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Summary
Markers can be used for marker assisted breeding (MAS). Before makers can be used for Marker
Assisted Selection (MAS) breeding they should preferably be converted to cheap marker methods (if
not available) and validated. In this study molecular marker maps of two Lily populations (Asiatic
population of “Connecticut King” x “Orlito” and a Longiflorum Asiatic population of “White Fox” x
“Connecticut King”) were used to convert two DArT markers into a dominant SCAR, and a codominant CAPS marker. These markers were converted to confirm the same linkage group of both
molecular maps. Besides confirmation it was also attempted to find markers tighter linked to Lily
Mottle Virus (LMoV) resistance than the existing markers. LMoV resistance is located as a locus on
the AA genetic map with the nearest linked marker at 11 cM. The co-dominant converted marker
remained ungrouped, but the dominant marker was mapped and confirmed the same linkage group in
the two molecular maps. This marker was however located at 14 cM of the resistance gene for LMoV.
In the genetic maps of Lily four QTL’s for Fusarium resistance were located and four markers linked to
the two most important QTL’s have been converted into PCR-based SCAR markers. Within this study
two markers have been validated and genotypes which had the markers linked to two QTL’s showed
a significant lower scoring for Fusarium infection. The different markers linked to the QTL’s lowered
the scoring (which was from 0 to 5) of infection with 19 to 30%. However there were problems with
running the primers, making the results inconsistent and it is necessary to run the experiment on with
larger number of genotypes, before the markers could be used within MAS breeding.
Furthermore, in this study the first 11 Simple Sequence Repeat markers for Lily have been developed.
Three of these markers were mapped on the LA genetic map and one of these three markers was
also mapped on the AA genetic map. This SSR marker was mapped in both maps on linkage group 8
(AA8 and LA8), confirming the marker which was used to link these linkage groups. The SSR markers
showed high potential for usage in Lilium.
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Introduction
Lilium (Liliaceae family) consists of about 80 species which are classified into seven sections; Lilium,
Martogon, Pseudolirium, Archelirion, Sinomartagon, Leucolirion and Oxypetala (Comber 1949; de
Jong 1974). From the total ornamental market (of the Netherlands) lilies comprise 9%.
Freesia, 3%

Anthurium, 2%
Hippeastrum, 2%

Chrysanthemum, 4%
Cymbidium, 4%
Rosa, 44%

Gerbera, 6%
Lilium, 9%

Tulipa, 12%
Chrysanthemum
(Raceme), 15%

.

Graph 1. The percentage of the auction income (in the Netherlands) by the top 10 cut flowers of 2008.
(Source: http://www.flowercouncil.org)

Three main groups of lily cultivars are sold on the ornamental market, namely Longiflorum, Asiatic and
Oriental which belong to the section Leucolirion, Sinomartagon and Archelirion respectively. Each
group possesses different characteristics in flower colour, plant structure and disease resistance.
Longiflorum comprises out of trumpet shaped white flowers, Asiatics have a wide range of flower
colours and some cultivars within this group are resistant to Fusarium and Lily Mottle Virus (LMoV),
and Orientals have big flowers with a nice fragrance and a number of varieties show high resistance
against Botrytis (McRae 1990; McRae 1998).
Within each section species are crossable, but also between sections crosses can be made with help
of techniques like embryo rescue and in vitro pollination (Tuyl et al. 1991). Because these crosses
mostly result in infertility, fertility can be recovered with chromosome doubling and 2n gamete
production (Tuyl and de Jeu 1997; Ramanna et al. 2003a; Ramanna and Jacobsen 2003b).
The genome of Lilium is very repetitive and one of the largest among plants (Bennett and Smith 1976,
1991). Lilium consist of (wild species) 2n = 2x = 24 chromosomes but triploid, tetraploid and
pentaploid hybrids do exist.

