOLIRIUM ~ MARTAGON

Fig. 1.2. Crossing polygon of the genldlium including all the successful crosses of species
between different sections of the genutium developed at Plant Research International,
Wageningen University and Research Centre, The eetids. In this figure, the connection
between the Asiatic, Trumpet, and Oriental hybridugs (large ellipses) are shown by dotted
lines. In successful crosses between species (sird#s) of different sections (large circles) the
arrows point towards the female parent. AbbrevieticAL: L. alexandrag AM: L. amabile AS:
Asiatic hybrids; AU:L. auratum BAK: L. bakerianum BU: L. bulbiferum;CA: L. candidum
CAN: L. canadenseCE: L. cernuum CH: L. chalcedonicum CO: L. concolor DAU: L.
dauricum; DAV: L. davidii DU: L. duchartrej FO: L. formosanumHA: L. hansonij HE: L.
henryi JA: L. japonicum KE: L. kelloggii LA: L. lankongenseLEl: L. leichtlinii; LO: L.
longiflorunm; MA: L. martagon MI: L. michiganenseMO: L. monadelphumNEP:L. nepalensg
NO: L. nobilissimum O: Oriental hybrids; PAL. pardalinum PU: L. pumilum RE: L. regale
RU: L. rubellum SA: L. sargentiae;SP:L. speciosumSU: L. sulphureumT: trumpet hybrids,
TI: L. tigrinum;, TS: L. tsingtauense

Introgression breeding and relevance of genomicn situ hybridization techniques in
cytogenetic research

Intergenomic recombination is essential for intesgion breeding in which specific traits from
wild species are introduced into the cultivatedpsrolt has played an important role in the
improvement of some major economically importaipsrlike wheat (Jiang et al. 1994; Wang et

al. 1996), rice (Multani et al. 1994; Khush 200pptato (Tek at al. 2004)Alstroemeria
(Kamstra et al. 1999a; 1999b and 2004) and sugar¢@am et al. 2001) among others. In
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Lilium, the species or cultivars from different sectipossess a number of valuable traits. The
main goals of modern lily breeding are to combife tdistinctive groups and realize
introgression breeding. In order to combine somealde horticultural traits from different alien
species into a cultivar, interspecific hybridizatiand recurrent backcrossing are required.

Genomic in situ hybridization (GISH) is one of the most powerfuldaeffective
molecular cytogenetic techniques to detect homageri® chromosomal recombination. After
hybridization it allows the localization of genomi@NA (or DNA sequence) of one of the
parents labeled with fluorescent dyes on chromoso(®ehwarzacher and Heslop-Harrison
2000). Thus, when DNA from one of the parents inrd@rspecific hybrid, is used as probe, it is
possible to identify the chromosomes from that Beparent. This technique has been applied
successfully in potato (Jacobsen et al. 1996)ium-Festuca(Kosmala et al. 2006)Gasteria
lutzii x Aloe aristata(Takahashi et al. 1997AIstroemeria aureax A. inodora(Kamstra et al.
1999a; Ramanna et al. 2003ylipa gesneriana< T. fosteriana(Marasek and Okazaki 2008)
among several others. GISH enables the parentahwisomes of interspecific lily hybrids to be
distinguished, and the sites of any genomic recoailiin to be identified (Lim et al. 2001b;
Barba-Gonzalez et al. 2005a; Zhou et al. 2008). Moéecular cytogenetic techniques, FISH
(Fluorescentn situ hybridization) and GISH have enabled researclteirsvestigate the genetic
material ofLilium in detail. The karyotypes af. longiflorum Thunb and.. rubellumBakervia
chromosome banding and FISH have been construttedet al. 2000). GISH has been used
extensively in lily to recognize the three genomgkilium viz. Longiflorum (L), Asiatic (A) and
Oriental (O) genomes and to study the recombinartraosomes in the BC1 and BC2 progenies
of L. longiflorum x Asiatic (LA) and Orientak Asiatic (OA) hybrids (Karlov et al. 1999; Lim et
al. 2003; Barba-Gonzalez et al. 2004; 2005a andlt20dhou et al. 2008). Furthermore, this
technique is also employed to study the mechanmsim®) gamete formation in interspecific
hybrids ofL. longiflorum x Asiatic and Orientak Asiatic (Lim et al. 2001a; Barba-Gonzalez et
al. 2004 and 2005b).

Inrogression breeding and ploidy manipulation

In crosses involving a diploid F1 hybrid that proda 2 gametes with a diploid cultivar that
produces normah gametes the progeny is expected to be triploidcrbsses involving both
parents producingr2gametes, tetraploid progeny is expected. Analy$eheoprogeny of LA
hybrids producing functionalr?lgametes, obtained by crosses with diploid Asigiccultivars,
showed that most of the progeny obtained was td@s expected and considerable amounts of

intergenomic recombination had occurred (Lim et24l03; Zhou et al. 2008). Similarly, OA
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hybrids producing functionalr?gametes backcrossed with diploid Asiatic cultigkso produced
triploid progenies with a certain amount of intergmic recombination (Barba-Gonzalez et al.
2005a).

Generally the allotriploid hybrids can not be usedreeding because of their sterility.
However, it has been demonstrated that some tiiiffigibrids can produce aneuploid and euploid
(x, 2xand X) gametes and have been used to produce progenarig plant species (King et al.
1998 and 1999; Ramanna and Jacobsen 2003). Fudtesrrriploid hybrids might have
contributed to the origin of a majority of new pplgids in nature (Husband 2004). In case of
Lilium, triploid ALA hybrids derived from 2 gametes, have been successfully used in crosses
and it has been shown that the recombinant chromesaan be transmitted to the progeny.
Crosses of these triploids with diploids and tdtms produced aneuploid or near diploid and
pentaploid progenies, respectively (Lim et al. 20@hou (2007) also used triploid LA hybrids
obtained from functionalrRgametes and crossed with diploid Asiatic cultitéere in case of 3x
- 2x and in reciprocal cross (2x - 3x) diploid peoges were obtained indicating the production
of balanced gametes by triploid cultivars. The advantagesatygoids for breeding need to be
considered. It is well known that polyploids diffdrom their diploid progenitors in
morphological, ecological, physiological and cyitmal characteristics (Soltis and Soltis 1999;
2000; Levin 2002; Knight et al. 2005). These gepmmtyand phenotypic differentiations are
caused mainly by the increased cell size, genegdostfect and allelic diversity (Ramsey and
Schemske 2002). Thus, the creation of polyploidrsgecific hybrids with the use ofigametes
might be rewarded with a higher degree of geneti@ation.

One of the most important advances that has beérevad recently is with the
development of diploid backcross progenies fronerspecific Longiflorum x Asiatic (LA
hybrids) backcrossed to Asiatic parents (Khan.e2@09b). It was found that some of the F1 LA
hybrids produced not onlynZyametes but also gametes. This provides unique opportunities for
generating allotriploid (2n = 3x = 36) as well aplaid (2n = 2x = 24) BC1 progenies from
backcrossing LA hybrids to Asiatic parents. Thetiahiattempts indicated that it might be
possible to generate fairly large numbers of dgIBC1 and BC2 progenies from LA hybrids.
Introgression breeding at the diploid level is impat due to three main advantages over the
triploid BC1 progenies for introgression breedifjgMendelian inheritance of characters might
be more clearly analysed. ii) Introgression carabeomplished at the diploid level. iii) Diploid
BC1 progenies are expected to have better fertifign triploid BC1 progenies. So there is a

possibility to carry out breeding in lilies at ttiploid level.
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Innovative molecular breeding techniques for resistnce breeding in lily: Molecular and
physical mapping inLilium
Cytological maps represent the location and orélenarkers along the chromosomes in relation
to structures such as centromeres, telomeresfaatyj secondary constrictions. Such maps are
created by microscopic determination of the positibvisible structures (or “markers”) in fixed
and stained chromosomes. These cytological mapsessential to relate genetic loci and
molecular sequences to morphological features mfrasbsomes (Fransz et al. 2000; Cheng et al.
2001). Induced chromosome deletions and transtmtatthat can be visualised cytologically
have also been used for mapping genes in some, aagestomato (Khush and Rick 1968),
wheat (Gill et al. 1996; Castilho et al. 1996; Samn@nd Gill 2002; Bhat et al. 200Brassica
(Howell et al. 2002) and barley (Kiinzel et al. 2000

Chromosome maps or, the so-called, cytomoleculgrsimaave been constructed in some
of the plants with small as well as large chromossioy FISH to study the genomic structure of
different plant species. Examples afgabidopsis(Schmidt et al. 1995; Jackson et al. 1998),
Sorghum(Islam-Faridi et al. 2002), legumes (Fuchs etl8B8; Ohmido et al. 2007) aminus
(Hizume et al. 2002; Islam-Faridi et al. 2007).c®irthe cloned DNA sequences can be directly
localized on chromosomes, this method is beconmiegeasingly important in plant molecular
cytogenetics (Jiang and Gill 2006). Unlike the FISetchnique, genomic DNAINn situ
hybridization (GISH) can be most useful for analgsithe process of intergenomic
recombination as well as for the elucidation ofothosome organization. Species of the genus
Lilium have the largest genomes among plants eXaéplaria (Bennett and Smith 1976; 1991)
and have been extensively used for cytologicalyammain the past (Stewart 1947; Noda 1991;
Mather 1940; Brown and Zohary 1955; Fogwill 195&nBett and Stern 1975). Nevertheless, to

our knowledge, no reliable molecular or cytogengtaps are available for lily so far.

Integration of molecular and physical maps: FISH aproach to integrate molecular and
physical map in interspecific lily hybrids

At present, breeding programs aim at combiningrebk traits within different plant species
complexes and are mainly focused on introgressiongalures (Kosmala et al. 2006 and 2007).
The main focus area is the transfer of genes condea particular trait from a wild species into
a cultivar. Markers associated with genes confgriparticular characters can facilitate the
marker-assisted selection program to obtain newvewn$ with desired traits. For this purpose,
genetic or molecular maps have been constructedvaral crops and integrated in cytogenetic

maps of respective genomes (Khrustaleva et al. ;260iBnphreys et al. 2005). Multiple
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approaches have been used to develop integrated. n@pgrated maps are developed by
combining the information from molecular maps afygical distribution of these markers in
the genome through cytogenetic techniques. Sucls raep constructed by insertion of large
DNA clones like yeast artificial chromosomes (YA@hd bacterial artificial chromosomes
(BAC) and comparison of these maps with geneticar(dlpu et al. 2003). Kinzel at al. (2000)
constructed integrated maps of barley based osloeation breakpoints as physical land marks
for mapping of RFLP markers that were transfornrd PCR markers. The other techniques
used aran situ hybridization of BACs and YACs on plant chromosométh recombination
maps (Kulikova et al. 2001). Physical distributiohAFLP markers along the chromosomes of
Festuca pratensigKing et al. 2002a)l.olium-Festucahybrid (Skibinska et al. 2002) ardlium
trinybrid (Khrustaleva et al. 2005) chromosomes tha@en carried out. The GISH-AFLP
combined technology proved to be an effective sgnabecause it is relatively simple and a fast
way to develop integrated maps.

One of the current developments in lily breedingthe introduction of molecular
breeding techniques for the incorporation of dise@sistances in commercially successful lily
cultivars. Fusarium, Botrytisand virus (LMoV) resistance are the most imporgoals in lily
breeding. Screening methods to determine resistagaést these pathogens in several lily
cultivars have been developed (Straathof and Vayl TA94; Straathof and Lo6ffler 1994).
However, it takes a long time before resistancepgms become visible, and therefore, faster
selection methods are needed.

In lily molecular marker techniques have been usedhe identification of cultivars and
interspecific hybrids (Yamagishi, 1995; Yamagishia¢ 2002), identifying genetic diversity
(Arzate-Fernandez et al. 2005), genetic analysiantfiocyanin pigmentation (Abe et al. 2002)
and for finding linked RAPD-markers tBusarium oxysporunmesistance in Asiatic hybrids
(Straathof et al1996). Van Heusden et al. (2002) used AFLPs and’la &pproach to locate
markers linked to LMoV virus on Asiatic genome. é&al of 251 AFLP markers based on 100
descendents of a lily backcross population wereal dse the construction of a genetic map.
Based on these approaches it was found that LM@¥[Tresistance was clearly a monogenic
trait and could reliably be mapped on linkage gr@upDespite the difficult screening for
Fusariumresistance, four significant QTLs were mapped hidge groups 1, 5, 13 and 16
respectively.

Diversity Array Technology (DArT), a new DNA mark&rchnology was developed as
hybridization based alternative for multilocus P&pproaches, which captures the value of the

parallel nature of the microarray platform. With EJAsimultaneous screening of several
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thousands of loci in a single assay can be perfdrieenerates whole genome fingerprints by
scoring the presence versus absence of DNA fragmengenomic representation generated
from samples of genomic DNA. This technology waigiinally developed for rice (Jaccoud et
al. 2001) and then extended to a range of othentpléke Arabidopsis thaliangWittenberg et

al. 2005), barley (Wenzl et al. 2004) and wheath@k et al. 2006; Stodart et al. 2007). With
this technique it is possible to detect which a tragments are transferred to the progeny and
which fragments might contain the genes carryirg ghrticular trait. Markers linked to some
specific traits can easily be converted into PCRkexa to be used as a probe in cytogenetic
techniques and finally visualized by chromosomeatnag (GISH/FISH).

The physical location of genes on chromosomes igreat interest as chromosome
structure profoundly influences gene activity. Hoexe linkage maps can not be superimposed
on chromosomes as map distances are not propdrtmmqdnysical distances (Khush and Rick
1968; Moore and Sherman 1975). The most direct me#aitocation of genes on chromosomes
is through the FISH technique, a powerful tool biiiah even single and low-copy DNA
sequences can be localized on chromosomes (Guzab 2000; Wang et al. 2006). FISH
mapping permits superimposition of markers from eunalar linkage maps directly on
chromosomes and thereby contribute to our undaistgnof the relationship between
chromosome structures, gene activity and recombimdtequency together with total DNA

genomicin situ hybridization (GISH).

Scope of the thesis
The aims of this research were to analyse the eatnd extent of intergenomic recombination
and amount of genome introgression in interspediiffchybrids (Longiflorum x Asiatic and
Oriental x Asiatic) obtained from functionaland 2 gametes. For this purpose cytomolecular
maps were constructed using GISH. Based on theséigdhe potential use afand 2 gametes
in the introgression breeding has been discussadhdfmore, DArT markers were developed
and a genetic linkage map was constructed in aopllption of Longiflorum x Asiatic hybrids.
These linkage groups will be aligned with their pestive chromosomes by using FISH
technique.

To accomplish the aforementioned tasks, moleculgogenetic techniques were
employed to elucidate the back cross progeniestefspecific lily hybrids
In Chapter 2 F1 Longiflorum x Asiatic (LA) hybrids were backssed with Asiatic parents to
get BC1 population. Similarly BC2 progenies werdagied from a cross between BC1 with

Asiatic parents in 3x - 2x and 2x - 2x cross corabion. Genomidn situ hybridization (GISH)
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was performed to study the intergenomic recomhanatthe amount of introgression of alien
segments and karyotype composition. The prospecisdfg the diploid plants of these BC
progenies of LA hybrids in introgression breedingshbeen evaluated. I€hapter 3
chromosomal recombination maps were constructedhi@e genomes of lilyL{lium) using
GISH analyses. For this purpose, the backcross (B@jenies of two diploid (= 2x = 24)
interspecific hybrids of lilyviz, Longiflorum x Asiatic (LA) and Oriental x Asiati(OA) were
used. In all cases, it was possible to identify ltleenoeologous recombinant chromosomes as
well as accurately count the number of crossovantpdrecombination sites). The distribution
of these recombination sites among and within difie chromosomes as well as in different
genomes is described and their potential signitieaas a prerequisite for developing molecular
cytogenetic maps and their usefulness in breedimliscussedChapter 4 details the analysis of
BC1 as well as sib-mated plants in different imecsfic hybrids of lilies (LA and OA). These
BC progenies were obtained by functiona @ametes either from male or female parents.
However, some F2 LA hybrids were obtained by siltimgathrough 2 gametes donated from
both parents. Flow cytometeric and actual chrom@soaunts were compared. GISH technique
was employed to analyse the possible contributibrparental gametes and the extent of
intergenomic recombination and amount of introgmsof various genomes from different
cross types. The scope of unilateral and bilatezatal polyploidization was evaluated from 3x
and 4x progeny plant€hapter 5 reports on the Diversity Array Technology (DArTidathe
development of genetic linkage map in LA populatimsed on DArT markers. So a large
number of these DArT markers (of varying sizes) arailable to map on certain chromosomes
in interspecificLilium hybrids with FISH. Different DArT markers (linke some specific
traits) were generated that could be mapped pHisica lily chromosomes in different
interspecific hybrids using FISH technique.Chapter 6 the importance of functional and 2
gametes in introgression breeding, the transmissforecombinant chromosomes at different
ploidy level and its implication for genetic var@t is reviewed. Furthermore, construction of
cytomolecular maps in three genomed.iilum and the development of DArT genetic linkage
maps in LA hybrids are discussed. The part is &rdxtended to discuss the possible solution
for integration and alignment of genetic linkage pm@ the cytogenetic maps based on

cytogenetic techniques.
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Relevance of diploid BC

Abstract

Ploidy level and intergenomic recombination wasd&d in interspecific hybrids between
Longiflorum x Asiatic lilies (LA hybrid) backcrost Asiatic parents in order to assess the
possibility for intergenomic recombination and agression in lily Lilium). By backcrossing
the diploid (2n = 2x = 24) F1 interspecific hybkidtween Longiflorum x Asiatic lilies to Asiatic
parents, 104 BC1 progeny plants were produced. Antbese, there were 27 diploids, 73
triploids (2n = 2x = 36) and 4 aneuploids (2x 2%+ 2 or 2x + 3). In addition, by backcrossing
triploid BC1 (LAA) plants to diploid Asiatic paremin 2x - 3x and reciprocal combinations, 14
diploid BC2 progenies were produced. Genomisitu hybridization (GISH) was performed to
study the intergenomic recombination and karyotgoenposition. Similarly, one BC2 LA
diploid obtained from a cross between BC1 genotyjih an Asiatic parent was also studied.
GISH indicated extensive intergenomic recombinatiomong the chromosomes in LA hybrids.
A large number of Longiflorum chromosomes were graitted to the BC1 progenies from LA
hybrids. However, few Longiflorum chromosomes weesnsmitted from the BC1 diploid (LA)
and triploid (LAA) plants to the BC2 progenies. Thecurrence of diploid plants in the BC
progenies of LA hybrids has opened the prospec#alytic breeding in lilies. In this approach,
the selection of superior genotypes with introgassan be carried out at the diploid level and
polyploid forms are synthesized from superior diglparents. The advantages of analytic
breeding are evident: a) a maximum level of hetgyogity can be attained in the synthetic
polyploids and b) introgression can be achieved witminimum of linkage drag and c) the
diploid BC progenies can be used for mapping. BasedsISH results the potential use of
diploid BC progenies and application in introgressibreeding in lily allopolyploids are

discussed.

12
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Introduction

The process of introgression involves the transfean alien DNA segments with specific traits
into cultivated crops. For the successful develapned new cultivars, introgression of traits
from a wild relative in to cultivated crop is anportant phenomenon and it has been realized in
many crops such as bread wheat (Hegde and Wairtgs 3@¢hoenenberger et al. 2006), rice
(Multani et al. 1994, Khush 2005estuca-Lolium(King et al. 1998; Humphreys et al. 2005;
Kosmala et al. 2006), potato (Tek et al. 2004)tralsmeria (Kamstra et al. 1999a; 1999b, 2004),
sugarcane (Bakshi et al. 2001) and tomato (Cantdly 8007). The formation of fertile hybrids
and backcross individuals are necessary for theesstul introgression between the species.
Similarly, genetic difference, ploidy level, andhigs sterility are limiting factors during the
process of introgression (Stebbins 1958; RiesebathyWendel 1993). The introgressions are
mainly restricted to species that were cross coimlgabr closely related species. However,
introgression of chromosomal segments is hindemectops which were incompatible to cross
due to crossing barriers.

Introgression of important trait for crop improvemevia interspecific hybridization at
the diploid level implies that the genotypes usethis approach necessarily produce haplojd (
gametes so that they give rise to diploids in thiessequent generations (Zeldin and McCown
2004). In the hybrids of species that possess alesely related or similar genomes (the case for
autopolyploids) it is not a problem to have dipléidms that can produce functionralgjametes
due to normal segregation of chromosomes duringosiei(Weiss and Maluszynska 2000;
Lopez-Lavalle and Orjeda 2002; Gu et al. 2005; Helyal. 2007; Zhang et al. 2007). However,
when distantly related species are to be usedragtgan the improvement of the cultivars at the
diploid level, there can be several obstacles. Afram the crossability barriers, which can be
usually overcome through the useimfvitro embryo or ovule rescue methods (Van Tuyl et al.
1991; Lim et al. 2001; Barba-Gonzalez et al. 20€64,F1 hybrid sterility caused by the lack of
chromosome pairing during meiosis and the faildfraamal viable gamete formation can be a
great impediment. In some cases, numerically urtediigametes, omyametes, can occur and
thus the fertility might be restored. In this casewever, the progenies that are produced will be
polyploid. In rare cases, even the distant hybdda possess the ability to undergo normal
meiosis and produce haploid gametes, as for exanmpléybrids of Festuca x Lolium
(Zwierzylowski et al. 1998; Thomas et al. 2008)tium cepax A. fistolium (Khrustaleva and
Kik 2000) andLycopersicon esculentum Solanum lycopersicoidehetelat et al. 1997)n
such cases it is possible to produce diploid bassmprogenies and carryout introgression

without changing the ploidy level. If diploid (d#sit) interspecific hybrids that can produce both
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n as well as @ gametes become available, there might be an apptrtfor selection of traits at
diploid level. Once the selection has been madéediploid level, then the unilateral sexual
polyploids can be achieved by using @ametes to reach the optimum ploidy level, eiglaid
in lilies (Van Tuyl and Lim 2003; Zhou et al. 2008pd tetraploids in potato (Jacobsen et al.
1991).

There are three important groups of cultivate@silLilium), viz,, Longiflorum, Asiatic
and Oriental, which were predominantly diploid x = 24) until recently (Lim et al. 2000).
During the last few decades, polyploids have besplacing the diploid forms due to their
superior characteristics of the former.Lilium, because the species or cultivars, especiallyethos
of different sections, possess more valuable tth#smain goals of modern lily breeding are to
combine the three distinctive groups and realizeogmession breeding. In order to combine
some valuable horticultural traits from differenliea species into a cultivar, interspecific
hybridization and recurrent backcrossing are regliiThese resulting polyploid cultivars have
originated from hybridization of cultivars that beb to different taxonomic sections of lilies
such as Longiflorum x Asiatic (LA) [Lim et al. 20@1Zhou et al. 2008] or Oriental x Asiatic
(OA) [Barba-Gonzalez et al. 2004; 2005b]. Becaube three groups possess clearly
differentiated genomes, their hybrids have givee to typical allotriploid (ALA and AOA) or
allotetraploid (LLAA) cultivars (Barba-Gonzalez at 2005a; Zhou 2007; Zhou et al. 2008).
These polyploids are difficult to use as parentdieeding because the triploids are mostly
sterile and the allotetraploids obtained after tidt@hromosome doubling are the so-called
permanent hybrids. A salient feature of some ofdipdoid LA hybrids was that they produced
not only Zh gametes but alsn gametes (Zhou 2007). This provides unique oppdarésnfor
generating allotriploid (2n = 3x = 36) as well aplaid (2n = 2x = 24) BC1 progenies from
backcrossing LA hybrids to Asiatic parents. In addi, diploid BC2 progenies were also
generated from backcrossing allotriploid (ALA or AAto diploid Asiatic parents, i.e., 3x - 2x
or reciprocal crosses and 2x - 2x crosses. Thesal iattempts indicated that it might be
possible to generate fairly large numbers of dpIBC1 and BC2 progenies from LA hybrids
and their backcross progenies. With the aim of watalg the prospects of using diploid
backcross progenies in introgression breedingecuitumber of diploid BC progenies from LA
hybrids were produced and the genome compositidheodliploid BC1 and BC2 progenies were
analysed by GISH. Based on these results the paltexgplication and significance of these
hybrids is discussed with particular reference trogression breeding and intergenomic

recombination in lilies at diploid level.
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Materials and methods

Plant material

Most of the diploid F1 Longiflorum x Asiatic hybsd2n = 2x = 24), and allotriploids i.e., LAA
and ALA (2n = 3x = 36) cultivars were supplied bwtth lily breeding companies: De Jong
Lilies BV, Royal Van Zanten BV, Testcentrum BV, Mkr and Den Haan BV and World
Breeding BV. One F1 LA hybrids i.e. 024004-5 wawvealeped at the department of Plant
Breeding, Wageningen UR. As the two groups whiclhormge to two different taxonomic
sections, the cultivars of different sections cobdd hybridized, or backcrossed, only through
special techniques (Van Tuyl et al. 1991; Lim et2001a; Barba-Gonzalez et al. 2004). For
backcrossing, the F1 LA hybrids were used botheasafe and male parent and crossed with 8
different Asiatic parents to get LAA or ALA progesi (Table 2.1). Furthermore, the triploid
genotypes from the breeders (which were BC1s) Wwaokcrossed to diploid Asiatic parents by
using both 2x - 3x or reciprocal combinations (EaBl2). One BC2 diploid (074373-1) was
developed from a backcross BC1 diploid (044538-Zhvan Asiatic parent. All the plant
material is being maintained vegetatively at Waggen UR, Plant Breeding, Wageningen, The

Netherlands.