Disease resistance
The diseases that form a major threat in Lily cultivation are Fusarium and LMoV. Fusarium; a soilborne fungus caused by Fusarium Oxysporum, can be a serious problem within lily cultivation where it
causes basal rot. Infected bulbs show symptoms like brownish or black necrotic lesions which can be
so severe that the bulb may disintegrate (Straathof et al. 1993; Straathof et al. 1996). The effects of
the fungus are lower yields, bulb export problems and problems with the cut flower production
(Straathof and Löffler 1997). The fungus can be chemically controlled by disinfecting the soil and plant
material, however because of environmental issues resistant cultivars are becoming more and more
important (Straathof et al. 1996; Heusden et al. 2002). At this moment four QTL’s for Fusarium
resistance are found (Heusden et al. 2002). To physiologically determine the level of resistance of
Lilies takes several years. A disease test has to be repeated three to four times to obtain conclusive
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results. The scoring of the infection is done with grades ranging from 0 to 5, with 0 no infection
(complete resistant) and 5 disintegrating bulbs (complete susceptible) (Fig 1).

0

1

2

3

4

Figure 1. The scoring of Fusarium infection in Lily bulbs, with 0 complete resistant and 5 complete susceptible
(disintegrating bulb, not given).

Lily Mottle Virus is of the genus Potyvirus of the Potyviridae family. The symptoms of LMoV on the
leaf are mottle, mosaic, curling, chlorotic stripes, necrotic spots which are reddish-brownish of colour
and vein clearing. Flower symptoms are breaking and malformations, like asymmetry. Brown necrotic
ring spots can be found on the bulbs. Besides these symptoms the virus also causes growth reduction,
smaller flowers and lower bulb yield. Plants grown in the field show a higher tolerance than plants
forced to grow off season in the greenhouse. After harvest, the vase life of infected plants is reduced
compared to healthy plants (Asjes 2000; Niimi et al. 2003). Van Heusden et al. (2002) found that
LMoV was a monogenic trait, showing a perfect 1:1 segregation ratio.
As mentioned before some Asiatic varieties are resistant to these diseases, but many of the cultivated
varieties are however to some degree susceptible to Fusarium and LMoV. Breeding for resistance
against these threats is relative limited because of the long juvenile phase (2-3 years) and the relative
slow propagation of clones (Heusden et al. 2002). Another limitation of breeding for resistance is that
disease tests takes several years (because of yearly repetition and slow propagation of the bulbs)
before reliable results are obtained and it is known if a cultivar is resistant or susceptible. Also
breeding itself takes several cycles of selection before a desirable trait is introgressed into one cultivar.

Molecular marker systems
As mentioned in the previous paragraph breeding for resistance can take many years when traditional
methods are used. However, this process can be accelerated by using molecular breeding. With
molecular breeding, selection for the desired trait(s) can be done as soon as a DNA sample can be
taken from a young plant or bulb. With molecular breeding it is possible to select for traits which are
not expressed yet. Within Lily it is time consuming to select for Fusarium resistance. With help of
molecular markers, the selection can be more reliable and less time consuming than conventional
breeding (Heusden et al. 2002). However developing good and useful markers is expensive. There
are many different marker systems which can be used, in this chapter an overview of the most
recently used molecular marker systems which are used within Lily are given. These techniques were
used to develop genetic maps, but they are too costly and consuming time before they can be used
within marker assisted selection.
Several molecular marker studies have been done within Lily. These studies where based on two lily
populations which each comprise about one hundred progeny. One population is based on a
backcross between Asiatic “Connecticut King” (CK) and Asiatic “Orlito” (Or) (= “Connecticut King“ x
“Pirate”). The other population is based on Longiflorum “White Fox” (WF) and “Connecticut King”.
These populations where used to develop Amplified Fragment Length Polymorphism (AFLP) markers
(Heusden et al. 2002), Diversity Array Technology (DArT) markers (Khan 2009) and Nucleotide
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Binding Site (NBS) markers (Shahin et al. 2009). Shahin (Shahin et al. 2009) designed two molecular
marker maps (AA and LA map) based on the different marker systems.
Another molecular marker system which is used in many plants is microsatellite markers.
Microsatellites are also known as Simple Sequence Repeat (SSR). However within Lilium this marker
system is not used for mapping purposes, only for studying the gene flow between populations
(Horning et al. 2003).