Pollen germination

Pollen was collected on day of anthesis and cutdioe 5-20 hrs at 2% in an artificial agar
medium containing 100g/l sucrose, 5g/l of bactegatal agar, 20mg/l of boric acid and
200mg/l of calcium nitrate. The percentage of geating pollen was determined based on the

growth of pollen tube under an anatomical microscop

Flow cytometry

Flow cytometry was done to evaluate the ploidy lesethe BC1 and BC2 progenies. The
germinating embryos were transferred into the pgagan medium and allowed to grow until

leaves developed. One leaf or scale was collected €ach seedling for testing ploidy level as
described by Van Tuyl and Boon (1997).

Mitotic chromosome preparation

For mitotic metaphase chromosome analysis, roat were collected early in the morning,
incubated in 0.7 mM cycloheximide solution for 4 -h and then fixed in ethanol-acetic acid
(3:1) solution for 12 to 24 h and stored at 4°Cilwrge. The root tips were washed in distilled

water and incubated in a pectolytic enzyme mixtmetaining 0.2%w/v) pectyolase Y23, 0.2%
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(w/v) cytohelicase and 0.2%w(v) cellulase RS in 10 mM citrate buffer (pH 4.5)3t°C for
about 1 h. Squash preparations were made in a ard®% acetic acid and frozen in liquid
nitrogen. The cover slips were removed by usingzar blade. The slides were then dehydrated
in absolute ethanol and air dried.

Genomic in situ hybridization (GISH)

Total genomic DNA was extracted with the CTAB meathRogers and Bendich 1988).
Genomic DNA of Longiflorum cultivar ‘White Fox’ waased as probe in GISH and labelled
with digoxigenin-11-dUTP by nick translation (Rocheiagnostics GmbH, Mannheim,
Germany). The GISH procedure was performed as itbescby Lim et al. (2003) and Zhou et al.
(2008). Briefly, the hybridization mixture contath&0% (v/v) deionized formamide, 10% (w/v)
sodium dextran sulfate, 2x SSC, 0.25% (w/v) soddodecyl sulfate, 1-1.5ng/ul Digoxigenin
labelled DNA from Longiflorum cultivars and 25 - Qg/pl block DNA of the Asiatic cultivar.
DNA was denatured by heating the hybridization omgtat 70°C for 10 min followed by
incubation in ice for 5 min. The hybridization mixé (40ul) was then applied on each slide. The
chromosome preparations were denatured at 80°G foin immediately prior to incubation.
After overnight hybridization in a humid chamber 3t°C the slides were washed at room
temperature in 2x SSC for 15 min followed by stengwashing with 0.1x SSC for 30 min at
42°C. Digoxigenin labelled DNA was detected withidigoxigenin-fluorescein raised in sheep
(Boehringer, Mannheim, Germany) and amplified wWitiorescein anti-sheep immunoglobulin
raised in rabbit (Vector Laboratories). Preparatiomere analysed using a Zeiss Axiophot
epifluorescence microscope and photographed withoRaligital camera. For each plant, the

total number of chromosomes and the number of réamant points were determined.

Chromosome identification, measurement and detextioim of genome contribution

For karyotyping in both genomes (L and A), chrommee are arranged in sequence of
decreasing short arm length according to Stewa@4{L Some of the chromosomes in the
somatic karyotype could be identified on the bas$itotal length and arm ratios (e.g., 1, 2, 3 10,
11 and 12). In other cases, however, the differemtehe lengths of short arms were used for
identification. By identifying recombination sitemalysed by GISH, the same chromosome
could be accurately identified in 5-10 cells andnpared with the previous and the succeeding
chromosomes in the karyotype. Furthermore, therasm@ric index [short-arm length/(short arm
length + long arm length)] and the relative chroome length index (individual chromosome

length/total length of all chromosomes) were deteet for all genotypes (Barthes and Ricroch

16



Chapter 2

2001). For the measurements and determination nbrge contribution, images of mitotic

metaphase chromosomes from each genotype weretedlland were measured (micrometres).
The contribution of the amount of both L and A gees (in terms of percentage) in BC
progenies was determined using the computer progiesroMeasure (Reeves and Tear 2000;

http://www.colostate.edu/Depts/Biology/MicroMeasure

Results

Production of BCland BC2 progenies from LA hybrids

In order to assess the possibility to produce ikalbt large number of diploid backcross
progenies from the LA hybrids or from its BC1 progess a large number of crosses were made.
For this purpose, one BC1 LA hybrid, several F1 hgbrids and allotriploid BC1 (LAA)
genotypes were backcrossed to diploid Asiatic garand the ploidy levels of these progenies
were determined through flow cytometry (data noéspnted) as well as by cytological
chromosome counting (Tables 2.1 and 2.2).

Not all LA hybrids were successful as male and fenparents. Viable pollen grains (5-
30%) were produced in some cases (e.g., F1 hyb4d502, 041519, 041557) and these could
be used successfully as male parents (Table 2thgr@enotypes could only be used as female
parent. By crossing LA hybrids both as female aradenparent, a total of 104 BC1 progenies
were obtained of which 27 (26%) were diploid, 78.27%) were triploid and 4 were aneuploid
(3.8%) with 2x — 1, 2x + 2 and 2x + 3 respectivdlfiis indicated the occurrence of haplam, (
diploid (2n) and aneuploid gametes in the LA hybrids (Tablg.Analysis of the different BC1
types produced by each genotype indicated that themotypes produced omyeggs. All other
produced botm and 21 eggs although in the majority of casese®)gs are produced. Similarly,
there was one genotype that produced onppllen (041557); one that produced batand 2
pollen (041519) and one genotype produced onlgdlen (041502). The observations indicated
that it was possible to produce reasonable nunidfedploid BC1 progenies along with a large
number of triploid progenies from LA hybrids despfossessing highly differentiated genomes
and abnormal meiosis in these hybrids.

Apart from producing BC1 progenies from diploid Ib4brids, an attempt was also made
to obtain diploid progenies by backcrossing dipli@A) and allotriploid (LAA and ALA) BC1
plants with different diploid Asiatic parents. Frotie flow cytometric determination of the
ploidy levels of the progenies of 2x - 3x and reogal crosses, it was established that 90.33% of
the BC2 plants showed diploid chromosome numbetk this was confirmed cytologically
(Table 2.2; Fig. 2.1c). Obviously, despite beintptalbloids, they produced balanced haploid
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gametes both male and female, giving rise to dipRC2 progenies on back crossigimilarly

a cross between 2x - 2x also gave a diploid progémgh showed that normal diploid BC1 LA

hybrid also produced normalgametes.

Table 2.1.The frequencies of diploid (2n = 2x = 24), or anleidh and triploid (2n = 3x
= 36) BC1 progenies resulting from crosses betwiterent genotypes of LA hybrids

and the Asiatic parents.

No. of

Genotype Parents Ploidy level**

Cross Code plants
Female Male analysed 2X 3X Others

LA A* 044511 041543 Mont Blanc 2 2
LA A 044512 041558 Mont Blanc 1 1
LA A 044518 041543 Pollyanna 1 1
LA A 044525 041556 Mont Blanc 1 1
LA A 044535 041562 Pollyanna 1 1
LA A 044536 041563 Pollyanna 1 1
LA A 044538 041560 Pollyanna 4 4
LA A 044539 041558 Pollyanna 5 5
LA A 044541 041549 Pollyanna 1 1
LA A 044567 041548 Pollyanna 1 1
LA A 044571 041557 Mont Blanc 4 4
LA A 044611 041559 Pollyanna 1 1
LA A 044624 041565 Pollyanna 1 1
LA A 044630 041502 Mont Blanc 1 1
LA A 062035 041560 Sarina 2 2
LA A 062071 041560 Montreux 4 1 3
LA A 062074 041560 Montreux 5 2 3
LA A 065051 024004-5 061095 4 2 1 1(2x-1)
LA A 066828 041543 051072 5 1 4
LA A 066960 041543 Lanzarote 18 3 14 1(2x+2)
LA A 066963 041543 Gironde 7 2 5
LA A 066994 041560 Alaska 13 6 5 2(2x+3)
LA A 066995 041560 031040 1 1
A LA* 044595 Pollyanna 041519 3 1 2
A LA 044601 Mont Blanc 041502 9 9
A LA 044602 Mont Blanc 041557 2 2
A LA 044608 Vivaldi 041502 6 6
Total 104 27 73 4

* = Denotes only the direction of the crosses hattthe ploidy level. LAA indicates that the hybtid was
the female parent and ALA indicates that LA hyhsigls the male pareritr = Estimated cytologically.

Genome composition and the extent of crossingiovBC progenies

Through GISH analysis, the genome composition vedsrchined in 24 diploid BC1 (Table 2.3)

and five BC2 plants (Table 2.4). Among BC1 progeni20 had the expected 24 chromosomes

and 4 were aneuploid (2x — 1, 2x + 2 or 2x + 3)c&ese the Asiatic parent was used for

backcrossing, the number of A genome chromosome®rf@somes of which the centromere

was of Asiatic genome) predominated in the BC1 enigs and varied from 15 to 23 (Table

2.3). On the other hand, the chromosomes with éinéremere of the L genome varied from only
one (044602-2) to nine (066960-2 and 066963-2) IEral3).
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There were obviously four type of chromosomes; hwa-recombinant chromosomes, L
and A and two recombinant chromosomes L/A and Ahose with a centromere of Asiatic
chromosome with a recombinant segment of Longiffgrare indicated as A/L, andce versa
i.e.,, L/A (Table 2.3 and Fig. 1A, B and C). In alhere were 71 L/A and 86 A/L types of
recombinant chromosomes found in the total of pneggeanalysed. Taking the total length of
both A and L chromosomes in the BC1 progeniesp#teentages of each genome present in the
BC1 progenies was estimated (Table 2.3). The p&genof L genome deviated from the
expected (25%) and it varied from 3.3% (044602e23$ high as 32.5% (066960-15), nearly a
10 fold variation. In order to estimate the numbed types of recombinant chromosomes and
the lengths of recombinant segments, the karyotygfesome of the BC1l progenies were
determined as shown in Fig. 2.2. It was found thatonsiderable amount of Longiflorum
genome was transmitted from LA hybrids to BC1 progs, however, the BC2 progenies

possessed hardly any of the alien genome or segraghtgenome (Fig. 2.1c).

Genome comparison and the extent of recombinatidd(2 progeny obtained from BC1 diploid

plants

A total of 17 flowers from three diploid BC1 LAA getypes were pollinated using Asiatic

parents to get BC2 (LAA x AA) progenies. From thé dollinated flowers only one embryo

could be rescued (Table 2.2). Ploidy level of teengnated seedling was determined by flow
cytometry and the total number of chromosomesrgetgomic recombination and the amount of
L- genome transferred from BC1 to BC2 level wasficored by GISH. In total 24 chromosomes
were identified making this individual diploid (2n2x = 24).

With GISH it was found that a total of 10 breakmisidistributed amongst 6 chromosomes,
two of them containing Longiflorum centromeres (F&3b and Fig. 2.4). BC2 generation is
expected to contain 12.5% of the donor genome &éther than 25%. A comparison in the
genomic composition, number of recombinant chromaes and break points of both the BC1
and its progeny (BC2) has been given (Table 2.§; #). The BC1 showed 28.5% of L-
genome with 28 break points with 7 chromosomes sigwongiflorum centromeres. Even
though it showed more than the expected percerthijee L- genome, its progeny shows only

9% which is lower than the expected 12.5%.
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Table 2.2. The ploidy level of BC2 progenies resulting fronossing triploid BC1 plants

with diploid Asiatic parents

Interploid Parents

No. of plants analysed No. of diploid plants**
Crosses Female Male P Y ploicp
2x - 3x (BC2)
044529 Pollyanna 041513 3 3
044530 Mont Blanc 041513 5 5
3x - 2x (BC2)
044519 041513 Pollyanna 3 3
044524 041513 Mont Blanc 1 1
044634 041552 Pollyanna 3 2
2x - 2x (BC2)
074373-1 044538-2 051073 1 1
Total 16 15

** = Estimated cytologically.

Discussion

Nearly 30% of the 104 BC1 progenies produced fraxhlbrids in this investigation turned out
to be diploid or near diploid (i.e. aneuploid wihlmost diploid chromosome count). This shows
that there is a prospect for producing sufficienimber of diploid BC1 progenies with
homoelogous recombinant chromosomes suitable forgression breeding in LA hybrids. An
attractive feature of these progenies is that ghinbe possible to monitor the segregation of
distinctive genetic traits that distinguish the twarental species. The inheritance patterns of
some of the desirable horticultural traits in th@segenies might provide an insight into how
such traits can be utilized in breeding lilies. 8ege the generation time of lilies is long (two or
more years) the segregation of traits has notgem lanalysed in the present study. Nevertheless,
a cursory look at the karyotypes of BC progenieg.(E.2 and 2.4) does indicate that there is a
potential for genetic variation and consequentlyoasibility for selection at the diploid level.
From the point of view of breeding allopolyploidops, the results of the present investigation
are relevant to other ornamental. Just akilimm, an important group of tulips, the so called
“Darwin Hybrids”, have originated from interspecifiiybrids betweefulipa gesnerianax T.
fosteriana (Marasek at al. 2006; Marasek and Okazaki 200&)spide having genetically
differentiated genomes, these F1 hybrids have beewn to produce botlhand 2 gametes so
that both diploid (2n = 2x =24) and triploid (2n3x =36) BC1 progenies can be obtained by
back crossing with one of the parent TegesneriangMarasek and Okazaki 2008).

Similarly, occurrence of bottmn and 2 gametes has also been reported in other
ornamentals likeAlstroemeria aureax A. inodora(Kamstra at al. 1999b). This indicates that
there are prospects of using introgression breedindiploid level in more ornamental crops
other than lily. The potential for genetic variatiand consequently the possibility for selection
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at the diploid level have been practiced in sometcrops of economic importance like
Lycopersicon esculentumSolanum lycopersicoidd€hetelat et al. 1997) arkkstucax Lolium
(Zwierzylowski et al. 1998; Thomas et al. 2003).

Table 2.3. Genome composition of BC1 (diploid and aneuploid) hybrids and the

number of recombinant chromosomes among differenotypes.

) Genome Genome No of

Cross G(g‘:é}épe F;gg?/ composition percentage recombinant
LA AAD L (%) A (%) chromosomes

LAA  044511-1 2x 3(1) 21(2) 1255  87.45 3
LAA  044538-2 2x 7(6) 17(4) 2537  74.62 10
LAA  044538-3 2x 7(6) 17(3) 28.6 71.4 9
LAA  044538-3 2x 4(3) 20(4)  23.03  76.96 7
LAA  044538-4 2% 5(2) 19(5) 2432 7567 7
LAA  062704-2 2x 4(2) 20(4) 25.6 74.63 6
LAA  062704-5 2x 6(4) 18(4) 16 84 8
LAA  065051-3 2x 3(3) 21(2) 881 9118 5
LA A 065051-5 2x-1 3(2) 20(3) 17.80 82.20 5
LAA  065051-6 2% 7(6) 17(3) 27.5 72.5 9
LAA 0668285 2x 5(4) 19(2) 15.2 84.8 6
LA A 066960-2 2X 9(5) 15 26.88 73.11 5
LAA  066960-15  2x+2 7(2) 19(1) 3252  67.47 3
LA A 066960-17 2X 8(4) 16(3) 31.88 68.11 7
LAA  066960-22 2x 5(5) 19(4) 13.9 86 9
LA A 066963-2 2X 9(5) 15 28.9 71.09 5
LA A 066963-7 2X 7(3) 17 25.2 74.8 3
LAA  066994-1 2x 6(3) 18(4) 2781 7218 7
LAA  066994-2 2x 4(4) 20(5)  29.28  70.72 9
LAA  066994-5 2x 7(5) 17(4) 21 79 9
LAA  066994-6  2x+3 7(4) 20(4) 35.9 64.1 8
LAA  066994-7  2x+3 7(3) 20(4) 2437  75.63 7
LAA  066994-10 2x 6(3) 18(4) 26.2 73.8 7
ALA  044602-2 2% 1(1) 23(2) 3.34 96.66 3

Three important aspects of homoeoleogous recombmand introgression breeding
usingn gametes are, a) conventional breeding at dipleiéll for improved quality and high
yield traits b) the maximization of heterozygositythe polyploids that might be produced from
the selected diploid genotypes and c) introgressiodesirable traits from on species to the
other. For good reasons, it has been argued thagrer degree of heterozygosity can be
achieved at the polyploid rather than at the diplevel (Bingham 1980; Sanford 1983). The
reason being that polyploids have a greater préibalif possessing three or more different
alleles at the same locus whereas it is restritemhly two in diploids. The importance of poly-
allelic loci for inducing vigour and fertility inwgopolyploids has been demonstrated in the case
of Medicago sativgBusbice and Wilsie 1966). This aspect can bdiedrby using diploid BC

progenies for breeding and selection followed blyloidization in lilies.
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Table 2.4. Genome composition of BC2 (diploid and aneuploid) hybrids and the

number of recombinant chromosomes among differendtypes analysed by GISH.

Cross Genotype  Ploidy Genome composition No of recombinant
Code level LA AR chromosomes
A LAA 044529-2 2x (1) 23 1
A LAA 044529-3 2X - 24 0
A LAA 044529-4 2X 24 0
A LAA 044530-1 2x - 24(1) 1
LAA A 044634-1 2x+1 1 24(2) 2
LAA A 077373-1 2x 2(2) 22(4) 6

The traditional method of introgressing traits iattmpolyploids was through the re-synthesis
of the crop by using the putative parental speagehas been done lipomeaspp. (Orjeda et al.
1991),AegilopsTriticum (Feldman et al. 1997; Ozkan et al. 208partinaspp. (Baumel et al.
2002), Musa Spp. (Ortiz 1997), andBrassica (Lukens et al. 2006; Nicolas et al. 2007).
Hybridization of such re-synthesized allopolyplewth elite cultivars adds the entire genomes

of the alien species rather than only the chromessegments that possess the desirable traits.

Table 2.5. Relative Asiatic to Longiflorum genomic compositiari a BC2 individual

compared to its mother (BC1).

Genotype Ploidy Genomg Genome % Numbgr of No. of
Backcross Code level composition recombinant break
AP LA Ak L% chromosomes  points
BC1 044538-2 2x 17(4) 7(6) 71.5 28.5 10 28
BC2 074373-1  2x  22(4) 2(2) 91 9 6 10

The addition of entire genomes, obviously, addsymardesirable traits along with the desirable
ones into the cultivars enhancing so called, liekdgag (Hospital 2001). One effective way of
preventing linkage drag is to add specific recorabtnsegments that possess desirable traits
(Servin et al. 2004). An important requirement tluis is that, a) homoeologous recombination
must be accomplished in the hybrids of the putapigeental species and b) the recombinant
chromosomes must be recovered in the progenidsedfi hybrids. These two requirements are
most ideally achieved in the case of LA hybridsdstd here and a wide range of recombinant
chromosomes with varying numbers and lengths afmdxinant segments have been recovered
in the BC1 progenies (Table 2.2; Fig. 2.1a, b aigd E3).

Besides, it has also been possible to produce B@fpies from the diploid and triploid
BC1 genotypes (Table 2.2). In a previous studyasviound that in the progenies of 3x - 2x
crosses of Longiflorum x Asiatic and 3x - 2rd reciprocal crosses Ofiental x Asiatic hybrids

lilies, predominantly near diploid (i.e., aneuplo@ diploid progenies occurred indicating that
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triploid BC1 plants produced both balanaeds well as near haploid (e.g., n + 1 or n + 2)etc.
gametes (Lim et al. 2003; Barba-Gonzalez et al6apOFurthermore, diploid progenies were
also obtained when allotriploidilium lankongensend Asiatic hybrids ant. longiflorumand
Asiatic hybrids (LAA) were backcrossed with diploidnd tetraploid Asitaic hybrids
(ProsceMtius et al. 2007). This was also an indication ofabeedn gametes production in
allotriploid interspecific lily hybrids. Similarlypresent investigation shows that most of the BC2
progenies obtained after 2x - 3x and in reciprazakses produced mostly diploid progenies.
However, there is no convincing explanation for thexurrence of balanced gametes in
triploids used in the present study. This appearbda genotype dependent that needs to be
confirmed by further analysis. Therefore, more prags from this cross have to be anlysed. A
notable feature of the BC2 progenies obtained f2am 2x, 2x - 3x and its reciprocal cross (3x -
2x) is that they transmit very short recombinarmgnsents or very few alien chromosomes to the
progenies (Fig. 2.1c and 2.3).

Fig. 2.1. Chromosome identification and identification o€eebination sites with GISHa(and
b) BC1 LA diploids (044538-2; 066963-7) with Longifum (green) and Asiatic (blue) genomes.
(c) BC2 LA diploid (044529-2) with Longiflorum (gregand Asiatic (red) genome.
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These might be especially favourable in avoidingdge drag. The scarcity of L
genome chromosomes or segments in these BC2 pesgeight have resulted from a process of
selection of gametes during fertilization or embdevelopment or due to non-inclusion of L
genome chromosomes during gamete formation. Thigliesy that introgression of some
desirable Longiflorum traits into an Asiatic culiivcould be realized at BC2 level. Similar
results have been found KFestucaLolium intergeneric hybrids where freezing tolerance gene
were successfully introgressed intolium multiflorumfrom Festuca pratensi;n a back cross

breeding program (Kosmala et al. 2006).
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Fig. 2.2. Diagrammatic representation of recombinant chrames in BC

diploid LA hybrid. 044538-2 and 065051-6 (BC1 LAgpe hybrids); 044602-2
(BC1 ALA hybrid) and 044529-2 (A LAA BC2 hybrid)nlthis Fig. the black
colour represents the Longiflorum genome while goejyour represents the
Asiatic one.
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Fig. 2.3 (aandb). GISH picture represents the diploid BC1 and BC2Hyrids.a- BC1 LAA (044538-2)
and b- BC2 LAAA (074373-1). Logiflorum DNA is detected thi FITC signal (green) and the Asiatic
DNA is counterstained with DAPI (blue). The arrowdicate recombinant segments.

Besides their relevance to introgression breedmgdiploid BC progenies can be useful
for molecular mapping of useful traits as exampiedther crops like banana (Fauré et al. 1993;
Raboin et al. 2005), wheat (Dubcovsky et al. 199glfa (Barcaccia et al. 1999) and cotton
(Desai et al. 2008). Especially when quantitatiadts are to be transferred, diploids might more
conducive for tagging the quantitative loci thatghti be used in marker assisted selection
(Dirlewanger et al. 2004). Diploid BC1 ALA and LAAlants can be backcrossed with the
recurrent Asiatic parents to get the genes of @stein backcross progenies. Finally, the concept
of hybrid vigour resulting from the degree of hetgmosity of the polyploid progenies can be
assessed through the use of molecular methodshenadivantages of analytic breeding can be

determined.
044538-2 Bl
1 2 3 4 5 6 7 8 9 10 11 12
074373-1 BC2
1 2 3 4 5 6 7 8 9 10 11 12

Fig. 2.4. Diagrammatic representation of the genome comparizetween BC1 LAA
(044538-2) and its progeny plant i.e. BC2 LAAA (@78-1). In this Fig. the black
colour represents the Longiflorum genome while grelpur represents the Asiatic one.
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Abstract

Chromosomal recombination maps were constructedhi@e genomes of lilyL{lium) using
GISH analyses. For this purpose, the backcross (B@jenies of two diploid (2r 2x = 24)
interspecific hybrids of lilyviz, Longiflorum x Asiatic (LA) and Oriental x AsiatiOA) were
used. Mostly the BC progenies of LA hybrids coregisbf both triploid (2n = 3x = 36) and
diploid (2n = 2x = 24) with some aneuploid genoty@ad those of OA hybrids consisted of
triploid (2n = 3x = 36) and some aneuploid genosype all cases, it was possible to identify the
homoeologous recombinant chromosomes as well agaety count the number of crossover
points, which are called “recombination sites”. Babination sites were estimated in the BC
progeny of 71 LA and 41 OA genotypes. In the cas®® progenies of LA hybrids, 248
recombination sites were cytologically localized Tih different chromosomes of each genome
(i.e., L and A). Similarly, 116 recombinant sitegr& localized on the 12 chromosomes each
from the BC progenies of OA hybrids (O and A gensn€ytological maps were constructed
on the basis of the percentages of distances @nometres) of the recombination sites from the
centromeres. Since an Asiatic parent was involwedoth hybridsyiz,, LA and OA, two maps
were constructed for A genome which were indicatednsiatic (L) and Asiatic (O). The other
two maps were Longiflorum (A) and Oriental (A). Rakably, the recombination sites were
highly unevenly distributed among the differentahpsomes of all four maps. Because the
recombination sites can be unequivocally identifiecbugh GISH, they serve as reliable land
marks and pave the way for assigning molecular erarkr desirable genes to chromosomes of
Lilium and also monitor introgression of alien segments.
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Introduction

Cytological maps represent the location and oréi@enarkers along the chromosomes in relation
to structures such as centromeres, telomeres, gagooonstrictions (if any), and knobs among
others. Such maps are created by microscopic detation of the position of visible structures
(or “markers”) in fixed and stained chromosomeseSéhcytological maps are essential to relate
genetic loci and molecular sequences to morphadeatures of chromosomes (Fransz et al.
2000; Cheng et al. 2001). In fact, cytological mdy@e been most useful in relating and
orienting genetic linkage groups on individual chasomes in crops such as, maize (Burnham
1962), tomato (Khush and Rick 1968), and rice (Khesal. 1984; Singh et al. 1996). Besides
chromosome markers, the discovery of differentiaingng techniques, such as Giemsa C-
banding, paved the way for using chromosome marnkeng extensively (Linde-Laursen 1988;
Gill et al. 1991; Pedrosa et al. 2002). In additionduced chromosome deletions and
translocations that can be visualised cytologichlye also been used for mapping genes in
some cases, e.g., tomato (Khush and Rick 1968)aw(asll et al. 1996; Castilho et al. 1996;
Sandhu and Gill 2002; Bhat et al. 200B)assica(Howell et al. 2002), and barley (Kunzel et al.
2000).

Fluorescenin situ hybridization (FISH), a molecular cytogenetic teiclue, has opened
up possibilities for localizing large numbers abreéd DNA sequences directly on chromosomes
for mapping purposes. Nevertheless, chromosome ke so-called, cytomolecular maps,
have been constructed in some of the plants witlllsas well as large chromosomes by FISH.
Examples areArabidopsis(Schmidt et al. 1995; Jackson et al. 198)rghum(lslam-Faridi et
al. 2002), legumes (Fuchs et al. 1998; Ohmido eR@D7) andPinus species (Hizume et al.
2002; Islam-Faridi et al. 2007). Since the clonddADsequences can be directly localized on
chromosomes, this method is becoming increasinglyortant in plant molecular cytogenetics
(Jiang and Gill 2006). In addition, although FISHuseful for the construction of physical maps
and for the elucidation of molecular organizatioh aromosomes, it is less suitable for
unravelling the process of crossing-over.

Unlike the FISH technique, genomic DNA situ hybridization (GISH) can be most
useful for analysing the process of intergenom@omnebination as well as for the elucidation of
chromosome organization. But GISH is restricted/daldistant hybrids and their progenies for
unravelling intergenomic recombination. This is dese the parental genomes need to be
sufficiently differentiated, as is the case fortam hybrids, to be able to distinguish the padenta
genomes in the hybrids. Using GISH, inter-genomsicombination has been demonstrated to

occur in the progenies of some of the intergenanid interspecific hybrids such a3asteriax
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Aloe (Takahashi et al. 1997 estucax Lolium (King et al. 2002a; Kosmala et al. 2006; Kosmala
et al. 2007)Alstroemeria aureax Alstroemeria inodorgKamstra et al. 1999aplstroemeria
inodora x Alstroemeria pelegringRamanna et al. 2003M\llium cepax [Allium fistulosumx
Allium roylei (Khrustaleva and Kik 1998}.ilium longiflorum x Asiatic hybrids (Karlov et al.
1999), Oriental x Asiatic lily hybrids (Barba-Gomea et al. 2004) andulipa gesnerianax
Tulipa fosteriana(Marasek et al. 2006). In the case of distant li@rivarious strategies are
required for backcrossing and analysing the praggersio that the number and positions of
crossover points can be estimated. For examptegicase oFestucax Lolium, triploid hybrids
were successfully backcrossed to ltadium parent using a disomic substitution for chromosome
3 of F. pratensisin L. perennecomplement for physical mapping as well as esthbilg a 1:1
relation between chiasma formation and crossing-(Kimg et al. 2002a; 2002b). In the case of
Allium, the diploid hybrid A. royleix A. fistulosum produced haploidhj gametes that could be
successfully used to cross with cepaand to obtain the so-called trispecific hybridttiaas
used for GISH analysis (Khrustaleva and Kik 1998).advantage of using a trispecific hybrid
for GISH analysis was that the recombinant segmeitke A. roylei x A. fistulosumcould be
directly visualised in the background of the chremme complement of th& cepaparent.
Using such genotypes, the integrated recombinaimh physical maps of two chromosomes
(chromosome 5 and 8) of the interspecific pareat,@. royleix A. fistulosurh were constructed
(Khrustaleva et al. 2005). However, in these apgrea the cytogenetic map has been
constructed for only one or two chromosomes ofédhgant species. As a rare exception, the
intergeneric hybrid ofGasteria x Aloe produced haploid gametes that were used for the
production of diploid backcross (BC) progeniesisat the number and positions of recombinant
break points were accurately estimated (Takahashal.e1997). Apart from these, some
interspecific hybrids oAlstroemeriaandLilium were reported to produce eitheor 2n gametes
(Kamstra et al. 1999a; Ramanna et al. 2003; Liad.62001b; Barba-Gonzalez et al. 2004; Khan
et al. 2009b; Zhou et al. 2008). In the case @djlby using interspecific hybrids that produced
both n and 2 gametes, it was possible to produce BC1 progehigswere diploids as well
triploids. Such progenies were used to identifar@e number of homoeologous recombination
break points, referred to agtombination sitéghrough GISH analysis.

The species of the genudslium have probably the largest genomes among plants
(Bennett and Smith 1976; 1991) and have been ax&nsised for cytological analysis in the
past. For example, basic studies on chromosomdifidation and karyotype analysis (Stewart
1947; Noda 1991), chiasma formation and crossirgg-Mather 1940; Brown and Zohary 1955;

Fogwill 1958), and time and duration of female ms&o(Bennett and Stern 1975) were
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conducted. Nevertheless, to our knowledge, no mépsy type are available for the genomes
of lilies so far. In the present study, we descaplogical maps of three complete genomes of
lilies based on the recombination sites identiftedugh GISH in the BC progeny populations of
two interspecific hybrids. These involve hybridgveeen three main groups of diploid (2n = 2x
= 24) cultivars,viz., Asiatic, Longiflorum and Oriental lilies whichelong to three different
taxonomic sections (Lim et al. 2000). The genomrescampletely differentiated and suitable for
GISH analysis (Lim et al. 2001a; Barba-Gonzaleal €2004). The distribution of crossover sites
among different chromosomes within each as welhadifferent genomes is described below

and their significance is discussed.

Materials and methods

Plant material

Diploid (2n = 2x = 24) cultivars of three groupslities (Lilium), Longiflorum (L), Asiatic (A)
and Oriental (O), were used for producing F1 hybrehd the BC progenies. Because all the
cultivars of the three groups are interspecific ridd of closely related species of complex
origin, the species names are not mentioned. Asthiree groups belong to three different
taxonomic sections, the cultivars of different satt could be hybridized, or backcrossed, only
through special techniques like cut-style pollioatand embryo rescue (Lim et al. 2001b; Barba-
Gonzalez et al. 2004). The two types of hybridsdusere Longiflorum x Asiatic (LA) and
Oriental x Asiatic (OA). For backcrossing, the LAbinids were used either as female or male
parents and crossed with 12 different Asiatic preAn important feature of some of the LA
hybrids was that they produced baettihaploid) and & gametes in both types of spore mother
cells (Zhou 2007). Therefore, the BC1 progeniesiltieg) from LA x AA (LAA) or from the
reciprocal AA x LA (ALA), consisted of both diploidr near diploid (2n = 2x = 24) and triploid
(2n = 3x = 36) progenies (Table 3.1). Beside B@A& BC2 genotypes were also selected, three
from reciprocal interploidy crosses between A addAland two from ALA x LA (Table 3.1).
Similarly five BC3 plants were also analyzed forahosomal recombination mapping in LA
hybrids (Table 3.1). In the case of OA hybrids,yotilose genotypes that produced @llen
were used for backcrossing with the Asiatic cuhsvas female parents (i.e., AOA). In all cases
the progenies were triploid with two exceptionsi{fea3.2). Similarly, ten BC2 progeny plant of
OA hybrids resulted from a cross (AOA x AA) weresa@lanalysed (Table 3.2). All the plant

material is maintained vegetatively at Wagening&RJant Breeding, Wageningen.
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Mitotic chromsosome preparation and Genomic in kitbridization (GISH)

Total genomic DNA was extracted with the CTAB meth(Rogers and Bendich 1988).
Genomic DNA of Longiflorum cultivar ‘White Fox’ andenomic DNA of Oriental cultivar
‘Sorbonne’ were used as probes and labeled witleedigoxigenin-11-dUTP or biotin-16-dUTP
by a standard nick translation protocol (Roche Ddamgics GmbH, Mannheim, Germany).
Digoxigenin-labeled DNA was detected with antidiggenin-fluorescein raised in sheep
(Boehringer, Mannheim, Germany) and amplified witlorescein anti-sheep immunoglobulin
raised in rabbit (Vector Laboratories, Burlingar@alifornia). Biotin-labeled DNA was detected
with CY-3-conjugated streptavidin and amplified hwitbiotinylated goat-antistreptavidine
(Vector Laboratories). The rest of the procedurenidotic chromosome spreads and GISH were

performed as described in Chapter 2.

Chromosome identification

In all the three genomes the chromosomes are adaimysequence of decreasing short arm
length according to Stewart (1947) taking into actahe position of 45S rDNA hybridization
signals in LL and OA hybrids (Lim et al. 2001b; BarGonzalez et al. 2005a). Some of the
chromosomes in the somatic karyotype could be ifieston the basis of total length and arm
ratios (e.g., 1, 2, 310, 11 and 12). In other salsewever, the differences in the lengths of short
arms were used for identification. By using recamaktion sites as markers, the same
chromosome could be accurately identified in 5-@llscand compared with the previous and the
succeeding chromosomes in the karyotype. Furthermitre centromeric index [short arm
length/(short arm length + long arm length)] ana ttelative chromosome length index
(individual chromosome length/total length of alhremosomes) were determined for all
genotypes (Barthes and Ricroch 2001) and used aadditional identification tool. The
differences in size of the genomes of L, O and&lass than 5% (Van Tuyl and Boon 1997), so

that will have no influence on the calculations.

Measurements and mapping

Images of mitotic metaphase chromosomes from eamiotgpe were collected and were
measured in micrometres using the computer progfiicroMeasure (Reeves and Tears 2000).
The centromere of each chromosome was taken astdhi#ng point and recombination sites
identified by GISH were used as markers for recomtion mapping. Recombination sites were
identified and their distances from the centromerese measured and expressed as a percentage

of the arm length (both short arm and long armYeAtompiling the recombination data, the
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recombination distribution was determined on edutormosome based on its length in relation
to the size of the whole genome in micrometres. determine the number of expected
recombination sites (based on random distributiom)each chromosome the length of that
chromosome was measured, divided by the total heofgthe genome and multiplied by the total
number of observed recombination sites in the wigeleome. The calculated expected values

were compared with the observed ones for each a@some.

Statistical analysis
We applied a?test to check whether the number of observed reswtibn sites significantly

deviates from the expected number of recombinatties among the chromosomes.

Furthermore, by considering the distances betwkercéntromeres and the recombination sites
as ‘fragments their distribution in the four cytological mapsa® tested against the expected
distribution to verify whether the distribution dhese recombination sites is exponential
(Haldane 1919).

Results

In order to construct cytological maps, as a fitsp, the genome composition and recombinant
chromosomes were identified in 71 BC progenies (BC)A hybrids and 41 BC progenies of
OA hybrids. Subsequently, the frequencies andildigion of recombination sites in different

chromosomes of three genomes were determined.

Genome constitution and recombinant chromosomes

In the BC1 progenies of LA hybrids there were tiiglas well as diploid plants together with a
few aneuploids (Table 3.1). Among triploids, 35 evderived from the LAA type of crosses and
12 from the reciprocal crosses (i.e., ALA). In bathses, the chromosome constitution was
predominantly 12 Longiflorum and 24 Asiatic (Tab®l1). This was consistent with the
expectation that either the2gg or the & pollen from the LA hybrid had contributed 12 L 2 1
A chromosomes to the BC1 progenies. There wereeliery some deviations from the expected
numbers which resulted from indeterminate meioticl@ar restitution during meiosis (Lim et al.
2001a). The recombinant chromosomes could be gldatinguished from the non-recombinant
chromosomes and there were two distinct types. i@bsomes with a Longiflorum centromere

possessing an Asiatic recombinant segment weredteti as L/A whereas chromosomes with
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an Asiatic centromere possessing a Longiflorum mdgpant segment were indicated as A/L
(Fig. 3.1a and b; Table 3.1).

Table 3.1.Genome composition, recombinant chromosomes amgnt@oation
sites in the BC progenies of LA hybrids.

Genotype  Ploidy Genome No. pf No._of .
Cross .. recombinant  recombination
code level composition -
chromosomes sites
L(L/A) A(A/L)
LAA 041551 3X 12(1) 24(1) 2 2
LAA 041552 3X 12(2) 24(2) 4 4
LAA 041553 3X 12(1) 24(2) 3 3
LAA 041554 3X 12(1) 24 1 1
LAA 041555 3x+1 12(1) 25 1 1
LAA 041569 3X 12(1) 24(1) 2 2
LAA 041571 3X 12(2) 24(2) 4 4
LAA 041572 3x+1 13(2) 24(1) 3 3
LAA 041573 3X 12(1) 24(1) 2 2
LAA 041574 3X 12(1) 24(1) 2 2
LAA 041575 3X 12(1) 24(1) 2 2
LAA 041578 3X 12(1) 24 1 1
LAA 041580 3X 12(3) 24(2) 5 5
LAA 041581 3X 12 24(3) 3 3
LAA 041583 3X 12(1) 24(1) 2 2
LAA 044525-1 3x 12(1) 24(1) 2 2
LAA 044539-1 3x 12(1) 24(1) 2 2
LAA 044571-1 3x 12(1) 24(2) 3 4
LAA 062035-1 3x 12(4) 24(2) 6 9
LAA 062035-2 3x 12(3) 24(3) 6 7
LAA 062071-1 3x 12(7) 24(5) 12 23
LAA 062071-2 3x 13(9) 23(5) 14 42
LAA 062074-1 3x 12(7) 24(7) 14 29
LAA 062074-3 3x 12(6) 24(6) 12 20
LAA 066960-6 3x 11(4) 25(3) 7 11
LAA 066960-8 3x 12(4) 24 4 6
LAA 066960-9 3x 12(4) 24 4 8
LAA 066960-12 3X 12(4) 24(2) 6 8
LAA 066960-13 3x 12(3) 24(4) 7 9
LAA 066960-14 3X 12(1) 24(2) 3 5
LAA 066960-20 3x 11(4) 25(4) 8 11
LAA 066994-3 3x 13(11) 23(9) 20 49
LAA 066994-11 3x 12(8) 24(5) 13 23
LAA 066995-1 3x 12(5) 24(3) 8 8
LAA 066963-8 3x 12(3) 24(1) 4 4
A LA 044595-1 3x 10(2) 26(3) 5 5
A LA 044601-1 3X 12(1) 24(2) 3 3
A LA 044601-2 3x 10(2) 26(4) 6 6
A LA 044601-3 3x-1 11 24(1) 1 1
A LA 044601-4 3X 12(1) 24(1) 2 2

L & chromosome having a Longiflorum centromere witfefis recombination sites
A @Y chromosome having an Asiatic centromere with Lagim recombination sites
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Table 3.1. cont. Genome composition, recombinant chromosomes and

recombination sites in the BC progenies of LA hgbri

Genotvpe Ploid Genome No. of No. of
Cross codgp Ievely composition recombinant ~ recombination
LA ABD " chromosomes sites
A LA 044601-5 3x-1 11(1) 24 1 1
A LA 044601-6 3x 12(2) 24(1) 3 3
A LA 044601-7 3x 12 24(3) 3 3
A LA 044601-8 3x+1 13(2) 24(1) 3 3
A LA 044638-1 3x-1 11(1) 24(1) 2 2
A LA 044638-2 3x 10 26(2) 2 2
A LA 044638-3 3x 10(2) 26(3) 4 4
LAA 044511-1 2x 3(1) 21(2) 3 3
LAA 044538-1 2x 7(7) 17(4) 11 23
LAA 044538-3 2x 4(2) 20(4) 6 10
LAA 044538-4 2x 5(2) 19(5) 7 14
LAA 062074-2 2x 5(2) 19(3) 5 6
LAA 066828-5 2x 4(3) 20(3) 6 8
LAA 066960-2 2x 9(5) 15 5 5
LAA 066960-5 2x 9(4) 15(2) 6 9
LAA 066960-15 2X+2 9(3) 17 3 3
LAA 066960-17 2x 9(4) 15(1) 5 5
LAA 066963-2 2x 9(6) 15(3) 9 12
LAA 066966-2 2x 6(3) 18(3) 6 10
A LA 044602-2 2x 1(1) 23(2) 3 7
A LAA* 044529-2 2x 1(1) 23 1 1
A LAA* 044530-1 2x 0 24(1) 1 1
LAA A* 044634-1 2x+1 1 24(2) 2 2
ALA LA* 066836-13 5x 18(5) 24(4) 9 13
ALA LA* 066836-45 5x-4 20(5) 36(1) 6 7
LALALAT 044501-1 3x+1 23(1) 14(1) 2 2
LALALAT  044501-2 3x 23(2)  13(4) 6 6
AALALAT 044506-4 3x 9(2) 27(1) 3 4
AALALAT 044507-2 3x 12(3) 24(1) 4 7
AALALAT 044507-5 3x 9(1) 27(3) 4 11
AALALAT 044507-6 3x 11(3) 25(1) 4 5

L ™ chromosome having a Longiflorum centromere witiais recombination sites

A @Y chromosome having an Asiatic centromere with Lilagim recombination sites

* BC2 LA hybrids; 'BC3 LA hybrids

The number of these two types of recombinant chemmes varied in different BC1
genotypes, and the total ranged from 1 to 20 (Ta@dlg This variation was expected to occur in
view of the disturbed homoeologous chromosome rEgiduring meiosis in the LA hybrids
which showed near absence to complete pairing,ifgh2 bivalents (Lim et al. 2001a; Zhou
2007). A notable feature was that the gametes had transmitted two parental genomeseof th
LA hybrid to the BC1 progeny and the number of rmboant chromosomes that occurred was a
direct reflection of the amount of crossovers whieltl occurred during the meiotic division that
preceded restitution nucleus formation. In the casd4 diploid and two near diploid BC1

progenies (Table 3.1), the number of recombinambrolbsomes also varied among different
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genotypes (Table 3.1; Fig. 3.1b) but the rangemma® narrower (3 - 11) as compared with their
triploid counterparts.

This could be explained by the fact that when ndrméhaploid) gametes arise due to
normal meiosis, both chromosome and chromatid gagons occurred. As a result, the number
of recombinant and non-recombinant chromatids sgedeel randomly to four haploid spores
and, therefore, the number of recombinant chroreaticeachn gamete were expected to range
only from 0 - 12. On the other hand, in restituibmeiosis leading tor2gametes (and triploid
BCL1 progenies) only chromatid segregation had @edufchromosome segregation at anaphase
| was avoided) and a large proportion of recomhbirdmomatids were included in one or the
other of the two spores that resulted from each Thus, 2 gametes were able to transmit more
recombinant chromosomes to the progenies as conhpanggametes.

The 31 BCL1 progenies of OA hybrids (Table 3.2) weioid with two exceptions. One
was an aneuploid (3x + 1) and the other a tetrdplohich originated from2gametes of both
parents. Nevertheless, the OA hybrid had contribd@ O + 12 A chromosomes to the progeny
in all cases (Table 3.2). The number of recombirdmbomosomes varied from 0 to 9 among
different genotypes (Table 3.2). Chromosomes wittOaiental centromere with a recombinant
segment from an Asiatic were indicated as O/A drabé with an Asiatic centromere with a
recombinant segment from an Oriental as A/O (Tébk Fig. 3.1c). As compared with the
number of recombinant chromosomes in the triplo@hpnies of LA hybrids (maximum of 20),
there were fewer recombinant chromosomes (maximiu8) @ the case of BC1 progenies of
OA hybrids. This implied that in LA hybrids certagenotypes had much higher levels of
homoeologous chromosome pairing and recombinatoooanpared with those of OA hybrids
(Barba-Gonzalez et al. 2005b). Some additional mdsnation sites have been found in both
BC2 and BC3 progenies of LA and OA hybrids. As i€1B progenies, a higher rate of
recombination sites was found in BC2 and BC3 pragemof LA hybrids with 2-13
recombination sites per genotype as compared WER Brogenies of OA hybrids with 1-5

recombination sites per genotype (Table 3.1 and 3.2
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Table 3.2. Genome composition, recombinant chromosomes anohta@oation

sites in the BC progenies of OA hybrids.

Genotype  Ploidy Genome No. of No. of
Cross . recombinant recombination
code level composition chromosomes sites
o) ABO)
AOA 022538-1 3x 12(4) 24(3) 7 9
AOA 022538-3 3x 12(4) 24(2) 6 7
AOA 022538-7 3x 13(3) 23(3) 6 12
AOA 022538-8 3x 12(2) 24(2) 4 11
AOA 022538-9 3x 13(2) 23(2) 4 8
AOA 022538-15 3x 11(1) 25(3) 4 5
AOA 022538-16 3x 12(5) 24(4) 9 18
AOA 022538-17 3x 12(1) 24(1) 2 2
AOA 022605-2 3x 12(1) 24(1) 2 5
AOA 022605-3 4x 12(4) 36(3) 7 9
AOA 022605-5 3x 12(1) 24(1) 2 5
AOA 022605-8 3x 12(2) 24(1) 3 3
AOA 022605-9 3x 12(4) 24(3) 7 8
AOA 022605-10 4x 12 36 0 0
AOA 022605-11 3x 12(1) 24(1) 2 2
AOA 022605-12 3x 12(1) 24(1) 2 2
AOA 022605-18 3x 12(2) 24(2) 4 4
AOA 022605-20 3x 12(4) 24(2) 6 6
AOA 022605-21 3x 12(4) 24(2) 6 6
AOA 022605-22 3x 12(1) 24(1) 2 2
AOA 022605-24 3x 12(3) 24(2) 5 6
AOA 022605-25 3x 12(3) 24(2) 5 5
AOA 022605-27 3x 12(3) 24(2) 5 2
AOA 022605-28 3x 12(1) 24 1 1
AOA 022605-30 3x+1 12(2) 25(2) 4 8
AOA 022605-34 3x 12(2) 24(2) 2 4
AOA 022605-37 3x 12(1) 24 1 1
AOA 022605-38 3x 12(1) 24(1) 2 2
AOA 022605-39 3x 12(2) 24(2) 4 3
AOA 022605-40 3x 12(2) 24(2) 4 4
A OA 022605-46 3x 12(3) 24(3) 6 8
AOA A* 042616-2 2x+5 5(1) 24(2) 3 5
AOA A* 042620-3 3x-1 11(2) 24(1) 2 2
AOA A* 042620-14 3x-1 11(2) 24(1) 3 4
AOA A* 042627-1 2x+1 1 24(1) 1 1
AOA A* 042627-2 2x+8 8(1) 24(1) 2 2
AOA A* 042627-3 2x+7 7(2) 24(1) 2 2
AOA A* 042627-4 2x+6 6(1) 24(1) 2 2
AOA A* 042627-5 2x+5 5(1) 24(2) 3 4
AOA A* 042627-6 2x+5 5(1) 24(2) 3 4
AOA A* 042627-7 2x+8 8(2) 24(2) 4 4

0 ™ chromosome having an Oriental centromere with siat recombination sites
A “O) chromosome having an Asiatic centromere with aer@al recombination sites
*BC2 OA hybrids
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Recombination sites and their distribution

One of the advantages of GISH analysis was thateatchnd reliable assessment of the
recombination sites on individual chromosomes cdigldnade in the BC progenies of both LA
and OA hybrids. The non-recombinant and recombinardmosomes of both genomes could be
identified unambiguously and the number of recoratiam sites on individual chromosomes
could be counted (Fig. 3.1). The number of recoliom sites on individual chromosomes
varied from one to eight (Fig. 3.1a inset). Thaktotumber of recombination sites per genotype
also varied from 1 to 49 in LAA and ALA and fromtd 18 in AOA (Tables 3.1 and 3.2). The
identification of two types of recombinant chromoss and the recombination sites in the
progenies of each of the hybrids, i.e., L/A, A/L iMA or ALA, and O/A, A/O in AOA
progenies, enabled a simultaneous mapping of reicatntn sites on all the 12 individual
chromosomes of the constituent genomes of both b8 ®A hybrids. A total of 248
recombination sites were mapped on the L and A mescand a total of 116 recombination sites
were mapped on the O and A genomes.