AFLP
Amplified Fragment Length Polymorphism (AFLP) is a molecular marker technique which makes use
of the polymorphism in restriction sites between genotypes. The AFLP marker approach can be
summarized in the following steps:
• The digestion of the DNA with two restriction enzymes, it is best to use a hexa-cutter (rare
cutter) and a tetra-cutter (frequent cutter)
• The ligation of double-stranded adapters to the ends of the restriction fragments
• The amplification of a subset of the restriction fragments using two primers complementary to
the adapter and restriction site sequences, and extended at their 3' ends by "selective"
nucleotides (the more nucleotides used the more specific the primer is; small genome +2+2,
normal genome +3+3 and for a big genome +4+3 or+4+4 selective nucleotides)
• Gel electrophoresis of the amplified restriction fragments on denaturing slab gels or capillaries
• The visualization of the DNA fingerprints by means of autoradiography, phospho-imaging, or
other methods. (Vos et al. 1995; KeyGene 2010)
However when the AFLP procedure was used within the Asiatic Lily population, too many
polymorphisms were found. To reduce the number of polymorphism, additional selective base pairs
were added (+XX +XX) and the segregating fragments were scored dominantly. The restriction
enzymes combination (with their recognition site) used for the procedure were;
PstI (CTGCAG; methylation sensitive) / MseI (TTAA) and EcoRI (GAATTC) / MseI (TTAA) (Heusden
et al. 2002).

DArT
Diversity Arrays Technology (DArT) can detect and type DNA variation at several hundreds of
genomic loci in parallel without relying on sequence information. DArT is based on microarray
hybridizations and makes use of differences in restriction site polymorphisms. Because it is based on
microarray hybridizations the presence or absence of a specific DNA sequence in a genotype can be
scored. The main steps in Diversity Array Technology are:
• Digestion of the DNA with restriction enzyme
• Complexity reduction of the DNA of interest using a frequent cutter restriction enzyme
• Library creation
• Micro-arraying libraries onto glass slides
• Hybridization of fluoro-labelled DNA onto slides
• Scanning of slides for hybridization signal
• Data extraction and analysis. (Jaccoud et al. 2001; Pty.Ltd 2010)
Within lily this technique is used to design a molecular marker map for the Asiatic backcross
population from the parents “Connecticut King” and “Orlito” and the LA population form the parents
“White Fox” and “Connecticut King” using methylation sensitive restriction enzyme Pst I (CTGCAG).
The complexity of the DNA was reduced by using restriction enzymes Taq I (TCGA). These two

7

restriction enzymes were chosen, because after several tests, this combination of restriction enzymes
gave the largest frequency of polymorphism.
The genomic DNA fragments of “Connecticut King” (the fragments which were obtained after cutting
the genomic DNA with restriction enzyme Pst I and Taq I) were ligated into the PCR 2.1-TOPO vector
and transformed into electro competent E. coli strain. After growing colonies on a Kanamycin LB
medium plate, single colonies were transferred and grown in 384-well microtiterplates. This library
was stored at minus 80 degrees Celsius and used for micro-arraying them onto glass slides. The
proceeding steps of the DArT steps were performed and resulted in 687 polymorphic markers for the
LA population and 338 polymorphic markers for the AA population in 20 and 21 linkage groups
respectively (Khan 2009; Shahin et al. 2010).