From the analysis of two hybrids, four maps werastacted as the Asiatic parent was
common to both hybrids this resulted in two mapsiafic (L) and Asiatic (O). The remaining
two were Longiflorum (A) and Oriental (A). For theonstruction of maps, the distances
(micrometres) between the centromere and recombinaite were expressed as percentages of
the total length of the respective chromosome afffig. 3.2). In some cases, two or more
recombination sites on individual chromosomes mdpfy close to each other and these were
indicated by forked bars in the maps.

A remarkable feature was that the recombinatioassivere unevenly distributed on
different chromosomes in all genomes (Table 3r8ydneral, the number of recombination sites
was not proportional to the size of the chromosorRes example, the two largest chromosomes
(chromosomes 1 and 2) possessed hardly any sitestlinAsiatic (O) as well as Oriental (A)
maps (Fig. 3.2c, and 3.2d). A similar tendencyutifonot as pronounced, was also evident in
the case of Asiatic (L) and Longiflorum (A) mapsigiF3.2a and 3.2b). In contrast, large
numbers of recombination sites were concentrateth@®hong arms of chromosomes 7, 8, 9, 10,
11 and 12 in Longiflorum (A) and Asiatic (L) genosnéAlthough a similar concentration of
recombination sites was evident in the case ofrfalg/A) and Asiatic (O) genomes, the trend
was less pronounced. It should be pointed out, kiewehat the numbers of recombination sites
mapped in the latter (OA) are less than half oséhmapped in the case of the progenies of LA
hybrids. In general, very few recombination siteravfound on the short arms of Oriental (A)

and Asiatic (O) genomes but in the case of Longifio (A) and Asiatic (L) genomes sites were
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present on the short arms in several cases. Besideseven distribution of recombination sites
among chromosomes, there were large gaps or etarabsence of recombination sites in some

cases, e.g., chromosome 6 of Asiatic (O) (Fig.)3.2d

Fig. 3.1 (¢-c). Somatic metaphase chromosomes
of BC1 progenies of LA and OA hybrids
showing recombination sites on different
chromosomes after GISH (arrowa).A triploid

(2n = 3x = 36) BC1 progeny of LA hybrid
(LAA, 066994-3) with 49 recombination sites
(arrows). Inset: a recombinant chromosome
showing 8 recombination sites in BC1 LA
hybrid (062071-2)b. A diploid (2n = 2x = 24)
BC1 progeny of LA hybrid (LAA, 066828-5)
with 8 recombination sites (arrowsg. A
triploid (2n = 3x = 36) BC1 progeny of OA
hybrid (AOA, 022605-24) with 7 recombination
sites (arrows).

The distribution of recombination sites on all 2ramosomes of four cytological maps
[(Longiflorum (A), Asiatic (L), Oriental (A) and Aatic (O)] of three different genomes showed
significant deviation from the expected number eféambination sites per chromosomePat
0.025, <0.001, and 0.005 respectively. The cortivbuof individual chromosomes has been
estimated and those chromosomes that contributedh nauthey” test are indicated in bold type
(Table 3.3). In order to statistically verify wheththe distribution of recombination sites on
different chromosomes significantly deviated frompectation, the distances between the
centromere and the recombination site in eachwaseconsidered asflaagmentin the statistical
analysis. If it is assumed that recombination sitesur along the chromosome according to a
Poisson distribution (Haldane 1919), then the ithistron of the fragment sizes should be

exponential. So we fitted an exponential distribatfrom these fragment sizes and then tested
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the empirical distribution of the fragment sizesiiagt the expected exponential distribution at

95% confidence limits. There were clear deviationall four maps (Fig 3.3).

Discussion

The cytological maps constructed in the presengstigation show that the entire genomes of
lilies can be mapped through GISH. Inevitably, B@ progenies from distant hybrids could be
used for mapping without which the constituent geas and the recombinant sites could not be
distinguished through GISH. Thus, it should be geiped that these maps are constructed from
progenies derived from distant species hybridshsag LA and OA, which show a failure of
normal chromosome pairing during meiosis. Thereftte question arises whether these maps
are comparable with those that are constructed filoenprogeny analyses of intra-specific
hybrids which are normally used in other plant sgdor mapping. In the case of BC1
progenies of LA hybrids there is convincing eviderthat they have originated from the
functioning of bothn and 2 gametes following normal chromosome pairing ingpere mother
cells at least in some cases. This is evident ftoenoccurrence of a maximum of up to 20
recombinant chromosomes and 49 recombination sitasgenotype (Fig. 3.1a; Table 3.1) and
indicates normal levels of chromosome pairing imsaf the LA hybrids that contributed 2
gametes. Based on the argument that each reconobirgite represents a chiasma that was
formed in the spore mother cell, one should expeat 49 recombination sites in the genotype
066994-3 (Table 3.1) were the result of nearly anmynchiasmata that had occurred in the
megaspore mother cell.

A comparable number of chiasmata were countedamptiiien mother cells of some six
Lilium species and four hybrid derivatives (Fogwill 1938pwever, it should be mentioned that
the present cytological maps only indicate thegpatof recombination in the hybrids of species
and provides an insight into the nature of diffeiaion.

There are some notable advantages of usimgy@mnetes rather than gametes for
mapping of recombination sites. i) In most casestadt hybrids do not produae gametes
because of abnormal meiosis, as in the case fohydb#ds, and the only method of mapping in
such cases is through the use ofgametes. ii) A large number of recombinant chramnuss
and recombination sites can be recovered in th@®genies whenr2gametes are used instead
of n gametes. This is because almost always, (onlynchtid segregation occurs during meiosis
that leads to restitution gametes. As a resultptbeability of inclusion of crossover chromatids

in each of the two unreduced spores that resutt Boch meiosis is increased.
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Table 3.3.Chromosome length, expected and observed recontirgtes per chromosome and

their distribution in three genomeslafium.

Total length Distance to No. of No. of % of
Chromosome of centromere ((um) expected observed —Ef/E
# chromosome  Long Short breaking breaking explected O-E
(um) arm arm points points values
1vA 36.76 20.6 16.15 14.81 16 108.03 0.09
2 33.08 21.58 11.5 13.38 9 67.27 1.43
3 21.2 15.64 5.26 8.39 6 71.51 0.68
4 18.25 13.9 4.33 7.22 5 69.25 0.68
5 18.56 15.16 3.4 7.34 9 68.11 0.37
6 215 18.26 3.25 8.51 2 23.50 4.98
7 24 21 3 9.5 13 136.84 1.28
8 27.06 24.41 2.65 10.71 8 74.69 0.68
9 26.75 24.4 2.36 10.58 22 198.48 12.32
10 17.2 15.16 2.03 6.8 9 132.35 0.71
11 18.2 16.41 1.78 7.2 5 69.44 0.67
12 20.36 19 1.36 8.05 10 111.80 0.47
24.40*
1™ 33.5 22.5 11 15.45 6 38.83  5.78
2 30.43 20.83 9.6 13.93 4 28.71 7.07
3 24.66 19.66 5 11.9 7 58.82 2.01
4 23.09 19.06 4.03 10.57 3 28.38 5.42
5 22.79 18.83 3.96 10.43 10 94.6 0.01
6 22.33 18.6 3.73 10.22 7 68.5 1.01
7 23.75 20.25 35 10.87 12 1104 0.11
8 22.71 19.41 3.3 10.4 19 182.7 7.11
9 23.41 20.41 3 10.71 18 168.06 4.96
10 22.45 20.25 2.2 10.27 19 185 7.42
11 24.26 22.53 1.73 111 15 135.13 1.37
12 18.19 16.66 1.53 8.32 14 168.27 3.87
46.14*
19 39.86 26.8 13.06 8.36 1 11.96  6.47
2 36.59 25.23 11.36 7.69 3 39.01 2.86
3 28.76 23.46 5.3 6.05 3 49.58 1.53
4 27.46 22.7 4.76 5.77 2 34.66 2.46
5 26.96 22.33 4.63 5.67 10 176.36 3.30
6 26.56 22.16 4.4 5.58 7 123.45 0.36
7 28.33 24.03 4.3 5.96 9 151.00 1.55
8 27.06 23.26 3.8 5.69 6 105.44 0.01
9 27.83 24.23 3.6 5.85 12 205.12 6.46
10 26.84 24.21 2.63 5.64 6 106.38 0.02
11 29.22 27.26 1.96 6.14 9 146.57 1.33
12 21.51 19.75 1.76 4.52 5 110.61 0.05
26.44*

YA Longiflorum chromosome with an Asiatic recombipatisites/* Asiatic chromosome with a Longiflorum
recombination sites

9% Oriental chromosome with an Asiatic recombinatsites; “/° Asiatic chromosome with an Oriental
recombination sites: * Contribute significantlyRst 0.025, <0.001 and 0.005. Chromosomes that canétb

much to the)(2 test are indicated by bold type
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Table 3.3. cont. Chromosome length, expected and observed recontinaites per
chromosome and their distribution in three genoafdslium.

Total length Distance to No. of No. of % of

Chromosome of centromere ((um) expected observed —EY/E

# chromosome Long Short breaking breaking explected (©-E

(um) arm arm points points values

1Mo 335 225 11 4.8 1 25 3.00
2 30.43 20.83 9.6 4.36 4 91.75 0.02
3 24.66 19.66 5 3.53 6 181.26 1.72
4 23.09 19.06 4.03 3.31 1 30.2 1.61
5 22.79 18.83 3.96 3.36 2 59.52 0.10

6 22.33 18.6 3.73 3.2 0 0 3.2
7 23.75 20.25 35 34 5 156.25 0.63
8 22.71 19.41 3.3 3.25 5 153.84 0.94
9 23.41 20.41 3 3.35 4 119.4 0.12
10 22.45 20.25 2.2 3.22 4 124.22 0.18
11 24.26 22.53 1.73 3.48 5 143.67 0.66

12 18.19 16.66 1.53 2.61 6 229.8 4.40

16.22

A0 Asiatic chromosome with an Oriental recombinatigites: Chromosomes that contributed much to the
)(2 test are indicated by bold type

On the contrary, when gametes originate through normal meiosis, both rabsome
and chromatid segregation occur and the four chtidsaf each tetrad (of a bivalent) are
distributed to four haploid spores. The differenseshe number of recombinant chromosomes
and recombination sites observed in the case @ibiti and diploid progenies of LA hybrids
(Table 3.1) clearly illustrate the efficiency af @ametes. iii) Whereasgametes are more likely
subjected to selection during the process of featibn or subsequent development,gametes
might be less susceptible for selection becauseititdude both parental genomes nearly intact
and are genetically more homogeneous.

Various methods have been used for the construaifoaytological, cytogenetic, or
cytomolecular maps (Khrustaleva et al. 2005). Mepsstructed by using recombination sites
have three important advantages. i) They serve eamgnent cytological land marks on
chromosomes that can be used for mapping moleowdakers or genes of interest because of
vegetative propagation in lilies. ii) They mark gsmg-over sites in the genomes. iii). They give
a clear picture of whole genomic structure rath@ant concentrating on only one or two
chromosomes which might not be the representativehife whole genome. The numbers of
crossovers on different chromosomes are disprapately distributed on all the four maps. The
largest chromosomes have very few recombinatias #.9g., chromosomes 1 and 2, Figs. 3.2c
and 3.2d) whereas smaller chromosomes possessdi@ sites as in chromosomes 10 (Fig.
3.2a), 8 and 9 (Fig. 3.2b).
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Fig. 3.3.Q-Q plots for the exponential distribution of “fr@ents” (distance between the centromere
and the recombination sites) for observed and aggeprobabilities at 95% confidence limits
among different chromosomes of two genomes i.eoagiflorum (A) and b. Oriental (A).

With regards to the positions of recombinationssithere is no regular pattern that can
be consistently assigned to any set of chromosoiifesre are some instances of clustering of
recombination sites in the proximal parts for a bemof chromosomes i.e., near the centromere
of chromosome 1, 7, 10 and 12 (Fig. 3.1a), chromes6, 7 (Fig. 3.2b) 6 and 12 (Fig. 3.2c) and
8 (Fig. 3.2d). But a similar pattern is not presémtother chromosomes. There are fewer
instances of clustering of recombination sites hie distal regions of the Longiflorum (A)
genome i.e., chromosomes 1, 2 and 9 (Fig. 3.2d)tf@n Asiatic (L) genome, i.e., chromosome
1, 3 and 12 (Fig. 3.2b). The results are contraryhbse for the wheat genome in which the
recombination was low in proximal chromosomal regi@and very high towards the distal ends
(Werner et al. 1992; Akhunov et al. 2003). The pnestudy reveals that there is an increase in
recombination events just next to the centromemast cases (Fig. 3.2). Previously, it was also
found that recombination increases with relativaatice from the centromere in various large as
well as small genome crops like maize (Lukaszevaskl Curtis 1993; Anderson et al. 2004).
Similar behavior has been found in rice (Wu e2803; Kao et al. 2006). A common feature is
that all these species have less recombinationngsst to the telomere. However, in barley, it
was found that the extreme distal regions of séw@m@mosome arms have areas of increased
recombination too (Kinzel et al. 2000). Our invgstion shows a gradient of recombination
from one chromosome to another within a genomeadsafrom one part to another on the same
chromosome. A detailed cytological analysis of l#pecies genomes shows that distal
recombination is not a general ruleLifium.

One important feature that is common to all foulolygical maps is that there are large

gaps where there are no recombination sites dbalinstance, the chromosome 6 of Asiatic (O)
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(Fig. 3.2d). An explanation for the occurrence w€ls gaps has to be deferred until more data
becomes available. The most likely explanationdoch gaps is the occurrence of structural
differences between homoeologous chromosomes, iapedeterozygous paracentric
inversions. Indeed, paracentric inversions do odeurilium (Brown and Zohary 1955). If a
chiasma occurs in the inverted segment, it leadsdaentric bridge which might eliminate the
chromatids concerned. The large numbers of gapsathaobserved in the maps do indicate that
constituent genomes of the two hybrids might bertoelygous for many paracentric inversions.
This, however, needs to be confirmed.

Reduced recombination has been found between @rigkit and Asiatic (O) cytological
maps. This might be attributed to larger genomerdience between A and O as compared with
the L and A genomes ilium. We therefore conclude that there is more recoatinn between
genomes in L and A than between those in O andukthBrmore, chromosome pairing and
crossing-over are genetically controlled and ares thenotype dependent. An attractive feature
of the cytological maps is that large numbers aforebination sites become available as
physical land marks on individual chromosomes. Yssuch sites or land marks, molecular
markers, like AFLPs and RFLPs can be assigned tecifgp positions on individual
chromosomes as has been done in the caseFektacalolium substitution line (King et al.
2002a) andAllium cepax (A. roylei x A. fistulosur interspecific crosses (Khrustaleva et al.
2005). Mapping of individual chromosome in these &fore mentioned cases shows that proper
integration of molecular maps with respective chmeomes can only be accomplished when
reliable cytological markers are available. Moreaoveolecular maps reported for several crop
plants have either under- or overestimated the lexagths depending upon the type of markers
used, or the type of software used for the analybithe data (King et al. 2002b). In order to
overcome such pitfalls, cytological maps of genoswgsh as the ones reported here can pave the

way for the construction of more meaningful intéagdamaps.
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Abstract

Sexual polyploids were induced in diploid (2n = 2x 24) interspecific F1 hybrids of
Longiflorum x Asiatic (LA) and Oriental x AsiaticO@) Lilium hybrids by backcrossing to
Asiatic (AA) parents as well as by sib-mating oé thl LA hybrids. The BC1 progenies were
triploid, with few exceptions and the progeniesniresib-mating were tetraploid or near
tetraploids. Genomicin situ hybridization (GISH) technique was applied to assehe
intergenomic recombination in the BC1 populatiodsLé and OA hybrids obtained after
unilateral sexual polyploidization. In case of Lybhids, LA x AA and in reciprocal cross (AA
x LA) a total of 63 plants were analysed. Thesatglavere originated through the functioning of
2n gametes either amzggs or & pollen. Similarly 53 plants from BC1 population OfA
hybrids were also analysed. Most of these BC1 priegeof OA hybrids comprised of triploid
plants which originated through functional follen from genotype (952400-1) of diploid OA
hybrid. In both type of crosses, a majority of gregenies had originated through First Division
Restitution (FDR) mechanism of functionah Bamete either with or without a cross over.
However, there were nine genotypes in LA x AA atsdreciprocal cross where Indeterminate
Meiotic Restitution (IMR) was the mechanism of @amete formation. Similarly four genotypes
were found in OA hybrids which originated from IMR gamete. Based on GISH analyses the
total amount of introgression of Longiflorum andi€htal genome into Asiatic genome was
determined. Most of the LA hybrids exhibited recamaltion and the amount of recombination
was higher in LA hybrids as compared to OA hybribigdergenomic recombination was also
estimated in the progeny of sib-mated LA hybrid.this case both parents had contributed
gametes with the somatic number of chromosomes Zhe 2n). This population consisted of 23
plants and originated through bilateral sexual ploigization. GISH technique was applied on
16 plants of this population. Based on these redié nature of interspecific lily hybrids
obtained from uni- and bilateral sexual polyploatian leading to allotriploid and allotetraploid

formation in interspecific lily hybrids is discussi the context of introgression and mapping.
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Introduction

Sexual production of polyploids involve the fusioh two gametes, one or both of them
contributing the somatic or unreduced number obelosomes to the progeny. Depending on
the parental contribution, the sexual polyploidizatis either unilateral or bilateral (Mendiburu
and Peloquin 1976). Normal meiosis in germ cel8lém- or embryo sac mother cells) results in
the formation of four haploidnf gametes following regular chromosomes associasiod
disjunction. On the other handn Zametes originate due to deviating meiosis in plamhe
process that leads to @amete formation is called meiotic nuclear resttuthat occurs either
during micro- or megasporogenesis. Depending ompéngcular meiotic stages at which nuclear
restitution occurs, different restitution mecharsshrave been recognizediz, first division
restitution (FDR), second division restitution (SPD@®Iok and Peloquin 1972; Ramanna 1979)
indeterminate meiotic restitution (IMR) (Lim et &001a), and post meiotic restitution (PMR)
(Bastiaanssen et al. 1998).

The formation of & gametes is a common phenomenon in angiosperm@/éiel 980)
which are thought to play a most important roleha origin and evolution of polyploid series
(Harlan and de Wet 1975; Jackson 1976). The sepalgploidization using & gametes is not
only used to increase the numbers of genomes iprisgeny but it also contributes towards the
achievement of genetic variation in the progenasnjanna and Jacobsen 2003; Barba-Gonzalez
et al. 2005a). Furthermore, it also representscibrevergence of variability from divergent
genotypes into a single individual resulting ingresis (Ortiz 1997). These two characteristics
make sexual polyploids superior to the somatic tnglof chromosomes, which only increase
the number of respective chromosomes without ergainy genetic variation in the progenies.
Breeders of many vegetatively propagated crops hbgen taking advantage of the
spontaneously occurrening gametes for introgressing genes from wild diplgédes to their
cultivated polyploid crops through ploidy manipidais (Peloquin and Ortiz 1992). The
usefulness of polyploids for crop improvement toaginate through the functioning ofn2
gametes has been demonstrated in some of the ldtegmtato (Mendiburu and Peloquin 1971,
Mendiburu et al. 1974), alfalfa (Bingham 1980; \egsi et al. 1986), red clover (Parrot and
Smith 1984; Smith et al. 1985), blueberry (Lyrenale 2003), blackberry (Hall 1990), cassava
(Ogburia et al. 2002), peanuts (Stalker and Mo$¥ )}l Strawberry (Bringhurst and Voth 1984),
sugarcane (Bremer 1961), sweet potato (Lopez-Leveadtl Orjeda 2002) and banana (Ortiz and
Vuylsteke 1995).

The species of the genliium constitute the most important cut flower cropsrTime

Netherlands. However, most of the cultivars havergpecific origin within three different
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taxonomic sections. For example, the widely growttiiars of Lilium belong to Longiflorum
(L-genome), Asiatic (A-genome) and Oriental (O-gmed hybrids derived from sections
Leucolirion, Sinomartagon and Archelirion respeelyv(Lim et al. 2000). The speciédlium
possess a wide range of horticultural traits, sashflower size, shape, colours and their
arrangement, different forcing times, variationstem length and strength. However, the most
important amongst these are the resistances tougapathogens which are restricted only to
certain hybrids within the different sections.

It is most desirable to combine or introgress samportant horticultural traits from
different species into a single cultivar.Uium, however, it is difficult to obtain F1 interspdcif
hybrids between species or cultivars that belondifferent taxonomic sections. Nearly all the
F1 Longiflorum x Asiatic (LA) and Oriental x Asiat(OA) hybrids are sterile. This sterility is
due to irregular chromosome paring between thenpargenomes during meiosis (Lim et al.
2000; Barba-Gonzalez et al. 2004). Somatic chromesaoubling of the F1 hybrids can
produce allotetraploids in which homologous chroomess can pair and restore fertility. This is
one way to overcome the F1-sterility problem (VamylTand De Jeu 1997). However, this
method could not contribute much to introgressimelding due to the formation of the so-called
“permanent hybrids” as their progenies never sedeedor parental characters due to
autosyndetic pairing (Ramanna and Jacobson 2003;T¢gl and Lim 2003). On the contrary,
intergenomic recombination may occur in sexual ploigls induced through the use of 2
gametes (Ramanna et al. 2003; Ramanna and Jac2b68h Interestingly, some F1 LA and
OA hybrids could produce functionahZollen to some extent. Thesa pollen producing
Oriental x Asiatic (OA hybrids) and Longiflorum xskatic (LA hybrids) F1 hybrids and their
triploid progenies were analysed cytologically (BaGonzalez et al. 2005a; Zhou et al. 2008).
It was found that homoeologous chromosomesnrp@llen hybridize pair and recombine to
certain extents. The subsequent backcross progehtamed by back crossing these llen
producing F1 LA and OA hybrids with Asiatic paremgave triploid progenies with certain
amount of intergenomic recombination (Zhou et 80D& Barba-Gonzalez et al. 2005a). As 2
pollen were responsible for sexual polyploidizateomd genetic recombination in interspecific
lily hybrids (Lim et al. 2001a; Barba-Gonzalez et204) then it is possible thah 2ggs could
also be detected in F1 interspecific hybrids. Régdg@zhou et al. 2008) showed that some F1
LA hybrids also produced ni2 eggs in considerable frequencies which transmitiee
intergenomic recombination to certain extent toshbsequent progenies when backcrossed with

Asiatic parents.
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It was found that F1 interspecific lily hybrids pecing 27 gametes results in
homoeologous chromosomes recombination in theviahig generations which ultimately leads
to considerable genetic variation (Barba-Gonzaled.€2004). This may result in the assembling
of complementary characters from different spe@nes$o a single genotype in a back cross
breeding program ihilium. By keeping in view the nature of lily interspécihybrids, attempts
were made to back crose @ametes producing LA and OA parents with Asiatilticars. In this
way an allotriploid BC1 interspecific lily hybridsould be achieved. Attempts were also made to
cross F1 LA hybrids which produced both Rollen and 8 eggs (LA x LA). In this way
allotetraploid lily interspecific hybrids could kachieved by the union of unreduced gametes
from both parents. Until now there have been nmgsmetic reports for the occurrence of
bilateral sexual polyploidization in interspecilily hybrids.

The objective of this work was to evaluate the phib consequences of unilateral and
bilateral sexual polyploidization cytologically amal discuss the prospects of uni- and bilateral
sexual polyploidization in interspecific lily hylis. Furthermore, the studies have been
elaborated to illustrate how a backcross breedmogram enables the transfer of L- and O-
genome into A-genomes originated from functional€gygs and 2 pollen respectively. The
GISH approach has been used here for the idertiificaf parental genomes and to estimate the
amount of intergenomic recombination in BC1 progendf F1 LA and OA hybrids produced
from functional 2 eggs and 2 pollen. The usefulness oih2Zyametes in generating genetic
variation by introgression breeding lilium has been discussed using allotriploid BC1 LA and
OA hybrids as well as sib-mated allotetraploid P2 hybrids.