Motif directed profiling/ NBS markers
Resistance genes are members of a gene family, in which a class occurs which contains a
characteristic motif nucleotide binding site - leucine rich repeat (NBS-LLR). The NBS region is
positioned within the resistance gene and is important for the overall functionality of the resistance
gene. An important factor of these regions is that the sequence of the NBS region is not crop specific
(same sequence for different crops) and so the same approach and NBS sequence can be used in
many crops without modifications. When markers are developed based on the NBS region these
markers can be tightly linked to resistance genes and resistance gene analogs (van der Linden et al.
2004).
The procedure of NBS profiling is as follows;
• Digest the genomic DNA with restriction enzymes
• Ligate an adapter to the ends of the restriction fragments (the adapter has a short and a long
arm, leaving the 5’ part of the adapter single stranded)
• Use adaptor primer with an amino linker to block 3’ end extension of this primer
• Use selective NBS primers to overcome the blockage and produce a product
• Label the product to make the results visible.
With this approach it is possible to generate a reproducible polymorphic multi-locus marker profile on
a sequencing gel that is highly enriched for R genes and RGAs. On average a NBS profile contains
fragments from which 50% to 90% are significant similar to known resistance genes and resistance
genes analogs (Madsen et al. 2003; Linden et al. 2004).
Within lily NBS markers were produced according to Van der Linden et al. (2004). NBS3 and NBS6
are the primers which were used together with restriction enzymes (MseI(TTAA), AluI (AGCT), TaqI
(TCGA), HaeIII (GGCC) and RsaI (GTAC)). In total it was possible to generate 34 and 155 NBS
markers for the LA and AA populations respectively.

8

Aim of the research
Fusarium and LMoV are serious threats in lily cultivation, and breeding against these diseases is
limited due to breeding difficulties (long juvenile stage, slow propagation). When robust PCR markers
linked to these traits become available, they can be used for MAS application in Lily. Thus, the
breeding process can be made easier and the duration of developing new varieties can be shortened.
This is especially the case if the trait of interest is controlled by several genes or when phenotypic
tests are time consuming and expensive (Evenson et al. 2002).
At this moment, no PCR marker linked to LMoV is available. In the past, attempts were made to
convert the nearest linked NBS and AFLP markers into a PCR markers, however without success
(Shahin et al. 2009). Later on, the genetic maps and DArT libraries became available and they will be
used to identify and convert linked markers to LMoV into a PCR-based (co-) dominant marker. A
PCR-based marker is cheaper and easier to be used for MAS application compared with NBS or
AFLP markers. Besides usages in MAS, the converted marker can also be used to confirm the linking
and the combining work between the two genetic maps of the LA and AA populations.
Shahin et al. (2009) converted four DArT markers linked to two QTL’s of Fusarium into PCR dominant
markers. For validation of these PCR markers, a wide set of genotypes will be used. This will be done
to find out if the converted markers are linked to the resistance also in other Lilium types (like Oriental
and other Asiatic). It could be that the marker is present in susceptible genotypes or that the marker is
absent in resistant cultivars. If it is proven that these markers are significantly linked to Fusarium
resistance, they can be used for MAS breeding and speed up the breeding process for Fusarium
resistance.
Within Lily, SSR markers have not been generated yet. With this study it will be tried to develop SSR
markers for Lilium using the available EST’s in the gene bank. When developed, their usage within
the already existing genetic map will be explored.
In short the research objectives are:
• Convert DArT markers linked to LMoV into PCR-based (co-)dominant markers.
• Validate PCR markers linked to two QTL’s of Fusarium in a wide set of Lilium germplasm.
• Develop SSR markers and explore their usage within Lilium.
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Chapter one:
1. Generating SSR markers in
Lilium
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1 Introduction
Simple Sequence Repeats (SSR’s) are short (1 to 6 base pairs) sequences which are repeated after
each other several times. An example of a SSR could be GGCGGCGGCGGCGGC which can also be
written as GGC5. The total length of a microsatellite is usually less than 100 bp long and normally
embedded within unique DNA stretches. In eukaryotes the occurrence of a simple sequence repeat is
one every 10 kb of DNA sequence (Tautz 1989).
Simple sequence repeats can be the product from recombinations, but much more frequently the
product of slippage during replication or DNA repair (Tautz 1989). With slippage is meant that the
replicated DNA strands comes loose from the template strand and is annealed back on the wrong
position and so additional or less number of replications can be obtained (Fig. 3.1).

CCGCCGCCG

Polymerase

Replicated DNA strand GTACACCGCCGCCGCCGCCGCCG
Template DNA strand CATGTGGCGGCGGCGGCGGCGGCAATGCTAGCT

Polymerase

Replicated DNA strand GTACACCGCCGCCGCCGCCGCCG
Template DNA strand CATGTGGCGGCGGCG GGCGGCAATGCTAGCT
GGCGGCGGC

Figure 3.1 The procedure how polymorphic SSR’s are originated.