Materials and Methods

Plant material

Most of the diploid F1 Longiflorum x Asiatic hybri@n = 2x = 24) cultivars and some of the
triploid interspecific hybrids (Table 4.1) were glipd by the Dutch lily breeding companies: De
Jong Lelies BV, Royal Van Zanten BV, Testcentrunietdér and Den Haan BV and World
Breeding BV. However, one F1 LA (024004-5) and @Gwa x Asiatic (951502-1) were
developed at Plant Breeding, Wageningen UR (Tallea#d 4.2). Because the three groups
belong to three different taxonomic sections, thdtivars of different sections could be
hybridized, or backcrossed, only through speciehmgues (Van Tuyl et al. 1991; Lim et al.
2001a; Barba-Gonzalez et al. 2004). 46 allotripl@id = 3x = 36) BC1 LA progeny plants were
obtained by backcrossing three different F1 LA Iy$ras female parents with nine different

Asiatic cultivars to get progeny plants of LA x AMdicated as LAA (Table 4.1) while in

51



Relevance of unilateral

reciprocal cross 15 plants were produced wheretRieLA hybrids were used as male parents
and backcrossed with three different Asiatic calts/ In case of OA BC1 progenies, two diploid
Asiatic cultivarsviz. ‘Amarone’ and ‘Gironde’ were used as female ptr@md crossed with one
F1 OA hybrid to get 53 AA x OA genotypes (Table)412 order to produce allotetraploid (2n =
4x = 48) F2 progenies, only one F1 LA hybrids (0@26was used as male parent and crossed
with three different F1 LA hybrids (041546, 041581 041556) as female parents. So a total of
23 genotypes were obtained with a cross combinatia® x LA and 16 of them were analysed
cytologically (Table 4.3). All the plant material being maintained vegetatively at Wageningen

UR Plant Breeding, Wageningen, The Netherlands.

Flow cytometry

Flow cytometry was done to evaluate the ploidy llesethe BC1 and F2 progenies. The
germinating embryos were transferred into the pgagan medium and allowed to grow until

leaves developed. One leaf or scale was collected €ach seedling for testing ploidy level as
described by Van Tuyl and Boon (1997).

Mitotic chromosome preparation, Genomic in situ figization (GISH) and identification and
measurement of genome contribution

The mitotic metaphase chromosome preparation, Genomsitu hybridization (GISH) and
identification and measurement of various genomdritmutions were carried out according to
Chapter 2 and 3.

Results

Unilateral sexual polyploidization

The number of genotypes of both LA and OA hybrlus fproduced notable frequencies of either
2n eggs or A pollen were generally few and in none of the casgssingle genotype produced
both types of gametes. Therefore, unilateral sepablploidization was carried out by using the
2n gamete producing genotypes either as male or &ermafents to backcross with Asiatic
parents. For bilateral sexual polyploidization, leeer, it was necessary to cross (sib-mate) the
genotypes that produced 2ggs with those that produced Rollen. In the case of LA hybrids,
there were genotypes that produced eitmeed@gs or 8 pollen. This was not the case with OA
hybrids in which only one genotype that producedp®llen was available. For this reason
bilateral sexual polyploidization was possiblehe tase of LA hybrids but not in the case of OA
hybrids.
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Production of progenies from LA x AA and reciprocal

During present study, efforts were made to produtarly large number of backcross progenies
from unilateral sexual polyploidization. In casel@f hybrids progenies were obtained by using
both 2 eggs and 2 pollen. Three different F1 LA hybrids were usedfasale parents and
backcrossed with nine different Asiatic cultivaosget LA x AA (LAA) progeny plants (Table
4.1). A total of 46 allotriploid (2n = 3x = 36) artdo aneuploid (2n = 3x = 36 + 1) BC1 LA
progeny plants were obtained. This indicated tha$ possible to produce a large number of
progenies by usingr2eggs of F1 LA hybrids. In the reciprocal crosspl&nts were produced
where three F1 LA genotypes were used as male tsaaeal backcrossed with three different
Asiatic cultivars. Eleven of these plants wereldiigh (2n = 3x = 36) while four of them had
aneuploid condition (2n = 3x = 36 +1 or -1). Thewtence of allotriploids in AA x LA (ALA)
crosses indicated that F1 LA hybrids produced fioned 2n pollen. Besides the progenies
obtained from the use ofn2eggs and 12 pollen from LA hybrids in the present study, the
genome constitution of some of the cultivars swggpby the lily breeders are also included in
Table 4.1 (19 genotypes at the end of the Table #Hese had resulted from unilateral sexual
polyploidization in the breeders nurseries (forguretary reasons, the names of the cultivars and

their parentage are not mentioned in the Table 4.1)

Production of progenies of AA x OA crosses

In order to generate OA progeny through unilatsextual polyploidization from OA hybrids,
only one F1 OA hybrid was used a male parent aglidrassed to two different Asiatic cultivars
to get AA x OA (AOA) types of BC1 progenies. Alttgiuvarious parental combinations were
tried (data not shown) to get allotriploid progent@rough unilateral sexual polyploidization,
there was no success. This was due to the frequefn@y pollen produced by different F1 OA
hybrids which was not sufficient for a successfathkcross. A total of 53 plants were obtained
from two different parental combinations (Table)4.Bhe ploidy levels of all these progenies
were determined through flow cytometry (data na&spnted) as well as by cytological counting
of the chromosomes. Most of the resulting progeniese allotriploid (2n = 3x = 36) indicating
the production of functionalr2pollen in F1 OA hybrids.
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Table 4.1.Progeny plants obtained from unilateral sexuayoldization of LA x AA and
AA x LA crosses, their ploidy levels, genome compos (number of recombinant

chromosomes) and the percentage of genome combriboitthe parents.

Parents Ploidy Genomg Genome No. pf

Cross  Genotypes Level Composition % recombinant
Female Male LY A 1% A%  chromosomes

LAA  044525-1 041556 Mont Blanc 3x 12(1) 24(1) 34.865.2 2
LA A 044539-1 041558 Pollyanna 3x 12(1) 24(1) 33.366.7 2
LA A 044571-1 041557 Mont Blanc 3x 12(1) 24(2) 33.566.5 3
LAA 062035-1 041560 061092 3x 12(4) 24(2) 32.81 .187 6
LA A 062035-2 041560 061092 3x 12(3) 24(3) 32.85 .167 6
LAA 062071-1 041560 061091 3x 12(7) 24(5) 31.38 .68 12
LA A 062071-2 041560 061091 3x 13(9) 23(5) 33.34 .666 14
LAA 062074-1 041560 061085 3x 12(7) 24(7) 30.66 .3@9 14
LA A 062074-3 041560 061085 3x 12(6) 24(6) 34.82 .185 12
LA A 062074-4 041560 061085 3x 12(7) 24(7)  36.55 .463 14
LA A 065051-2 024004-5 061095 3x 12(2) 24(4) 35.984.07 6
LAA 066828-2 041543 051072 3x 12 24(1) 36.14 63.86 1
LA A 066828-4 041543 051072 3x 12(1) 24(1) 33.33 .686 2
LA A 066960-4 045143 031110 3x 12(4) 24(3) 32.37 .687 7
LAA 066960-6 045143 031110 3x 11(4) 25(3) 32.20 .867 7
LA A 066960-8 045143 031110 3x 12(4) 24 2998 70.11 4
LA A 066960-9 045143 031110 3x 12(4) 24 30 70 4
LAA 066960-12 045143 031110 3x 12(4) 24(2) 33 67 6
LAA 066960-13 045143 031110 3x 12(3) 24(4) 34.175.88 7
LAA 066960-14 045143 031110 3x 12(1) 24(2) 37 63 3
LAA 066960-16 045143 031110 3x 12(4) 24(4) 30 70 8
LAA  066960-20 045143 031110 3x 11(4) 25(4) 33.536.48 8
LAA 066963-5 045143 031039 3x 12(6) 24(3) 31.37 .688 9
LA A 066963-8 045143 031039 3x 12(3) 24(1) 34.08 .985 4
LA A 066994-3 041560 051073 3x 13(11) 23(9) 33.916.08 20
LA A 066994-4 041560 051073 3x 12(6) 24(6) 35.60 .464 12
LAA 066994-11 041560 051073 3x 12(8) 24(5) 32.637.38 13
LAA 066994-12 041560 051073 3x 12(5) 24(8) 35.964.08 13
L AA 066995-1 041560 031040 3x 12(5) 24(3) 37.01 .982 8
A LA 044595-1 Pollyanna 041519 3x 10(2) 26(3) 29.650.5 5
A LA 044595-4 Pollyanna 041519 3x 12 24 33 67 0
ALA  044601-1 MontBlanc 041502 3x 12(1) 24(2) 34.365.7 3
A LA 044601-2  Mont Blanc 041502 3x 10(2) 26(4) 31.068.96 6
A LA 044601-3 Mont Blanc 041502 3x-1 11 24(1) 32.0 68 1
A LA 044601-4  Mont Blanc 041502 3x 12(1) 24(1) 33.067.0 2
A LA 044601-5 Mont Blanc 041502 3x-1 11(1) 24 30.569.5 1
A LA 044601-6  Mont Blanc 041502 3x 12(2) 24(1) 31.668.4 3
A LA 044601-7  Mont Blanc 041502 3x 12 24(3) 33.7 .%6 3
ALA  044601-8 MontBlanc 041502 3x+1 13(2) 24(1) .B4 655 3
ALA  044638-1 Vivaldi 041502 3x-1 11(1) 24(1) 32.3167.9 2
A LA 044638-2 Vivaldi 041502 3x 10 26(2) 30.25 69.7 2
A LA 044638-3 Vivaldi 041502 3x 10(2) 26(3) 314 .88 4
A LA 044638-4 Vivaldi 041502 3x 12 24 33.3 66.7 0
A LA 044638-6 Vivaldi 041502 3x 12 24 33.3 66.7 0
LAA  041551* 3x 12(1) 24(1) 333 66.7 2
LAA  041552* 3x 12(2) 24(2) 327 673 4
LAA  041553* 3x 12(1) 24(2) 354 64.6 3
LA A 041554* 3x 12(1) 24 31.7 683 1
LA A 041555* 3x+1 12(1) 25 31.9 68.1 1
LA A 041568* 3x 12 24 333 66.7 0
LAA 041569* 3x 12(1) 24(1) 33.3 66.7 2
LA A 041571* 3x 12(2) 24(2) 323 67.7 4
LAA 041572* 3x+1 13(2) 24(1) 33.8 66.2 3
LA A 041573* 3x 12(1) 24(1) 33.3 66.7 2
LA A 041574* 3x 12(1) 24(1) 33.3  66.7 2

*Names of the cultivars and their parentage arewenttioned due to proprietary considerations
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Table 4.1.Cont. Progeny plants obtained from unilateral sexuayploidization of LA x
AA and AA x LA crosses, their ploidy levels, genogmmposition (number of recombinant

chromosomes) and the percentage of genome combribeftthe parents.

Parents Ploid Genome Genome No. of

Cross  Genotypes Leve)ll Composition % recombinant
Female Male LY A L% A%  chromosomes

LAA  041575* 3x 12(1) 24(1) 333 66.7 2
LA A 041576* 3x 12 24 33.3 66.7 0
LA A 041578* 3x 12(1) 24 31.4 686 1
LA A 041579* 3x 12 24 33.3 66.7 0
LA A 041580* 3x 12(3) 24(2) 31.2 6838 5
LA A 041581* 3x 12 24(3) 38.2 618 3
LA A 041582* 3x 12 24 33.3 66.7 0
LA A 041583* 3x 12(1) 24(1) 33.2 66.8 2

*Names of the cultivars and their parentage arewaritioned due to proprietary considerations

Bilateral sexual polyploidization

This was possible only in LA hybrids because ofdabeve stated reason. There was scarcity of
genotypes in interspecific lily hybrids which praguboth & eggs and 2 pollen simultaneously.
So sib-matings were made between F1 LA hybrids Wiiere found to produce eithen 2ggs

or 2n pollen in order to get a F2 population. Three RLHybrids which producedr?eggs were
used as female parents and crossed with one FlybAdhas male parent which produceda 2
pollen. So the resultant progenies were expectethetoallotetraploid. As a result of this
combination (LA x LA) a total of 23 plants were ainted. The ploidy level of all these
genotypes was determined through flow cytometrya(dent presented) and 16 of these plants
were analysed cytologically (Tables 4.3).

Genomic structure of BC progenies

Genome composition of LA x AA and AA x LA progenies

With GISH technique, it was possible to identifye tbhromosomes of parental genomes and
recombinant segments in the progenies (Fig 4:dble 4.1 reports genome composition of BC1
genotypes obtained after unilateral sexual polyitaition. Here F1 LA hybrids backcrossed
reciprocally with different Asiatic parents to geA x AA and AA x LA type of progenies
respectively. A total of 48 genotypes where F1 lybiid is used as female parent were analysed
with GISH. Similarly, 15 genotypes were also inigatied where F1 LA hybrid used as male
parent. Most of the analysed genotypes were tdp(@n = 3x = 36). This observation of
allotriploid BC1 progenies proved that the F1 LAbhgs had contributed balancech 2
chromosome complement. However, two genotypes hathauploid condition (3x + 1) in case
of LA x AA type of cross while in reciprocal cro$8A x LA) four aneuploid (3x +1 and -1)
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genotypes were obtained (Table 4.1). This conditimuld be explained on the basis of timet2
and -1 egg produced in the F1 LA hybrids. In a mgj®f the triploid BC1 LA progeny plants,
12 chromosomes of the L genome and 24 of the Amgeneere clearly identified (in the case of
recombinant chromosomes only the centromere wantako consideration). However, there
were four genotypes (062071-2, 066960-6, 066960a8H994-3) recovered in LA x AA
progeny where there was deviation from the expetgt and 24 A chromosomes respectively
(Table 4.1). On the other hand eight genotypes Wened in case of AA x LA cross where there
were 12 (12 + 1, + 2 or 12-1, -2) L and 24 (+1,atl 82) A chromosomes respectively. As far as
recombination was concerned most of the BC1 LA iagbexhibited recombination to certain

extent. An illustration of these triploid genotypsgjiven (Fig. 4.1a).

Genome composition of the AA x OA progenies

A total of 53 BC1 progenies resulting from OA hysi through unilateral sexual
polyploidization were analysed during the presemestigation. It was found that 48 (90.38%)
genotypes were triploid (2n = 3x = 36), four (7.7%@re tetraploid (2n = 4x = 48) and one
(1.92%) was aneuploid (3x + 1). As expected theldid BC1 progenies of the OA hybrids
indicated that the F1 OA hybrid donatedgametes to the progeny so that a complete sefof O
chromosomes were transferred to their subsequegepies. Most of the BC1 triploids had 24 A
and 12 O chromosomes. However, like in LA hybritisee genotypes in BC1 triploid progenies
of OA hybrids were found to possess (12 + 1 oreflp chromosomes from the expected 12 O-
and 24 A-genome chromosomes (Table 4.2). The fetragloids recovered had originated
through the functioning ofrReggs from the female Asiatic parents and hencéribated two
sets of the A genome. Remarkably, one of thesetplé022605-13) had 11 O and 37 A
chromosomes instead of the expected 12 O + 36 Atitotion. One aneuploid (3x+1) was also
found in the BC1 progenies with one extra chromas@iA genome. This could have resulted
from a univalent which might have lagged behind mhke sister chromatids of the other
univalents were segregating during FDR process Afh@brid parents. This gave rise to the
formation of 2y + 1 gametes (Table 4.2). Fig. 4.1 shows the trpbod tetraploid genotypes

respectively with recombinant chromosomes.
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Table 4.2. Progeny plants obtained from unilateral sexualpoidization of AA x OA

crosses, their ploidy levels, genome compositianmiper of recombinant chromosomes) and

the percentage of genome contribution of the parent

Parents Ploidy Genomg Genome No. pf

Cross  Genotypes Level Composition Percentage recombinant

Female Male 0% AN 0% A%  chromosomes
AOA 022538-1 Amarone 951502-1 3x 12(4) 24(3) 32.647.36 7
AOA 022538-3 Amarone 951502-1 3x 12(4) 24(2) 31.188.87 6
AOA 022538-5 Amarone 951502-1 3x 12(3) 24(2) 32.068.0 5
AOA 022538-7 Amarone 951502-1 3x 13(3) 23(3) 35.084.93 6
AOA 022538-8 Amarone 951502-1 3x 12(2) 24(2) 32.287.77 4
AOA 022538-9 Amarone 951502-1 3x 13(2) 23(2) 35.464.6 4
AOA 022538-14 Amarone 951502-1 3x 12(3) 24(2) 30.5%69.5 5
A OA 022538-15 Amarone 951502-1 3x 11(1) 25(3) 32.167.88 4
AOA 022538-16 Amarone 951502-1 3x 12(5) 24(3) 30.269.78 8
AOA 022538-17 Amarone 951502-1 3x 12(1) 24(1) 33.3%6.7 2
AOA 022604-6 Gironde 951502-1 3x 12 24 333 66.7 0
AOA 022604-9 Gironde 951502-1 3x 12(1) 24 27.0 073. 1
AOA 022604-10 Gironde 951502-1 3x 12 24 333 66.7 0
AOA 022605-1 Amarone 951502-1 3x 12(1) 24(1) 32.0068 2
AOA 022605-2 Amarone 951502-1 3x 12(1) 24(1) 32.087.98 2
AOA 022605-3 Amarone 951502-1 3x 12(4) 24(3) 20.080.0 7
AOA 022605-4 Amarone 951502-1 4x 12 36 25 75 0
AOA 022605-5 Amarone 951502-1 3x 12(1) 24(1) 32.567.5 2
AOA 022605-7 Amarone 951502-1 3x 12(3) 24(3) 29.071.0 6
AOA 022605-8 Amarone 951502-1 3x 12(2) 24(1) 32.8@7.18 3
A OA 022605-9 Amarone 951502-1 3x 12(4) 24(3) 34.365.65 7
AOA 022605-10 Amarone 951502-1 4x 12 36 25 75 2
A OA 022605-11 Amarone 951502-1 3x 12(1) 24(1) 33.%66.7 2
AOA 022605-12 Amarone 951502-1 3x 12(1) 24(1) 233.266.8 2
AOA  022605-13 Amarone 951502-1 4x 11(1) 37(1) 80.279.75 2
A OA 022605-15 Amarone 951502-1 4x 12 36 25 75 0
AOA 022605-16 Amarone 951502-1 3x 12(2) 24(2) 33.3%6.7 4
AOA 022605-18 Amarone 951502-1 3x 12(2) 24(2) 28 2 7 4
AOA 022605-19 Amarone 951502-1 3x 12(4) 24(2) 30.5%69.5 6
AOA 022605-20 Amarone 951502-1 3x 12(4) 24(2) 31.267.57 6
AOA 022605-21 Amarone 951502-1 3x 12(4) 24(4) 32.467.57 8
AOA 022605-22 Amarone 951502-1 3x 12(1) 24(1) 33.366.7 2
AOA 022605-23 Amarone 951502-1 3x 12(3) 24(2) 31.768.3 5
AOA 022605-24 Amarone 951502-1 3x 12(3) 24(2) 30.070.0 5
AOA 022605-25 Amarone 951502-1 3x 12(3) 24(2) 31.368.7 5
AOA 022605-27 Amarone 951502-1 3x 12(1) 24(1) 33.366.7 2
AOA 022605-28 Amarone 951502-1 3x 12(1) 24 31.163.86 1
AOA 022605-30 Amarone 951502-1 3x+1 12(2) 25(2) .032 68 4
AOA 022605-31 Amarone 951502-1 3x 12(2) 24 29.550.48 2
AOA 022605-32 Amarone 951502-1 3x 12 24 333 66.7 0
AOA 022605-34 Amarone 951502-1 3x 12(2) 24(2) 33 76 4
AOA 022605-35 Amarone 951502-1 3x 12(6) 24(2) 30.869.17 8
AOA 022605-36 Amarone 951502-1 3x 12(2) 24 294 .670 2
AOA 022605-37 Amarone 951502-1 3x 12(1) 24 31.278.86 1
AOA 022605-38 Amarone 951502-1 3x 12(1) 24(1) 33.366.7 2
AOA 022605-39 Amarone 951502-1 3x 12(2) 24(2) 33.366.7 4
AOA 022605-40 Amarone 951502-1 3x 12(2) 24(2) 33.366.7 4
AOA 022605-41 Amarone 951502-1 3x 12 24 35.96 44.0 0
A OA 022605-42 Amarone 951502-1 3x 12(1) 24(3) 33 7 6 4
AOA 022605-44 Amarone 951502-1 3x 12(1) 24(1) 33.3%6.7 2
AOA 022605-45 Amarone 951502-1 3x 12 24(3) 35.934.08 3
AOA 022605-46 Amarone 951502-1 3x 12(3) 24(3) 36.963.08 6
AOA 022611-4 Gironde 951502-1 3x 12(1) 24(3) 35.964.04 4
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Genome composition of LA x LA hybrids

A total of 16 F2 plants derived from crossing LAbngs that produced eithemz2ggs or A
pollen were analysed by GISH for their ploidy levaimber of chromosomes from each genome
and the number of recombinant chromosomes (Figb®.lt was found that nine genotypes were
tetraploids (2n = 4x = 48) indicated the contribotof 2n gametes from both parents. The other
seven genotypes (064525-6, -7, -8, -14, -15,-18064536-2) had an aneuploid condition with
4x -4, -5, +5, -1, -3, +1 -1 and -1 respectivelglfle 4.3).

Table 4.3.Progenies obtained from bilateral sexual polyplkation using & gamete
producing LA hybrids (LA x LA), their ploidy leveland genome composition

(number of recombinant chromosomes).

Genome
Parents Ploidy composition Number of
Cross Genotype level recombinant
Female Male LUA  AGL  chromosomes

LA x LA 064525-1 041556 041502 4x 23 25 0
LA x LA 064525-6 041556 041502 4x-4 21(1) 23(2) 3
LAx LA  064525-7 041556 041502 4x-5  21(3) 22(2) 5
LA x LA 064525-8 041556 041502 4x+5 28(3) 25(2) 5
LA x LA 064525-9 041556 041502 4x 22(2) 26(3) 5
LAx LA  064525-10 041556 041502 4x 22(1) 26(1) 2
LAx LA  064525-13 041556 041502 4x 25(3)  23(1) 4
LA x LA 064525-14 041556 041502 4x-1 24(2) 23(1) 3
LA x LA 064525-15 041556 041502 4x-3 21(2) 24 2
LAx LA  064525-16 041556 041502 4x 25(4)  23(1) 5
LA x LA 064525-17 041556 041502 4x 22 26 0
LA x LA 064525-18 041556 041502 4x+1 22 27(1) 1
LAx LA  064525-19 041556 041502 4x 23(2) 25(1) 3
LA x LA 064525-20 041556 041502 4x 25(3) 23(4) 7
LA x LA 064534-1 041546 041502 4x 25(5) 23(5) 10

1

LA X LA 064536-2 041548 041502 4x-1 23(1) 24

Homoeologous recombination and frequency of inesgion of L and O- genomes into A-
genome

From the analysed data, it was found that in ca$Cd progenies of both LA and OA hybrids
obtained from unilateral sexual polyploidizatior§ §enotypes (90.30%) of LA x AA and its
reciprocal cross (AA x LA) and 47 (88.5%) of theogenies of OA hybrids exhibited
recombination at certain level (Table 4.1 and 4Th)ere was however, a clear difference
between the two groups of progenies with regardnwonber of plants with recombinant
chromosomes. The numbers and frequency of recombafomosomes differed depending on
the direction of the cross and the type of intecgpmehybrids used for sexual polyploidization. It
was found that the frequency of recombination reced in BC1 progenies was higher in case of
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LA hybrids as compared to OA hybrids. Similarly thequencies of recombination events were
also greater in LA hybrids than OA hybrids. Amorme t48 BC1 LA genotypes which were
derived from a cross where F1 LA hybrid was useteawmle parent, a total of 271 recombinant
chromosomes were detected. Out of these 271 recambchromosomes, 148 were L/A types
and 123 were of A/L type.

This contrasted with the 35 recombinant chromosomeesvered in 15 triploid BC1
progenies of LA hybrids where F1 LA hybrids werediss male parent. Here 13 chromosomes
were of L/A and 22 were of A/L types (Table 4.1).dase of BC1 progenies of OA hybrids a
total of 179 recombinant chromosomes were recovetezte 98 were O/A and 81 were of A/O
type of recombinant chromosomes (Table 4.2). Theset was an obvious difference between
the two types of interspecific hybrid with regard the contribution of recombinant
chromosomes to their resultant progenies. Furthexrttee range of recombinant chromosomes
varied from 0 — 20 in the crosses involved F1 LAlgys as female parent where as in reciprocal
cross (A LA) it ranged from O — 6 in various gerpeg. On the other hand in case of OA
hybrids, the number of recombinant chromosomes faagess than LA hybrids and it varied
from O - 8 in different genotypes. As far as thessover event were concerned there were
evidences that single, double and multiple crossaxents had occurred in both type of
progenies resulting from unilateral sexual polygipation.

In case of progenies derived from bilateral sexpalyploidization (LA x LA) 14
genotypes (87.5%) exhibited recombinant chromosonriég total number of recombinant
chromosomes recovered in F2 progeny derived from2a cross was 56. Here 31 of these were
L/A type while 25 were A/L type of recombinant chrosomes (Table 4.3). Taking the total
length of three genomes i.e., A, L and O genomékarBC1 triploid progenies, the percentages
of each genome present in the BC1 progenies wasatstl (Table 4.1 and 4.2). There is a little
deviation from the expected values (L = 33.3% and 86.7%). The percentage of L genome
varied from 29.98% (066960-8) to as high as 37.q0®86995-1). Similarly, in case of OA
hybrids the amount of introgression of O genome\imlso ranged from 20% (022605-3) to
36.92% (022605-46). However, in most of the cas@®st an expected amount of Longiflorum
and Oriental genomes were transmitted from LA aWdh@brids to respective BC1 progenies
resulted from unilateral sexual polyploidization. drder to estimate the number and types of
recombinant chromosomes and the lengths of recanbsegments, the karyotypes of the BC1
LA and OA progenies were constructed and someeshtivere shown in Fig. 4.2.
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Fig. 4.1 (a-d).Triploid (2n = 3x = 36) and tetraploid (2n = 4x48) LA and OA hybrids obtained
from uni- and bilateral sexual polyploidizatioa= Chromosomes complement of triploid BC1 LA
(062071-2) showing 12 L (green fluorescence) andA2{blue) chromosomed- Chromosomes
complement of tetraploid F2 LA (064534-1) showing P (green fluorescence) and 23 A (blue)
chromosomesc- Chromosomes complement of triploid BC1 OA (022883-showing 12 O (green
fluorescence) and 24 A (blue) chromosonasChromosome complement of tetraploid BC1 OA
(022605-4) showing 12 O (green fluorescence) and 3Blue) chromosomes. Arrows indicate the
recombination break points.

Discussion

Present study revealed that uni- and bilateral alepalyploidization through 12 gametes could
successfully be carried out in interspecific lilili{um) hybrids to produce allotriploid and
allotetraploid genotypes. Application of functiorzal gametes has become an important tool for
the production of polyploid cultivars in differeplant species like potato (Mendiburu and
Peloquin 1977; Den Nijs and Peloquin 1977), whdaukar 2003)lolium (Sala et al. 1989),
Asparagus(Camadro 1994)Medicago sativa(Barcaccia et al. 1998) ardlium (Lim et al.
2001a; Barba-Gonzalez et al. 2005a; Zhou et al8R0bhe traditional method to breed the
triploid lilies is to obtain the tetraploid as asti step by mitotic polyploidization. These
tetraploids are then crossed with normal diplo@schieve triploid progenies. This approach is
less desirable because in the allotetraploid, whiehaves like a ‘permanent hybrid’ due to
autosyndetic chromosome pairing, no intergenoméomeination is expected to occur. As a

result, there is very little scope for the selattad cultivars from mitotic polyploidization. On
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the other hand the breeding schemes involvimg&netewia unilateral sexual polyploidization
in lily hybrids can overcome F1 hybrid sterilitydilitate intergenomic recombination leading to
genetic variation and production of allotriploidogenies with some introgressed chromosomal
segments. This has been clearly demonstrated @ tthifferent types of interspecific hybrids:
Longiflorum x Asiatic (Lim et al. 2003; Zhou et &008), Oriental x Asiatic (Barba-Gonzalez et
al. 2004) andLilium auratum x L henryi (Van Tuyl et al. 2002). During present study,
allotriploid progenies were obtained in LA and Oybhids through functionalr2eggs as well as
2n pollen. Previously, in most of the caseas @llen rather thanr2eggs have been used for
unilateral sexual polyploidization.

One reason might be that it is easier to detagbdlen producing genotypes merely by
staining the pollen and determine the size or gngwhem on artificial pollen germination
medium. On the other hand, detection &g requires crossing and production of progenty tha
has to be tested for ploidy level. Although we hagtected several interspecific F1 hybrids that
produce either 12 pollen or 21 eggs, the frequencies of such genotypes are vellatiow as
compared to other liliaceous such Astroemeriaand other plants (Kamstra et al. 1999a and
1999b; Ramanna et al. 2003; Ramsey and Schmskg.1998

The development of GISH technique facilitates disration of the parental genomes
and predicts the level and amount of genome chatigéccur in such crosses. Earlier reports
on analysis of microsporogenesis durimggdllen formation indicated the meiotic irreguleest
leading to the generation of gametes with diffeigegmome compositions depending on the types
of meiotic nuclear restitution (Lim et al 2001a;rnna and Jacobsen 2003; Barba-Gonzalez et
al. 2004).

The first objective of our study was to producesispecific triploid lilies (LA and OA)
through 21 gametes (both male and femal& unilateral sexual polyploidization and to evaluate
the nature of these BCL1 triploid progenies by GI8Hthis study, we have demonstrated the
frequency of homoeologous recombination and amotiimtrogression from L- and O-genomes
into A genome when BC1 progenies were obtained afidateral sexual polyploidization. Flow
cytometric analysis (data not presented) and chsome counting after GISH confirmed the
allotriploid natures of BC1 plants in both typeapbsses, i.e. LL x AA and OO x AA. In case of
BC1 progenies of LA hybrids (LA x AA type of crosshost of the genotypes were triploid (2n
= 3x = 36) where 24 chromosomes were contribute@rbyametes producing LA hybrid amd
number of chromosomes by the Asiatic parent. Assalt 24 chromosomes inherited from A

and 12 chromosomes from L genome were present ih @Ggeny plants. However, it was
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found that in some BC1 LA hybrid (LA x AA and AA KA) there were deviation from the

expected number of L and A chromosomes.
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Fig. 4.2. A diagrammatic representation of recombinant closemes in BCL1 triploid LA (062071-2,
066994-3 and 066995-1) and OA (022605-30, 02260&f25022605-46) hybrids. In this Fig. the black
colour represents the Longiflorum and Oriental gees while grey and white colour represents the

Asiatic genome.
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This deviation could be explained on the basesMR Imechanism of 2 gametes
formation in LA hybrids (Lim et al. 2001a). In caseBC1 progeny of OA hybrid, the progenies
are mostly triploids (2n = 3x = 36) with few tettaijl genotypes. These tetraploid progenies
could be the result of bilateral sexual polyploadian. Here, mostly we found the normal
contribution of 24A (8 pollen contribute each set of 12 O and 12 A chmontes) and 12 O
genome composition in BC1 plants with few exceptdri2 +1 or -1 O- chromosomes. This
indicates that FDR was the mechanism of gametes formation in most of OA hybrids
(Ramanna et al. 2003; Barba-Gonzalez et al. 2(@sent study strengthens the findings of
Lim et al. (2001a), Barba-Gonzalez et al. (200%&) Zhou et al. (2008) who found that in case
of both LA and OA hybrids more BC1 progenies recedefrom FDR B gametes rather than
IMR 2n gametes. This might be due to more stability arbility of FDR 2n gametes as
compared to IMR @ gametes in both types of F1 hybrids.

GISH, analysis of BC1 progenies have demonstratezkéensive genome recombination
in the BC1 progenies of both type of crosses obthiafter unilateral sexual polyploidization.
Here it was shown that the choice ofgametes as female parents also has a signifitfect as
compared to 2 gametes producing male parent when backcrossadlifgloid Asiatic cultivars.
This significant effect was in terms of the numbefgecombinant chromosomes recovered in
allotriploid BC1 progenies of LA hybrids as compiréo the numbers of intergenomic
recombinants recovered from OA hybrid. It was fotimakt 43 of the analysed plants (91.5%) of
BC1 progeny of LA x AA had recombinant chromosonrevariable frequencies i.e., 1 - 20
recombinant chromosomes per genotype. While irprecal cross 13 genotypes (86.6%) ranged
from 1 — 6 recombinant chromosomes per genotypereb@r, on an average 31.3%
recombinant chromosomes have been recovered intB@did progeny of LA x AA crosses
while the percentage of recombinant chromosomeediprocal cross was 6.5%. On the other
hand when OA F1 hybrid was used as male parentbankicrossed with two diploid Asiatic
cultivars 47 out of 53 analysed BC1l plant (88.5%hileit recombinant chromosomes.
Furthermore, the number of recombinant chromosoises$ar less (1 - 8) than in the
corresponding progeny of LA hybrids. Finally, theveemge number of recombinant
chromosomes recovered in OA hybrids is also le€g94Bas compared to LA hybrids (31.3%).
The mean result of analysed genotypes in both tyfesrosses clearly reflected the low
recombination events in OA hybrids as compared Ao hybrids. It could be explained by
assuming that in case of LA hybrids different F1 bgbrids have been used to cross with
various Asiatic parents to produce interspecificlBogeny plants while in case of OA hybrids

only two Asiatic cultivars were used to make a snaith one F1 OA hybrid.
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In the current study, it was found that more os léd® expected percentage (33.3%) of L
and O genome is retained in BC1 progenies of LA@Adchybrids. However, irrespective of the
direction and type of the cross, an imbalance wasd between numbers of L- and O- genome
introgressions on A chromosomes arnde versa In both type of crosses the Asiatic genome
introgression on L or O chromosomes is exceededwvésely, less introgression of L or O
genome was found in Asiatic background. In LA x Adhosses, a total of 125 Asiatic
introgressions were found on L genome while intesgions of L genome on Asiatic
chromosomes was 85. Similarly in AA x OA hybridsotal of 57 A genome introgression were
found on O chromosomes while in reciprocal caseifbgressions were found in Asiatic
background from O genome.

Another aim of the present study was to evaluate rélevance of bilateral sexual
polyploidization in interspecific lily hybrids. Hoswer, it is worthy to have genotypes producing
2n gametes for the bilateral sexual polyploidizatibnthe absence of genotypes of lily hybrids
that produce bothr2pollen and 8 eggs simultaneously, bilateral sexual polyploit@a in
interspecific lily hybrids has not been accompliefore. One idea was to use the F1 hybrid
with good female fertility to be crossed with aratiF1 hybrid with good male fertility to
produce tetraploids through bilateral sexual paligization. These ideas became evident only
when the crosses were made between some F1 LAdsytiiough sib-mating to generate F2
population. Such tetraploids have two importantaadages: (i) Because of their fertility they
can be used as parents repeatedly to produceidriplotetraploid progenies. (i) When the
bilateral sexual polyploids possess recombinanbrobsomes, they are likely to pair as
multivalent and segregate randomly as if in an paligploid. This means, the loci present on
recombinant chromosomes segregate whereas all loktiewill not segregate as in the typical
allotetraploid (Ramanna et al. 2003). Furthermasing this method of sexual polyploidization,
crops with maximum heterozygosity could replaceséhwere obtained by artificial chromosome
doubling (Den Nijs and Stephenson 1988; Hahn eL1290; McCoy 1992). Because of these
attributes, such tetraploids might be potentialseful for introgression and for cytogenetic
mapping purposes. The present study implies tlwsses betweem2yametes producing parents
produced allotetraploid progenies and in the follmyvbackcross 4x and 2x parents would
predominantly produce triploid progenies in the-4&x directions.

As mentioned earlier bilateral sexual polyploidiaat is rarer than its unilateral
counterpart, the few known cases involved wérdolium pratense(Parrott et al 1985),
Solanum(Jongedijk et al1991; Werner and Peloquin 199Rvena sativehaploids (Rines and
Dahleen 1990)Dactylis glomerata.. (Van Santen et al. 1991; Lumaret et #92), Triticum-
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Aegilopshybrids (Fukuda and Sakamoto 1994gdicagospp. (Barcaccia et al. 1998)iticum
turgidum haploids (Jauhar et al. 2000Manihot esculenta(Ogburia et al. 2002), and
Alstroemeria(Ramanna et al. 2003).

Harlan and de Wet (1975) pointed out the three as@sm responsible for polyploid
formationviz i) by direct unilateral or bilateral sexual pdiyidization by fusion of & gametes
i) by an intermediate step forming a hybrid with @mete and iii) somatic doubling of diploid
hybrid. It was argued that for direct bilateral saixpolyploidization, the mean frequency af 2
gamete production in a diploid population is so ldhat the chance of spontaneous
tetraploidization, by fusion of twor2gametes is negligible. However, some spontaneous
bilateral sexual polyploids have been reporteilanihot esculentdHahn et al1990),Dactylis
glomerata(Van Santen et all991) andCyphomandra betace@ringle and Murray 1992). It
was found in the present study that interspecifid.A hybrids produced bothnZpollen and &
eggs resulted in tetraploid or near tetraploid (@h@d) progenies (Table 4.3). Presently we do
not have good reasons about the production of thieseploid genotypes.

Unilateral and bilateral sexual polyploidizatiorsuéed in the formation of triploid and
allotetraploid progenies respectively. A generatsideration is that those triploids are mostly
sterile and have little interest in breeding beeaof sterility. However, a cursory look at the
literature indicates that triploid have been usedcsssfully in crossing programs and could
produce diploid or circa diploid progenies in 32x or in reciprocal crosses (Lim et al. 2003;
Barba-Gonzalez et al. 2006b; Pros¢ais et al. 2007). These diploid or circa diploidgenies
are potentially useful for breeding at the dipltegel (Khan et al. 2009b). Unlike the triploids
the allotetraploids obtained after bilateral sexpalyploidization could be fertile and can
produce progenies by selfing or crossing with otiemrotypes. Different interspecific F1 hybrids
with 2x - 2x crosses were made to estimate theg@metes formation. When no natural
polyploids are available, certain treatments aredo induce theregametes formation. Notably
temperature and chemical agents were shown totafiecfrequency of 2 gamete formation
(Barba Gonzalez et al. 2006a; Wu et al. 2007).d@egiese factors the production of gametes
is under strong influence of genetic control (Bgeialle and Thompson 1995; Ramsey and
Schemske 1998). Although a lot of work has beeredomthe induction ofr2gametes but there
is scarcity of research for molecular characteiwnadf these @ gametes formations. Recently,
the first geneAtPS1responsible for 12 gametes formation has been isolated and charzedteri
(d'Erfurth et al. 2008). This information can f#eile our understanding the origin of @ametes

and speed up their use in crop breeding programs.
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Abstract

Genetic mapping in liliesL{lium L.) is constrained by its large genome. Diversity afg
Technology (DArT) can detect and type DNA variat@nseveral hundreds of genomic loci in
parallel without relying on sequence informatione \Weveloped a DArT platform for lilies to
enable efficient and cost-effective genetic mappiith the production of a large number of
markers in a single hybridization-based assay. Ayabrseveral tested complexity reduction
methods one was selectdés{ + Tadl) that generated the largest frequency of polyriarp
genomic representations for a genotyping array.oBén DNA fragments from the Asiatic
cultivar ‘Connecticut King’ were cloned and printed the slides, thus assembling of a DArT
genotyping microarray. Genomic representationshef 88 F1 Longiflorum x Asiatic (LA)
hybrid plants were hybridized to these microarrayss yielded a total of 687 DArT markers.
Out of these 382 polymorphic DArT markers with arerage call rate of 93.0% and a scoring
reproducibility of 99.9% were used to construckeaefic linkage map in the F1 population. The
genetic linkage map was comprised of 14 main liekggoups which are two more then the
haploid chromosome number. The resulting linkage mi#h 382 DArT markers spanned 1329
cM (1 marker per 3.5cM on average). The DAIT makeere very suitable to construct a
genetic linkage map and to evaluate genetic relshigps amongst a F1 population in the
Longiflorum x Asiatic progeny. The results highligd the potential of DAIT as a genetic
technique for genome profiling in the context oflenlar breeding and genomics, especially in

so-called molecular orphan crops, such as lily.
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Introduction

Crop improvement mostly relies on the effectivelizdtion of genetic diversity. Molecular
marker technologies are promising tools for geneticd genomic studies, breeding and
biodiversity research. Currently, several DNA-basewlecular marker technologies are
available for genetic diversity analysis and molacassistant breeding in different crops e. g.,
Restriction Fragment Length Polymorphisms (RFLP)liévl and Tanksley 1990; Foolad and
Chen 1999), Random Amplified Polymorphic DNA (RAPilliams et al. 1990; Gonzalez
and Ferrer 1993), Simple Sequence Repeats (SSR)efWamd May 1989; Wang et al. 2004),
Amplified Fragment Length Polymorphisms (AFLP) (Vesal. 1995; Mackill et al. 1996), and
Single Nucleotide Polymorphisms (SNPs) (Wang €12@8).

Lilium is one of the most important ornamental crops, grdar a wide range of
agronomical traits. Several molecular marker tetdgies have been developed and applied to
study the patterns of genetic diversity in lily lections and in breeding programs, including
RAPD markers for identification dfilium species and interspecific hybrid (Yamagishi, 1995;
Yamagishi et al. 2002) to study genetic variati®eréson et al. 2004) for tracing parentages
(Haruki et al.1998), identifying genetic diversity (Arzate-Ferdéa et al. 2005), and for finding
linked RAPD-markers td-usarium oxysporunesistance in Asiatic hybrids (Straathof et al.
1996). Van Heusden et al. (2002) used AFLP marikeosder to construct a molecular map and
to find out the level of polymorphism in the Asa@tily hybrids. A total of 251 AFLP markers
based on 100 descendents of a lily backcross pigulavere used for the construction of a
genetic map. Based on these approaches it was fhahtlMoV (TBV) resistance was clearly a
monogenic trait and could reliably be mapped okdge group 9. Despite the difficult screening
for Fusariumresistance, four significant QTLs were mapped n&dge groups 1, 5, 13 and 16
respectively.

Although a lot of molecular marker techniques ased) most of these technologies
suffer from a combination of impediments which aff¢he level of genome coverage, their
discrimination ability, reproducibility and techaic and time demand. Several marker
technologies require DNA sequence information & tnop. HoweverLilium spp has very
large genome among plants (Bennett and Smith 19981), and the whole genome for this
genus is not sequenced yet.

Diversity array technology (DArT) does not requinome sequence information. It is a
hybridization based approach that captures theevafuthe parallel nature of the microarray
platform. With DArT, simultaneous screening of seddundreds of loci in a single assay can be

performed without any sequence information. It gates genome wide fingerprints by scoring
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the presence versus absence of DNA fragments ilongenrepresentation generated from
samples of genomic DNA. This technology was oritjjndeveloped using rice (Jaccoud et al.,
2001) and then extended to a range of other plém@sArabidopsis(Wittenberg et al. 2005),
barley (Wenzl et al. 2004), cassava (Xia et al.520Rigeonpea (Yang et al. 2006) and profiling
of the hexaploid wheat genome (Akbari et al. 20063rT has been also applied to a number of
animal species and microorganisms as well (httpavdiversityarrays.com).

Molecular markers are an important tool to speedrop improvement (Langridge 2005;
Varshney and Tuberosa 2007) and for the constiuctiayenetic linkage maps, as the first step
in the genetic dissection of the required traitaribg the present study efforts were made to
generate DArT markers and score them in the Fllptpo of a cross between Longiflorum and
Asiatic (LA) lily hybrids. This allowed us to comstt a genetic linkage map in the LA

population by positioning polymorphic DArT markens different linkage groups.

Materials and Methods

Construction of the microarray

Genomic DNA was isolated from young leaves of ana#s cultivar ‘Connecticut King’
according to Fulton et al. (1995) and was subjettedigestion with the methylation sensitive
restriction endonucleasBst, and adapters (Table 5.1) were ligated to theseofl these
fragments. The restriction fragments could be dirpliby using adapter specific primers. In
order to reduce the number of fragments that cbelcimplified, an additional restriction was
performed that cut the majority of the fragmenteve3al restriction enzymes were evaluated
(see Results). The best results were obtainedhforfrequent cuttefag without Hinlll. The
genomic representations were generated as desdrjbdaiccoud et al. (2001) and Wenzel et al.
(2004). Shortly, these were generated by cuttingngsof DNA samples with 2WPst and the
frequent cutteifag (New England Biolabs, NEB, Beverly, MA) with supgal buffer. ThePst
adapter (Table 5.1) was simultaneously ligated W#tDNA ligase (NEB).

Amplification of the restriction ligation mixtureoim ‘Connecticut King’

The amplification of the restriction ligation mixeuwas performed as described previously for
rice and cassava (Jaccoud et al. 2001; Xia et@)5)2 The digestion-ligation reaction was
diluted 10-fold, and a 10pl aliqguot was used asmplate in 50ul amplification reaction. The
PCR amplification reaction was comprised of 10pRaf mixture, 2.0pl of 5SmM dNTPs, 10ul
Promega buffer, 1.3U Taqg polymerase (Promega, Madid/l, USA), 0.25ul of 100uM primer
and 27.35ul of bD. The PCR reaction was carried out as describatfdmyzel et al. (2004).
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Cloning and amplification of the fragments fro@onnecticut King’

The amplicons from the genomic representation efAkiatic cultivar ‘Connecticut King’ were
ligated into the PCR2.1-TOP@&ctor (Invitrogen) using the TOPO cloning kit amansformed
into electro competerEscherichia colistrain TOP10F (Invitrogen) with electroporatiorhel
transformated cells were plated on solid LB medaupplemented with Kanamycin (100ug/ul)
and X-gal (40pg/ml) and incubated overnight at@B7{Jaccoud et al. 2001). Individual white
colonies (containing recombinant plasmids) weradf@arredand grown in 384-well microtiter
plates at 37C containing LB medium supplemented with 100mg/I@eillin and freezing mix
(36.0 mM KHPO,.3H,0, 13.2 mM KHPQO,, 1.7 mM NaCsHsO7, 0.4 mM MgSQ.7H,0, 4.4%
glycerol). From eacklone, a 0.5ul aliquot was transferred top25f 10x Possum Tag PCR
buffer (a home made buffer). The 25ul reaction orixtcontains 2.5ul 10x Possum Tag PCR
buffer 0.5ul (100uM) each dforward and Reverse M13 primers, 0.5ul of 10mM BBITLU of
SuperTaq polymerase (Sphaero Q, Leiden, The Natias) and 20.75ul of . The reactions
were then incubated in microtiter plates for 5 ati®5°C followed by 35 cycles of: 94°C for 30
s,52°C for 30 s and 72°C for 1 min. The final extensivas carried out at 7€ for 7 min. After
amplification, a representation (25%) of the PCBdpicts was checked on 1% agarose gel (Fig.
5.1). Then the amplification products were preaitgtl with an equal volume of isopropanol at
room temperature and washed once iAApl of 70% ethanol with immediate centrifugatain

3400 x g force for 30 min. The ethanol was remased theproducts were air dried.

Spotting of DNA fragments and processing of migi@aslides

Amplification products from the clones of genomibl® of ‘Connecticut King’ were dissolved
in spotting buffer i.e., DArT spotter2 by DArT P(http://www.diversityarrays.com/index.html).
The reaction mixture was then spotted in tripliaatepoly-L-lysine-coated slides (Erie Scientific
Com) using a MicroGrid Il micoarrayer (BiorobotiddK). After spotting the slides were dried
overnight at room temperature. The slides were firesessed by washing the slides in water
(95°C) for 2 minutes, followed by rinsing the skdi@ washing solution containing 0.1mM DTT
and 0.1mM EDTA for 1 minute under constant agitatiohe slides were dried quickly by
centrifugation at 380 x g force. Each clone wasgia name, i.e. LPT fdrily Pstl-Taqgl

followed by the plate location (plate number + wadkition).
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Genotyping, using the microarrays

Preparation of the genomic representations of thgBpulation

Longiflorum cultivar ‘White Fox’ and Asiatic cultar ‘Connecticut King’ were crossed to get a
F1 LA population. From this population 88 genotypeere obtained and used for the
construction of a genetic linkage map. DNA from fie population and one of the parents i.e.
‘Connecticut King’ was isolated as described abdseveral DArT arrays were built in the
course of this study. For each of these arraysromic representation was generated Asiatic
cultivar using thePst-based complexity reduction method (see in thelltgs DNA from 88
individuals of the F1 LA population was digestedRsi/Tad and ligated to th&st adaptor, as
described above. The digestion/ligation productseveenplified using the primer (Table 5.1) and
concentrated by precipitation by adding isopropd4blil) and centrifuging at 3400 x g force at
room temperature for 30-45 min. The pellet wasspended in 2ul of 4D and stored at -2C.

For each sample approximately 650ng of DNA fromi®@viduals of F1 LA hybrids
was labeled with Cy5-dUTP or Cy3-dUTP, the fluosrgalyes (Pharmacia) using random
decamers and Klenow enzymes (NEB/Fermantas). Thettarepresentations contained 2.0ul of
genomic DNA, 0.5ul of 10x NEB buffer, 0.5ul of 5004 Random decamers (Biolegio), 0.5l
of low dNTPs and 0.3ul ¥0. These target representations were denature@’@t for 3 min,
cool down and a mixture of 0.5ul of Klenow enzyd,6ul of dUTP-Cy3 of Cy5 and 0.54pl of
H,O was added to target representation. The labsediagtion was the performed for 2 h at 37°C.

Hybridization and washing

The Cy3-labelled representatiofigil each) were mixed with 2.0ul of 10 mg/hdrring sperm
DNA (Sigma) dissolved in ExpressHyb hybridizatemiution (Clontech) and denatured at 96°C
for 3 min. Thedenatured probes were mixed with 65ul of Expresshitridizationsolution,
pipetted directly onto the microarray surface aadered with a glass cover slip (24 x 26 mm,
Menzel Glaser). Slidesere quickly placed into a humidification chamber 65°C water bath
for overnight hybridizationAfter hybridization, the cover slips were removedd slidesvere
rinsed in 1x SSC with 0.1% SDS and 0.1 mM DTT fanf, 1x SSC and 0.1 mM DTT for 5
min, 0.2x SSC and 0.1 mM DTT for 2 min and 0.02x SSC @AdmM DTT for 25 s. All these
washings were done at room temperat8heles were quickly dried by centrifugation at 389

force ina slide rack for 10 min at 25°C.
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Slide scanning and data extraction

Slides werescanned using a LASER micro array scanner (ScayAtsgpress HT Microarray
Scanner) and images were generated for each oflubeescent dyes using the appropriate
laser/filter combination for Cy-3 and Cy-5. DArTso& software package developed by DArT
P/L (http://www.diversityarrays.com/index.html) wased to automatically analyze each batch

of TIF image pairs generated in an experiment.

Table 5.1.The adapter and primer oligonucleotide sequences iz generation of genomic

representation for cloning and genotyping.

Purpose Adapter sequence Primer sequence
Making the array, using DNA from  5°GTT CAG TCA TAG ATG GTG CA 3" . .
‘Connecticut King’ 5'CCA TCT AAC TTG ACT G 3 5'CAG TCA AGT TAG ATG GTG CAG 3

Results

Evaluation of complexity reduction method and ardayelopment

The initial tests of DArT performance Inlium were performed on a few F1 LA hybrids. Based
on positive experience witRst-based genomic representations (Jaccoud et all)28éveral
combinations oPst with different frequently cutting restriction eytnes (RE) were evaluated
as a complexity reduction approach folium. The genomic DNA was subjected to digestion
with the methylation sensitive restriction endoeaslePsti, and an adapter (Table 5.1) was
ligated to the ends of these fragments. In ordeednice the number of fragments that could be
amplified, an additional restriction was perfornmtbdt cut the majority of the fragments. The
restriction fragments could be amplified by usimgners that could anneal to the adapters. Cut
fragments contained only one adapter at one ertiftearefore could not be amplified anymore
efficiently. Only non-cut fragment with adaptershaith sides could still be amplified. If the
number of restriction fragments is very low, thentner of polymorphic markers will be low too.
If the number of restriction fragments is very higfie number of markers might be high, but the
hybridization mixture is diluted, leading to lowgseals and unreliable results. An optimal
number of fragments are 10,000 to 15,000 (Kiliagrspnal communication). Several restriction
enzymes were evaluatedPsi+Msd, Pst+Taq, Psti+BsitN, Psi+Msp, Psti+Hindlll,
Pst+Msd+ Hindlll, Psi+Tag+ Hind Ill, Pst+BsiN+ Hindlll, Pst+Msp+Hindlll,
Pst+Hindlll+ Hindlll). The best results were obtained for the fregqueutter Tag and Msd
without Hinlll. However, after first test it was found th@sti/Tad gave the most polymorphic
clones. Sometimes the other RE combinations gasmear with one or more dominant bands

representing the highly repetitive fragments. ThHeagments correspond to abundant repetitive
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sequences in the representation, which should dided (Kilian et al. 2005). The average DArT
marker size was 800-1200bp.

Genetic relationships between F1 LA hybrids revedle DArT

The selected DArT clones were tested for theiritghib resolve genetic relationships among a
set of 88 genotypes. The technical reproducibility the DArT genotyping array was
successfully validated by independent assays froen same DNA. DArTsoft analysis (see
Materials and Methods) identified 382 markers palypiic among 88 genotypes printed on the
array. The PIC (Polymorphism Information Contergtlues of these 382 markers were high with
over 67% of the markers having a PIC value betwkdrand 0.5 (Table 5.2). The average PIC
was 0.39, almost equal to the previous DAIT studhiebarley which was 0.38 (Wenzel et al.
2006) and less than cassava which was 0.42 (X&. €2005). The relationship between the
quality of the DArT markers (measured as the %otdltvariance which existed between the two
clusters: present and absent) and the performaintee DArT markers as determined through
call rate and PIC was analyzed (Table 5.3). As etgok in most of the cases the average call
rate decreased with average Q value. The markérstiag highest Q values had high average
call rates (98%), while the markers in the lowealdgy marker classes had lower average call
rates (Table 5.3).

Table 5.2.Polymorphism Information Content (PIC) values f82DArT markers.

PIC Value No of DArT markers % DArT Markers
05-0.4 259 68
0.4-0.3 60 15
0.3-0.2 23 6
0.2-0.1 40 11

Image analysis and scoring for polymorphism

The software package DArTsoft from DArT P/L (httpww.diversityarrays.com/index.html)
was used to analyze each batch of scanned micydameges automatically. DArTsoft localized
the spots, rejected those with weak reference lsigmamputed and normalized the relative
hybridization intensities, and identified clonesitlrevealed genetic differences according to
dominant scoring. These polymorphic clones wereedetl by means of a combination of
ANOVA and fuzzy C-means clustering (Wenzl et al020 A clone was considered to be
polymorphic if the normalized hybridization signétem the different plants could be grouped
into two distinct clusters, i.e. a cluster of loyhidization signals and a cluster of high signals,

for which the between-cluster variance was at |1888 of the total variance. A polymorphic
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clone was incorporated into a 0/1 dominant scaidtde if the probability of belonging to one of
the two classes was above 0.95 averaged acroskdal of the batch of images, and if it was
scored withP > 0.95 in at least 90% of all these slides. S@ aghole a total of 687 DAIT
markers were scored. Markers that showed confijctcores between the replicates or could not

be scored in either of the replicates were scosachinown.

Construction of a genetic linkage map using DArTkaes

We constructed a linkage map for a cross betwekongiflorum cultivar ‘White Fox’ and an
Asiatic cultivar ‘Connecticut King’. Only the marnkse present in Asiatic parent ‘Connecticut
King’ were mapped on linkage groups segregatint; infashion from the parent. A total of 382
DArT markers were mapped on different linkage grauphe F1 LA hybrids (Table 5.4; Fig.
5.2). The automatically generated scoring tablenfidArTsoft was converted into a format
suitable for the software package JoinMap Versi@nh(Bttp://www.kyazma.nl) for construction
of a genetic linkage map. Markers that showed entidal scoring pattern were removed from
the scoring table, leaving one marker per uniqugregmtion pattern. For the markers that
showed an identical scoring pattern, we did notvknshether the underlying clones had

identical sequences or co-segregated becausesef lohkage.

Map length and coverage

A total of 382 DArT markers, including the markerith identical segregation pattern were
mapped on 14 linkage groups in F1 LA hybrids (Tdhke Fig. 5.2). The genetic linkage map
spanned 1329 cM. The genetic linkage map has amgedArT marker density of 1/3.5 cM.
Besides these markers there were 91 more markech wid not map to these linkage groups
but ended up in 11 smaller clusters. The totaltlemd these smaller clusters is 352 cM. Table

5.4 represents the distribution of DArT markersvarious linkage groups.

Discussion

This study applies DArT in lily by creating new genic libraries of clones and arrays. It adds
markers to the existing ones in Asiatic populatiased on AFLP (Van Heusden et al. 2002) and
NBS-profiling (unpublished data). Up to now, we aaelected 382 polymorphic DArT markers

that can be typed in a single assay. DArT profilirag proven to be useful to construct a linkage
map and to elucidate the pattern of marker distiobuamongst various linkage groups in the F1

progenies of LA population. The number of availdbkrT markers, their cost-effectiveness and
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relatively high polymorphism content are ideal ecluderistics for extensive genome-wide

screening for QTL discovery.

Table 5.3. The relationship between the quality and perforrean€ DArT
markers. Markers were selected for P > 0.95.

Q-Values Call rate No. of markers PIC values
68.91 100 61 0.294
70.72 94.4 72 0.370
68.97 88.88 90 0.408
66.06 88.33 79 0.489
65.55 77.77 40 0.475
63.09 72.27 27 0.470
62.17 61.1 12 0.462
47.46 55.55 1 0.18

The high-throughput fingerprinting technique DArdncdetect DNA polymorphisms by
scoring the presenads absence of specific DNA sequences in a definedmenrepresentation
through hybridization to microarrays (Jaccoud et28l01; Wenzl et al. 2004). Initially DArT
technique has been applied in rice to detect poighisms (Jaccoud et al. 2001). Its usefulness
for constructing genetic linkage maps has been detrated in barley (Wenzl et al. 2004),
cassava (Xia et al. 2005), Arabidopsis (Wittenbetrgl. 2005), pigeonpea (Yang et al. 2006),
wheat (Akbari et al. 2006; Mantovani et al. 20G8)d Sorghum bicolo(Mace et al. 2008). We
used DArT technique to develop a genetic linkagep nmaF1 population of Longiflorum x
Asiatic (LA) hybrids inLilium to determine the position of different polymorpBRérT clones
located on various linkage groups. This is thet fieport of the use of DArT technology in
Lilium and our results demonstrate thdium DArT markers are of high quality, as assessed by
different sets of parameters like their call ranring reproducibility and PIC values (Table 5.2;
5.3). The DAIT marker quality parameters measuoedfeLilium array are comparable to those
obtained for pigeonpea (Yang et al. 2006), bal&iizl et al. 2004), cassava (Xia et al. 2005),
wheat (Akbari et al. 2006; Mantovani et al. 20084 &orghum bicolor(Mace et al. 2008).
Reproducibility of DArT marker was found to be up 99.9% and similar values have been
reported for DArT in barley (Wenzl et al. 2004) ahchbidopsis (Wittenberg et al. 2005).

Distribution of DArT markers in Lilium genome

The genetic linkage map comprising DAIT markeradjedemonstrates that the DArT markers
behave in a Mendelian manner. In total, 382 DArTrkees were distributed on 14 linkage
groups. The final genetic linkage map spanneda kength of 1329 cM, with an average DArT
marker density of 1 marker per 3.5cM. Linkage groupas the longest (219 cM) while the
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shortest LG was number 14 (47 cM). The averagagekgroup length was 95 cM. Although the
DArT markers are distributed across the genome simalar pattern there are genomic regions
containing significantly more markers, e.g. linkageup 2 (Fig. 5.2) has a higher than average
marker density of 1/1.6 cM and linkage group 1Pnarker-poor with an average of 1/6.3 cM.
The map distance between adjacent markers varoed @.25 cM (linkage group 6) to 37 cM
(Linkage group 3).

Table 5.4. Summary of the genetic linkage map of LA populatisith total

length of each linkage group and the number of evariper linkage group are

detailed.
Linkage Average marker
groups No. of Markers Length (cM) distance (cM)
1 65 219 34
2 52 87 1.7
3 43 122 2.8
4 35 70 2.0
5 34 107 3.1
6 24 86 3.6
7 23 72 31
8 20 99 4.9
9 16 69 4.3
10 16 81 5.0
11 16 87 55
12 16 101 6.3
13 13 82 6.3
14 09 47 5.2
Total 382 1329 3.5

These regions of low marker density may be theesfmsociated with genomic regions
that were identical by descent or that had verytéichgenetic variability in the initial diversity
representation, or have a high recombination frequeAnother explanation is that these areas
are methylated: aBst is methylation sensitive, DArT markers reside mhain non-methylated
areas. The marker-dense regions probably corresporitie centromeric regions with low
recombination frequencies, a feature that has béserved previously iSorghum(Bowers et
al. 2003). It should however be noted that clustearound the centromeres is observed for both
DAIT and all kind of other markers in almost alhpt species (Mace et al. 2008). This might be
due to the centromeric suppression of recombinatitowever, interesting observations were
found in case of barley genomes where DArT markerse significantly less clustered at most
centromeric regions (Wenzel et al. 2006), possi®gause of methylation in these genomic
areas in barley. The high number of DArT markensegated in a single assay not only provides
a precise estimate of genetic relationships amemgtypes, but also their even distribution over

the genome offers real advantages for a range t#faular breeding and genomics applications.
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Fig. 5.1.Gel images of PCR product of DArT markers, repnéag the genomic representation of
the DArT clones to be spotted for micro array asialy

Beside 14 main linkage groups there are 11 smalilesters spanning a size of 352 cM
which carry 91 additional DArT markers. Considerthg extreme large genome size of lily it
can be emphasized that although the marker desditigh some genomic regions could not be
linked together due to large blocks of repetitivdAdsequences. The other reason as mentioned
above is that these areas of genome are methydatiést is methylation sensitive. As a result
the DArT markers mainly reside in non-methylatedast These reasons may lead to higher
number of linkage groups compared to basic chromesoumber of lily (n = 12). It is expected

that when in course of time and more markers becavadable, that these smaller clusters will
join with other linkage groups.
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Integration of genetic linkage groups with physioaps in Lilium based on FISH technique

An important goal is to integrate the genetic megsstructed based on molecular markers to the
corresponding cytogenetic maps throulgisitu hybridization techniques. This would give a real
image in the investigation of crop genomic struetueveral attempts have been made to
correlate molecular maps with cytogenetic mapsguisirsitu hybridization techniques in various
crops. Examples arBrassica oleraceaHowell et al. 2002),Lolium- Festuca(King et al.
2002a),Allium spp. (Khrustaleva et al. 2005) ahycopersicon esculentuiiiKkoo et al. 2008).
Based on FISH technique it would be possible teatethe position of different DArT markers
distributed amongst various linkage groups on thgsigal structure of the chromosomes. This
may help us to end up with 12 linkage groups etmahe number of haploich( chromosomes

in Lilium. By doing so we may also be able to locate thekerarlinked to some specific traits on
various chromosomes and the transfer of these geméls be monitored in the subsequent
progenies. The availability of the cytological mapased on recombination sites in three
genomes otilium (Khan et al. 2009a) and the DArT markers whichliemleed to some specific
traits to be used as probes in FISH technique rifay wery exciting opportunities for assessing
these markers located on different genetic linkgrgeips with the markers (recombination sites)

on the cytological map on various chromosomes.
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General Discussion

The results presented in the four experimental tehamf this thesis mainly describe a molecular
cytogenetic approach to study the intergenomicrdxoation and introgression in interspecific
lily hybrids and their progenies. The reported hssin different chapters (chapters 2-5) on
different interspecific lily hybrids can pave thatp for more rational approaches for cytogenetic
mapping and introgression of certain traits intp dultivars. In this context, the following topics
will be discussed in more detail in subsequentgragzhs to draw the attention to the practical
and theoretical aspects of introgression of alegngents at different ploidy levels.

* Production of different types of gametes in intersfic lily hybrids and their use in

breeding schemes
» Recombination events and the development of cytcdbgnaps and their significance

* Prospects for integrating molecular linkage groapd cytogenetic maps

Different types of gamete production and their imsdy breeding

Chromosome pairing, crossing over and the distobubf chromosomes are the most
important event during meiosis (Sybenga 1975). db&omes of these events lead to the
formation of different types of gametes in intexsgfie lily hybrids. The products of meiosis are
interrelated with chromosome pairing at metaphasedlchromosome distribution at anaphase |I.
If all of the homoeologous chromosomes pair andmabrmeiosis occurs, it produces four
haploid gametes. When homoeologous chromosomet fpdir, first division restitution (FDR)
can occur and produce twon 2FDR gametes; if bivalents disjoin and univalentsida
simultaneously at anaphase |, such meiosis leathgleéterminate meiotic restitution (IMR) and
produce two B IMR gametes. The mechanism ai @amete formation with a single pair of
chromosome assortment is illustrated in the Fify. B.was found that most of the LA and OA
hybrids have possibilities to produce a high amairgneuploid gametes and a small amount of
2n gametes. However few LA hybrids were shown to poeth gametes as well (Chapter 2).
The aneuploid gametes are responsible for thelisteof F1 hybrids. Based on the
homoeologous distribution at anaphase I, the Fhifrids have more potential to produce IMR
2n gametes than FDRn2gametes (Zhou 2007). However, it was found thastnod the BC1
progenies result from FDRyametes and less from IMR Bametes (Lim et al. 2001a; Barba-
Gonzalez et al. 2005b; Zhou et al. 2008). The samselts were also found in the present

research (Chapters 3 and 4). It might be arguedRBD& 2 gametes have better viability than
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IMR 2n gametes due to the balanced chromosomal compositiBDR 2 gametes as compared

to IMR 2n gametes.

Ploidy manipulation and its significances in lilyeleding

One of the most important drivers of genetic vasrais the occurrence of intergenomic
recombination — whether in restitutional meiosissomatically doubled allotetraploid. Thus in
the absence of intergenomic recombination, anedfigploid gives rise to identical 2x gametes
without any potential for genetic variation. On ttantrary, intergenomic recombination is most
likely to occur in the diploid hybrid during restitonal meiosis and has the potential to produce
considerable genetic variation. F1 distant hybdgdsally have abnormal meiosis and are highly
sterile. The traditional approach of chromosomebting or the so-called somatic doubling, of
the sterile hybrids is less fruitful because theuhéng allopolyploids are not amenable to
intergenomic recombination due to autosyndeticipguirin view of this, the use olQyametes
from LA and OA hybrids would be the most logicapapach, because in addition to overcoming
F1 sterility, intergenomic recombination can alsoadzcomplished. HowevernZjametes occur
in very low frequencies in OA-hybrids, while in ethinterspecific lily hybrids such as LR, LO
or OP hybrids, there was no evidence for gamete formation exists (Van Tuyl personal
comm.). Detailed studies were made on the produaifofunctional 2 gametes in lily distant
hybrids (Van Tuyl et al. 1989; Asano 1982; Lim et2001a; Barba-Gonzalez et al. 2005b). In
this thesis, genotypes which produce functionmalgdmetes as well as gametes were found
(Chapters 2, 3 and 4). The advantages rfgdmetes and production of BC progenis
unilateral sexual polyploidization have been docuoieé (Lim et al. 2001a; Barba-Gonzalez et
al. 2005b; Zhou et al. 2008). In this thesis, bilat sexual polyploidization in LA hybrids and its
potential advantages over mitotic doubling of chogomes in lily breeding has been elucidated
(Chapter 4).
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Fig. 6.1. An illustration of meiotic process and three tymégestitution mechanisms oh2
gametes formation in interspecific lily hybrids

In some crops introgression can be accomplishatieatiploid level even though the

species involved belong to different genera. A walbwn example isestuca— Lolium hybrids

in which the desirable characters are introgresséke diploid level — even though the genomes

are quite differentiated (Zwierzykowski et al. 1998omas et al. 2003). The same approach can
be used in the case of LA hybrids (Chapter 2). Bfs® implies that, like thEestuca— Lolium

hybrids, introgression in LA hybrids can be achiba the diploid level. The diploid (distant)

interspecific hybrids that can produce bathas well as 2 gametes provide an important

opportunity for the introgression of different tsaiwhich can be more readily selected for

characters at diploid level. Once the selection Ibasn made at the diploid level, then the
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unilateral sexual polyploids can be achieved bygigh gametes to reach the optimum ploidy
level, e.g. triploid in lilies (Van Tuyl and Lim B3; Zhou et al. 2008). The occurrencenof
gametes in the F1 LA hybrids and the productionipfoid BC1 progenies have been reported
recently. It was found that diploid BC1l progeniegvén more interstitial recombinant
chromosomes (Chapter 2), and it is expected thegt thay have relatively good fertility. This
finding might open a new way of introgression biegdthe ‘analytic breeding’ in interspecific
LA hybrids. This approach involves the reductionpaoiyploids to diploid level followed by
intensive selection of superior genotypes througteding at this level and in the final step
optimum ploidy level is achieved (through sexualyptwidization) from the selected diploid
parents (Jacobsen et al. 1991). Besides their arbtevto analytic breeding, the diploid BC
progenies can be useful for molecular mapping all &g for molecular markers assisted
selection (MAS) for useful traits. A hypotheticaladytic breeding scheme for lily LA hybrids is
presented in Fig. 6.2.

Diploid cultivars as source of material

LL X AA !
LA X AA -
(Haploid gametes)
(Diploid gametes) l
LAA X AA 3
(Diploid BC1)
(Triploid BC1) l
LAA A X AA 4
(Diploid BC2) l (2n gametes)
LAAA AA 5

(Triploid progenies)

Fig. 6.2.Hypothetical analytic breeding scheme for LA hygsriL (Longiflorum
genome); A (Asiatic genome)

The variation caused bynZgametes considerably increases the chance oftiseleat
BC1 level. The occurrence of bilateral sexual plaigization by sib-mating of F1 LA hybrids
and the production of tetraploid F2 progenies hbeen reported for the first time in lily

(Chapter 4). The tetraploid F2 progenies contaneedmbinant chromosomes and it is expected
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that they may have a relatively good fertility. Cadvantage of bilateral sexual polyploidization
is that fertile 4x progenies with intergenomic nexdmnation can be used for generating
considerable genetic variation either by selfingssing with other suitable genotypes as has
been illustrated irAIstroemeria(Ramanna et al. 2003). This finding might open & mey for

lily introgression breeding with considerable géneariation in the subsequent progenies. This
method can be used to overcome the disadvantagestaiic chromosome doubling which is
less suitable for creating any genetic variation.

Introgression breeding in interspecific lily hylsidetween Longiflorum x Asiatic or
Oriental x Asiatic plants mostly depends on thedpotion of 2 gametes. ThesenZjametes
producing hybrids are backcrosses with one of tiremtal plant for introgression and selection
for the trait of interest. However, hybridizatiohsuch allopolyploid with elite cultivars adds the
entire genomes of the alien species rather thay tbel chromosome segments that possess the
desirable traits. The addition of entire genomésjausly, adds many undesirable traits along
with the desirable ones into the cultivars enhameio called, linkage drag (Hospital 2001). The
amount of linkage drag is dependent on the frequehcrossover events around the target gene
and the number of backcrosses. One effective wayeifenting linkage drag is the addition of
trait specific recombinant segments (Servin et 2104). To achieve this, homoeologous
recombination must be accomplished in the hybrid$e putative parental species followed by
their recovery in the progenies of the F1 hybrifikese two requirements are most ideally
achieved in the case of LA and OA hybrids (Chagtand 4) with a wide range of recombinant
chromosomes with varying numbers and lengths afmdxinant segments have been recovered
in the BC1 progenies. Furthermore, the variatiomsed by the use ohZyametes considerably
increases the chance of selection at BC1 level. grbgenies obtained after unilateral sexual
polyploidization could express the recessive lgcialtaining the nulliplex condition (Fig. 6.3).
Various genotypes in LA and OA hybrids (Chapteexshibited nulliplex condition. This could
facilitate the selection of genotypes at BC1 le@&milarly, the tetraploid F2 progenies resulting
from bilateral sexual polyploidization contained¢oenbinant chromosomes when backcrossed
with one of the putative parents and then the esgioe of recessive loci could be enhanced
further as shown in Fig (6.3). These triploid BCanik obtained after unilateral sexual
polyploidization and those derived from bilater@ksal polyploidization could further be used in
introgression breeding for the further dissectibgenome with minimum linkage drag.

In spite of all the attractive features of usinggametes in breeding, there is a limiting
factor in some cases in terms of the genotypeshmpioduce 8 gametes. Only few genotypes

can produce r2gametes on a regular basis. Besides this, thedtuptmn is highly subjected to
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environmental conditions. Moreover, most of theaygpes produce either onlywpollen or 2
eggs but not both simultaneously. In view of theg&culties, the induction of @ gametes
through NO treatment (Barba-Gonzalez et al. 2006b; Wu €2@07) is a positive development
for using 2y gametes in lily breeding. The production of @gametes in interspecific lily hybrids
might respond in a positive way to theNtreatments, broadening the possibilities to commbi
important traits present in the sterile hybrids gaderate even more interspecific hybrids. It was
found that NO treated F1 OA hybrids gave progenies with recoanti chromosomes (Barba-
Gonzalez et al. 2006b) which shows the advantafjésisotechnique to restore fertility while
genetic variation is generated.

In view of this, introgression of desirable segmnsezan be accomplished in lilies, through
hybridization of distant species and backcrossifigis is possible because bothand 2
gametes can be used in breeding and techniquedNéf iD situ hybridization facilitate the

monitoring of alien chromosomes and recombinantnssgs in every step.
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Fig. 6.3.A schematic representation of gametes resulted bitateral sexual polyploidization and their suipsent
progenies for selection of traits. (* Nulliplex atition; ** Complete substitution of chromosome)

Molecular genetic basis @ gametes production

The reliance of 2 gametes in plant polyploidization has been redlszace a long time and they
are known to occur in diploid populations as a festimeiotic failure, led to change in the
genetic consequences of the subsequent progergelsiiHand de Wet 1975). It is believed that
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2n gametes are the major route for polyploidy forwrain interspecific lily hybrids, particularly
leading to the formation of triploids with recomairt chromosomes segments (Lim et al. 2001a;
Barba-Gonzalez et al. 2005b; Zhou et al. 2008)g2metes are also important for the genetic
improvement of several polyploid crops, where ulsejanes from diploid relatives are
incorporated into cultivated genotypes (RamannaJacdbsen 2003). Given their importance in
lily breeding, 22 gametes have got a focal point of research andnaiderable amount of
research work has been done (Lim et al. 2001a;&8@nzalez et al. 2005b and 2006b). The
production of & gametes is sporadic and strongly genetically otlett. However, limited
information is available about the genetic contifoPn gamete formation. There is a need for the
identification and characterization of genes respma for 2 gamete formation in lilies.
Recently, (d'Erfurth et al. 2008) isolated and aebterized a gene frorrabidopsis thaliana
(AtPS1)which causes the formation of high frequency efgamete in the model plant. In the
near future an Expressed Sequence Tag (EST) lilmfacyfium cDNA will be constructed and
sequence analysis will be compared wAttabidopsisand other sequenced crops having genes
with known functions. It could be possible that goof these ESTs from generative cells show
sequence similarity to thérabidopsis thaliana gene AtPS) responsible for 2 gamete
formation. The identification and incorporationsafch genes involved ilnZyamete formation

in interspecific lily hybrids can open the doorsjgeed up the process of introgression breeding

in lilies.

Molecular and cytogenetic mapping

Molecular cytogenetics has not only revolutionizbd genetic analysis of plant genomes, but
has also provided plant breeders and geneticistis avitool to identify genes involved in
determining various traits. The development of tienomicin situ hybridization (GISH)
technique for cytogenetic analyses in interspedifychybrids has represented a major advance
in the genome analysis of lily hybrids (Karlov €tE099; Lim et al. 2001; Barba-Gonzalez et al.
2004). This technique has been employed to denaiadine intergenomic recombination in the
intergeneric and interspecific hybrids of differesgiecies in crop complexes lik&asteria x
Aloe (Takahashi et al. 1997Festucax Lolium intergeneric hybrids (King et al. 2002a and b),
Alstroemeria spp (Kamstra et al. 1999a and b; Ramanna et al. 2008) Allium spp.
(Khrustaleva and Kik 1998). In the present investmn, GISH is employed to construct the
chromosomal recombination maps, the so-called foglecular maps’ in three genomes of
Lilium. For this purpose, BC progenies from distant lijjrids were used for mapping without

which the constituent genomes and the recombinaites on individual chromosome could not
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be distinguished through GISH. An attractive featof the cytomolecular maps is that large
numbers of recombination sites become availableplagsical land marks on individual
chromosomes. Using such sites or land marks, mialemarkers, like AFLPs, and RFLPs can
be assigned to specific positions on individualoomosomes as has been done in the case of
Festucalolium substitution line (King et al. 2002) aidlium cepax (A. royleix A. fistulosu
interspecific crosses (Khrustaleva et al. 2005)pMiag of individual chromosomes in these two
cases show that proper integration of molecularsweith respective chromosomes can only be
accomplished when reliable cytological markers arailable. We described here for the first
time the cytomolecular mapping of three genomed.itifim obtained after using and 2
gamete producing LA andnZgamete producing OA hybrids. These BC1 progenidsAoand
OA hybrids have been used the starting point for the estimation of recambbpn sites on each
chromosome and potentially it can be used sucdgsstu transfer and locate the genes or
markers linked to genes of interest in interspedifibrids inLilium during a backcross breeding
programme. Cytomolecular maps of genomes sucheasrifs reported here can pave the way
for the construction of more meaningful maps wtibege is integration of molecular data on the
morphological features of the chromosomes. It wasnd that chromosome 9 in different
interspecific lily hybrids had the maximum recordoih segments leading to maximum number
of recombination sites after GISH analysis (Cha@erThe recovery of these recombination
sites at chromosome 9 in different interspecifibrigs indicated that the L- genome is much
more closely related to the A- genome as comparetie O- genome. The high frequency of
homoeologous recombination makes this chromosomiguenamong lily genome from
evolutionary point of view. These results are fkil pave the way for molecular approaches for
breeding new cultivars, such as marker assisteddbrg, where with the combination of
molecular markers and FISH techniques it becomesiple to localize markers for specific

genes in the chromosomes and trace them in thepyogf subsequent crosses.

Mapping of plants with large genome

Fluorescent in-situ hybridization (FISH), a molenutytogenetic technique which can be used
for the integration of molecular genetics maps witjtogenetic maps. It has opened the
possibilities for localizing large numbers of cldneNA sequences directly on chromosomes for
mapping purposes. It has become a standard teehiigecalize, orient, and map genes in the
genomes of a wide range of species. These cytdgemetps are constructed for several
organisms and are considered essential to relatetigeloci and molecular sequences to

morphological features of chromosomes (Fransz et2@00; Cheng et al. 2001). Several
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Chapter 6

successful attempts were made in the past to ralateintegrate genetic linkage groups on
individual chromosomes cytogenetically through FISFbr example maize (Ananiev et al.
1998), tomato (Zong et al. 1996), rice (Cheng et2801) and potato (Song et al. 2000).
Furthermore, the application of GISH/FISH techngue the physical mapping of different
genes in different introgression lines derived fri@stuca-lolium intergeneric hybrids has also
been reported (Humphreys et al. 2005).

In several crops BAC libraries are constructed iadd/idual BAC clones containing the
markers linked to various traits were physicallgdiized on different chromosomes using FISH.
High resolution cytogenetic maps provide importdriblogical information on genome
organization and function, as they correlggaetic distance with chromosome structukédgim
has one of the largest genomes in plant kingdomosi 250 fold larger than th&rabidopsis
genome (Bennet et al. 2003; Leitch et al. 2007)ctvhis mostly comprised of highly repetitive
DNA sequences. To establish a feasible mappingsyst Lilium, DArT technique was used to
construct a genetic linkage map in interspecific lybrids. This genetic map ended up with 14
linkage groups instead of the expected 12, thechasiber of the lily genome. This finding
could be argued on the basis of the extremely large highly repetitive genome size of lily
which hinders some of the genomic regions to bkelintogether. The occurrence of a higher
number of linkage groups compared to the basicrocbsmme number creates an ambiguity as it
is not possible yet to link or assign any linkageup to specific chromosomes of lily. One
possibility is that the DArT markers genetically ppad on different linkage groups could be
probed and their physical location can be deterchime chromosomes by FISH. Integration of
existing information from genetic maps with the alggical structure of chromosomes will
provide a comprehensive data in cytogenetic mapveier, it is noted that the average size of
these DArT markers is around 800-1200 bp and thegiagle or low copy sequences. Detection
of single copy genes on plant chromosomes is diffiSo it is hard to monitor the location of
these individual markers used as probes on mitdttomosomes which are highly condensed
and possess highly repetitive DNA sequences.

The sequencing and mapping of plants with large @&oedhplex genomes are
disadvantageous as their sequencing is expensgive,consuming and is sometimes hampered
by a significant content of repetitive DNA reped@&cause the material used for mapping is of
interspecific origin, the allopolyploid nature difyland the presence of homoeologous genomes
also cause a serious problem in the mapping. Ossilplity is the dissection of the genome into
its component chromosomes and chromosome armWyciytometeric sorting (Dolezel et al.

2007). This could provide a probable solution testh problems. However, the identification of
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General Discussion

individual chromosomes and its discrimination fraitme rest of the genome might be
complicated. Once the individual chromosomes hagenbsorted out, it is advantageous to
construct BAC libraries specific for a defined ammsome or genome segments, and this
represents an area in which chromosome sortinglegna crucial role. These BAC clones can
be probed on chromosomes through FISH. This coeldrbelegant approach sequencing and
mapping complex and large genomes (Paux et al.)2008

Furthermore, technical refinements are needed$iHRbr successful detection of single
copy genes or markers duilium mitotic metaphase chromosomes. This technigueahgi®at
potential to complement genetic mapping on orphach large genomes and could be used to
integrate the genetic linkage group with physiealtfires of the individual chromosomes. We are
trying to construct a cytogenetic map using DArTrkeas anchored to the genetic map. The
probing of a set of DArT clones on one of the ligkagroup could be localized on specific
chromosomes by FISH. This will be useful for théegration of existing information from
genetic maps with the cytological structure of chosomes and will provide a comprehensive

genetically anchored cytogenetic map.
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Summary

Lilies (Lilium L.) are one of the most important ornamental bugbcrops for cut flower industry
grown extensively in The Netherlands for last feecades. The genuslium consists of seven
different sections with about 80 species. The g®eevithin genud.ilium (2n = 2x = 24)
comprise a range of desirable and complementaryacteas. Besides being an important
horticultural crop, lily Lilium) also serves as an interesting model plant foremdar
cytogenetic research and introgression breedingdwoeral reasons like, i). Lily is a model crop
for interspecific hybridization and it includes pta of different taxonomic species each of which
possess valuable horticultural traits that needee@ombined in the new cultivars. ii) Through
careful selectiom and 2 gametes can be obtained in interspecific hybrigsThe genomes of
different species are so well differentiated garadtly that the parental chromosomes can be
clearly identified in the F1 hybrids as well agte progenies through DN situ hybridization
techniques. iv) The chromosomes are large enough the number and position of
homoeologous recombination sites can be clearlgotied. v) The large and easily identified
chromosomes in different lily species could be tepwal source for the cytological mapping of
the Lilium genomes. Taking advantage of these favourabléwtis of lily, a molecular
cytogenetic investigation was conducted to evaludite amount of recombination and
introgression of characters between Longiflorumsiatic (LA) and Oriental - Asiatic (OA)
hybrids through the use ofand 2 gametes.

For this purpose different F1 Longiflorum x AsiaficA) and Oriental x Asiatic (OA)
hybrids were backcrossed with different Asiatictisars. Ovule and embryo rescue techniques
were employed to get backcross (BC) progenies. Mbghe F1 LA appeared to be sterile but
some hybrids were able to produce ontygametes in considerable frequencies. However, in
rare occasions it was also found that normal meitmsik place in few of the LA hybrids which
resulted into the formation of normalgametes. Ploidy level and intergenomic recombamati
was studied in LA interspecific hybrids in orderassess the possibility of functiomafjametes
and their potential use in introgression at dipléédel in lily. A total of 104 BC1 LA
interspecific lily hybrids were obtained, 27 diglsi(2n = 2x = 24), 73 triploids (2n = 2x = 36)
and 4 aneuploids (2x — 1, 2x + 2 or 2x + 3). Simylatriploid BC1 (LAA) plants were
backcrossed to diploid Asiatic parents. As a resdiltiploid BC2 progenies were produced. The
intergenomic recombination and amount of introgoes®f respective genome (L and A) was
assessed in these diploid genotypes through GlSHhd@icin situ Hybridization). Extensive
intergenomic recombination was found among the roosomes in LA hybrids. A large of

amount of L- genome was transmitted from F1 LA Ig$®to their subsequent BC1 progenies.
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Summary

However, very few segments of L- genome were imgsged from the BC1 diploid and triploid
(LAA) plants to the BC2 progenies (Chapter 2). Gl&Hntifies a considerable amount of
recombination events amongst different interspedily hybrids (LA and OA) obtained from
functional 2 gametes. Based on recombination sites on diffeteramosomes identified by
GISH, cytological maps of three genomesLidfum were constructed. For this purpose, BC
progenies of two diploid interspecific hybrids alfy] viz, Longiflorum x Asiatic (LA) and
Oriental x Asiatic (OA) were used. The BC progeroéd. A hybrids consisted of both triploid
(2n = 3x = 36) and diploid (2n = 2x = 24) with someeuploid genotypes and those of OA
hybrids mostly consisted of triploid (2n = 3x = 3@hd some aneuploid genotypes. In LA
hybrids 248 recombination sites were cytologicaddigalized on 12 different chromosomes of
each genomes (i.e., L and A). Similarly, 116 recorabt sites were marked on 12 chromosomes
each from the BC progenies of OA hybrids (O and énames). The distances of the
recombination sites from the centromeres are meds@n micrometres). Based on these
recombination sites four cytological maps were tom$ed. Since an Asiatic parent was
involved in both hybridsyiz., LA and OA, two maps were constructed for A gemowhich
were indicated as Asiatic (L) and Asiatic (O) am# @ach for Longiflorum (A) and Oriental (A)
genomes (Chapter 3).

With a view to generate genetic variatiema homoeologous recombination in BC
progenies of LA and OA hybrids the most logical my@eh was the use oh2jametes. 63 BC1
LA (LA x AA or AA x LA) and 53 OA (AA x OA) progenyplants were obtained after unilateral
sexual polyploidization. 16 genotypes from F2 LApplations were obtained after bilateral
sexual polyploidization through sib-mating of F1 U#ybrids. GISH was employed for the
identification of the parental genomes, mode afiarof these progenies and measurement of the
introgression in different interspecific lily hyls. Most of the BC1 progeny plants (LA and OA)
had originated throughn2gametes by First Division Restitution (FDR) medbean However,
there were 12 genotypes in LA hybrids and four ¢gygyes in OA hybrids that originated through
2n gametes formation as the result of Indeterminagéolit Restitution (IMR). A higher amount
of recombination was found in LA hybrids as compar® OA hybrids. Intergenomic
recombination was also determined in the sib-m&&dA population. In this case both parents
had contributed gametes with the somatic numbehomosomes (i.e.,n22n) thus confirming
the event of bilateral sexual polyploidization intarspecific LA hybrids. Based on these results,
the relevance of interspecific lily hybrids obtainefrom uni- and bilateral sexual
polyploidization leading to allotriploid and allétaploid formation in interspecific lily hybrids is

discussed in the context of introgression and nmapgpChapter 4). Molecular markers are an
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important tool for the construction of genetic lge maps, as the first step in the genetic
dissection of the required traits leading to croppriovement followed by the marker assisted
breeding in different plantdilium has one of the largest genome in plant kingdomggmebtic
mapping in lilies is constrained by its large geeo®ArT (Diversity Array Technology), a
molecular marker technique can detect and type DAration at several hundred genomic loci
in parallel without relying on genome sequencermiation. The DArT technique was developed
for Longiflorum x Asiatic (LA) lily hybrids to endb an efficient and effective genetic mapping
with the production of a large numbers of markersnicroarrays-based assay. The restriction
enzymePsti + Tagl combination generated the largest frequency of rpolphic genomic
representations for a genotyping array. Genomicesgmtations from 88 F1 LA plants were used
to assemble a DArT genotyping microarray. A totab687 DArT markers were developed and
382 polymorphic markers were mapped on 14 mairaljekgroups which is two more then the
haploid chromosome number (i.e. n = 12). The regplinkage map with 382 DArT markers
spanned 1329 cM (3.5 cM/marker on average). Thdtsekighlighted the potential of DArT as
a genetic technique for genome profiling in the teghof molecular breeding and genomics,
especially in crops with large genome sizes wheherotechniques proved to be less useful
(Chapter 5).

The results of the present investigation are ottmral implication. These results show
the advantages of thegametes and their subsequent progenies which d@enew approach of
lily breeding ‘the analytic breeding’ in the alldgploids. It also shows the possibility of using
certain triploid hybrids for further breeding. Araparison has been made between different
types of interspecific crosses, the amount of gegeomic recombination and introgressions of
chromosomal segments obtained after unilateralaepalyploidization. Furthermore, bilateral
sexually polyploidizatiorvia sib-mated F1 hybrids producing 8ametes has been proven. The
use of allotetraploids obtained from bilateral ssxpolyploidization could be a novel approach
in the breeding of LA-hybrids. These allotetraplaidth recombinant chromosomal segment
may be a potential source to generate geneticti@rian subsequent progenies. The molecular
cytogenetic GISH and FISH techniques proved to peweerful tool useful for the construction
of cytogenetic maps in interspecific crosses impsrwith large genomes sizes like lily. These
techniques are also used for the identification iatebration of genetic maps with chromosome
maps. FISH also helps to monitor the introgressedmosome segment or marker of interest in
the subsequent progenies. Application of the DAadhhique proved to be an effective method
to construct genetic linkage maps especially cftks Lilium) with large genome sizes where

other techniques might be less useful.
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Samenvatting

Lelies(Lilium L.) behoren tot de belangrijkste bolgewassen voor glelaemteelt en worden de
laatste decennia op grote schaal in Nederland Igetdet geslachtilium (2n = 2x = 24) wordt
ingedeeld in zeven taxonomische secties met iraltataca 80 species die een reeks van
gewenste en elkaar aanvullende eigenschappendmeithast een belangrijk tuinbouwgewas, is
lelie (Lilium) ook een interessant modelgewas voor moleculaiogeynetisch introgressie
onderzoek en wel om de volgende redenen: i) Het agews een modelgewas in
soortkruisingsonderzoek en omvat genotypen uitchdiiende taxonomische soorten die elk
waardevolle, tuinbouwkundige eigenschappen bevattengecombineerd moeten worden in
nieuwe cultivars ii) Door een juiste selectie kumrig interspecifieke hybriden zowelals 2
gameten verkregen worden iii) De genomen van dschélende species zijn genetisch zo goed
te onderscheiden dat de ouderchromosomen zowed iRldhybriden als in hun nakomelingen
duidelijk geidentificeerd kunnen worden met behwdp genomischen situ hybridisatie (GISH)
technieken iv) De chromosomen zijn groot en hettadaan de locatie van homoeologe
recombinatie punten kan duidelijk gedetecteerd ewords) De grote en gemakkelijk te
identificeren chromosomen van verschillende lefiecges zijn een potentiéle bron voor het
cytologisch in kaart brengen van delium genomen. Gebruikmakend van deze gunstige
attributen van lelie, is moleculair cytogenetischderzoek uitgevoerd naar de mate van
recombinatie en introgressie in Longiflorum — AziflaA) en Oriental — Aziaat (OA) hybriden
uitgaande vam en zh gameten.

Voor dit onderzoek werden verschillende LA en OA Ibriden teruggekruist met
verschillende Aziatische cultivars. Zaadknop en gmlreddingstechnieken werden toegepast
om terugkruisingspopulaties (BC) te verkrijgen. Mék LA-hybriden bleken steriel te zijn, maar
een aantal uitsluitendnzyameten producerende hybriden kon worden geidsraiid waarbij
voldoende gameten werden geproduceerd voor vemdkyaoek. In uitzonderlijke gevallen
bleek bij LA hybriden deels een normale meiosetpléavinden resulterend in de vorming van
n-gameten. Om de potentie vasgameten en de toepassing hiervan ten behoevenadytiache
veredeling op diploid niveau in lelie te onderzaekeerd het ploidie niveau en de
intergenomische recombinatie in nakomelingen vapedeA-hybriden onderzocht. In totaal
werden 104 BC1 LA-hybriden bestudeerd; hiervan wa&® diploid (2n = 2x = 24), 73 triploid
(2n = 2x = 36) en 4 aneuploid (2x — 1, 2x + 2 oft28). Op soortgelijke wijze werden triploide
BC (LAA) planten teruggekruist op diploide Aziatiscouders. Dit resulteerde o.a. ook in 14
diploide BC2 nakomelingen. De intergenomische rdiinatie en de mate van introgressie van

de beide genomen (L en A) in deze diploide genatypeerd door middel van GISH
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(Genomischean situ Hybridisatie) vastgesteld. Tussen de chromosonaendeze LA-hybriden
werd een omvangrijke intergenomische recombinatargenomen. Een groot deel van het L-
genoom werd doorgegeven van de F1 LA-hybriden dad@C nakomelingen. Er werden echter
slechts enkele segmenten van het L-genoom vanpleiadk en triploide BC1 (LAA) planten
overgedragen naar de BC2 nakomelingen (HoofdstukM®t GISH is een groot aantal
recombinatie gebeurtenissen geidentificeerd digeirschillende LA en OA-hybriden werden
verkregen met behulp van functionele@ameten. Met behulp hiervan zijn recombinatie teaar
van de 3Lilium genomen geconstrueerd. Hiertoe zijn BC nakomelingem twee diploide
interspecifieke leliehybriden gebruikt, te weten A OA-hybriden. De BC nakomelingen van
de LA-hybriden bestonden uit triploide (2n = 3x 6) 3liploide (2n = 2x = 24) en enkele
aneuploide genotypen en die van de OA-hybriderobhdsn hoofdzakelijk uit triploide (2n = 3x
= 36) en enkele aneuploide genotypen. In de LA{idgbr werden 248 recombinatie plaatsen
gelokaliseerd op de 12 verschillende chromosomearellagenoom (L en A). Evenzo werden bij
de OA-hybriden 116 recombinatie plaatsen gelokeld®p de 12 chromosomen van het O- en
A-genoom. De afstand (in micrometer) van de recoaii® plaatsen tot de centromeren werd
bepaald. Op basis van deze recombinatieplaatserdewerier cytologische kaarten
geconstrueerd. Omdat de Aziatische ouder in beytheiden (LA en OA) aanwezig is, werden
twee kaarten geconstrueerd voor het A-genoom aaiyeds Aziaat (L) en Aziaat (O) en één
voor de Longiflorum (A) en Oriental genomen (Hodtds3).

De meest logische benadering bij het creéren vametipehe variatie via homoeologe
recombinatie in BC nakomelingen van LA en OA hybridis de toepassing van en 2
gameten. In totaal, werden 63 BC1 LA (LA x AA en AALA) en 53 OA (AA x OA)
nakomelingen verkregen via unilaterale polyploitissa Daarnaast werden 16 F2 LA
nakomelingen verkregen via bilaterale sexuele polgsatie door onderlinge kruising van F1
LA-hybriden. GISH werd toegepast voor identificaten de ouder genomen, de ontstaanswijze
en de bepaling van de mate van introgressie bijedschillende lelie hybriden. De meeste BC1
nakomelingen (LA en OA) ontstonden uih-8ameten via het zogenaamde First Division
Restitution (FDR) mechanisme. Er werden echter megé\- en vier OA-genotypen
geidentificeerd waaraan het zogenaamde IndeterenMatotic Restitution (IMR) mechanisme
van Z gameetvorming aan ten grondslag lag. In de LA-aor werd in vergelijking met de
OA-hybriden meer recombinatie gevonden. Intergesoh@ recombinatie werd ook vastgesteld
in de F2 LA-populaties. In dit geval hebben beideers met 8-gameten bijgedragen waarmee
de bilaterale sexuele polyploidisatie gebeurtemisde LA-hybriden wordt bevestigd. De

relevantie van de interspecifieke lelie hybridemkwegen na uni- en bilaterale polyploidisatie
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resulterend in allotriploiden en allotetraploideoret bediscussieerd in relatie tot introgressie en
de genetische kartering (Hoofdstuk 4).

Moleculaire merkers zijn een belangrijk hulpmiddebr de constructie van genetische
koppelingskaarten, als eerste stap naar de gemetistrafeling van eigenschappen die leiden tot
gewasverbetering. Hiermee kan vervolgens door mtd@e merkers ondersteunde veredeling
worden toegepast. Het genusdium heeft één van de grootste genomen in het plajkesmi
genetische kartering bij lelies wordt bemoeilijktodl het grote genoom. DArT (Diversity Array
Technology) is een op microarrays gebaseerde nlalezumerker techniek die variatie in DNA
op enkele honderden loci simultaan kan detecterender specifieke informatie van
genoomsequenties. De DArT techniek werd aangepasthA-hybriden om efficiént genetische
kartering mogelijk te maken. De combinatie vaneirictie enzymeRst + Tagl genereerde de
hoogste frequentie van polymorfe genomische reptases voor een genotypen array.
Genomische representaties van 88 F1 LA planten emegbruikt om een DArT microarray
samen te stellen. In totaal werden 687 DArT merkarisvikkeld en 382 polymorfe merkers
konden worden geplaatst op 14 koppelingsgroepen. iDitwee meer dan het haploide
chromosoomaantal (n = 12). De verkregen koppeliaggkmet de 382 DArT merkers is 1329
cM (3.5cM/merker) lang. De resultaten onderstrepenpotentie van DArT als genetische
techniek voor genoom karakterisering, speciaal voaogenaamde moleculaire
probleemgewassen en gewassen met grote genomewowmandere technieken minder
bruikbaar zijn (Hoofdstuk 5).

De resultaten van dit onderzoek hebben praktistiptigaties. De resultaten tonen de voordelen
vann- gameten waarmee een nieuwe aanpak van de lelieligg de zogenaamde “analytische
veredeling”, bij de veredeling van de allopolypeidA’s kan worden toegepast. Het toont aan
dat het mogelijk is om bepaalde triploide hybridergebruiken voor verdere veredeling. Een
vergelijking is gemaakt tussen verschillende typeterspecifieke kruisingen, de mate van
intergenomische recombinatie en introgressie varonebsoom segmenten verkregen na
unilaterale sexuele polyploidisatie. Verder is deogalijkheid van bilaterale sexuele

polyploidisatie via onderlinge combinatie van-@@oducerende F1 hybriden aangetoond. Het
gebruik van allotetraploiden verkregen via bilaterpolyploidisatie zou een vernieuwende
aanpak van de LA-veredeling kunnen betekenen. Dalmgetraploiden met recombinante

chromosoomsegmenten is een potentiéle bron vartigeme variatie in de nakomelingschappen.
De moleculair genetische technieken GISH/FISH helietoond krachtige instrumenten te zijn
voor de constructie van cytogenetische kaartenntgyspecifieke kruisingen in gewassen met

grote genomen zoals lelie. Deze technieken zijn gediruikt voor de identificatie en integratie
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van genetische kaarten met chromosoomkaarten. &gkt het mogelijk om overgedragen
chromosoomsegmenten of merkers te volgen in de melkogschappen. Toepassing van de
DAIT techniek is een effectieve methode om geneéiskoppelingskaarten te construeren,
speciaal in gewassen met grote genomen (Zaéilsm) waarvoor andere technieken minder

bruikbaar zijn gebleken.
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