In the past, the general method for detecting SSR’s in the genomic DNA was by making a genomic
library and thereafter screening this library with tandemly repeated oligonucleotides. If the
oligonucleotides hybridize to the clone, this could be sequenced and used for developing a SSR
marker. Currently more and more sequences are becoming available in databases on the internet,
which can be used as a source for searching microsatellites. By making use of the available
databases, the timeframe of developing SSR markers becomes shorter and less expensive (Thiel et
al. 2003). For example, usage of available EST’s in the databases. The advantage of making use of
EST’s is that the function may be found by homology searches, which make the SSR markers derived
from these EST’s “functional markers” (Emebiri 2009).
In this study, SSR markers of Lily were developed using lily’s EST’s from the database. In short SSR
markers were developed with the following steps;
• Locate SSR in the genomic DNA
• Design primers on the flanking regions of the SSR
• Check polymorphism
• Score SSR in a population
SSR’s can very well be used within genetic mapping and population studies. This because SSR’s are
highly polymorphic, occur often in the genomic DNA, easily evaluated with PCR and also easily
repeated in different laboratories (Liu et al. 1996). Besides genetic mapping and population studies,
SSR’s can also be used for marker assisted selection (MAS) due to the fact that they are produced
easily and inherited co-dominantly (Emebiri 2009).
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The goals of this study are: developing SSR markers and exploring their usage within Lilium. In Lilium
there are two genetic maps already available based on two populations (LA and AA populations).
These two genetic maps were combined by using common markers. Combined markers are located
in both the molecular maps and can be used to reduce the number of linkage groups of the two maps.
Theoretically, different linkage groups can be located on the same chromosome if the combined
markers are in one map in the same linkage group and in the other map in the same order on different
linkage groups, see an example in Fig 3.2. So combined markers could be used to integrate paternal
and maternal maps or maps from different crosses

Figure 3.2. Scheme showing the strategy used for aligning and combining the linkage groups of the AA and LA
populations. Because combined marker number two is located in the same linkage group as combined marker
one in the AA map and with combined marker three in the LA map, it can be assumed that combined marker 1, 2
and 3 are located on the same chromosome (they are therefore called linkage group 1a and 1b, indicating that
they are different linkage groups, but most likely are located one the same chromosome.
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2 Material and Methods
2.1 Start-up material
Online, at the National Center for Biotechnology Information, were 1600 Expressed Sequence Tag’s
(EST’s)
of
several
Lilium
species
available
(NCBI
2010,
direct
link:
http://www.ncbi.nlm.nih.gov/nucest/). These EST’s originated from Lilium Davidii var. Willmottiae, the
hybrid cv. ‘Acapulco’ and Longiflorum pollen. In total 167 simple sequence repeats were identified in
this dataset, using the online program of Martins (2009, direct link: http://wsmartins.net/websat/). In
this program EST’s can be submitted and microsatellites within the sequence will be highlighted.
The EST’s used were not all unique, several EST’s were aligned together within the program Seqman
from DNAstar (DNASTAR 2010). From the dataset 1073 unique contigs were identified from which 37
(containing 38 microsatellites) were used to develop SSR markers.
For this experiment two Lilium populations available at PRI were used. This were the LA (“White Fox”
(WF) x “Connecticut King” (CK)) and the AA (“Connecticut King” x “Orlito” (Or)) populations, from
which already molecular marker maps were present.

2.2 Designing primers
Primers were designed using the program PrimerSelect from DNAstar (DNASTAR 2010). The primers
were designed on the flanking region of the microsatellite. The optimal length of the amplified
fragment was set at 100 – 200 bp to reduce the possibility of having introns in the fragment.
Additionally the 100-200bps length helps in detecting the polymorphism in length much better
compared with larger fragments (350 to 500 bps depending on the length of the repeated sequence).
If a fragment is longer than 500 bp, differences due to the microsatellite might not be visible because
of the small difference in total length (Thiel et al. 2003). In Appendix XIV the designed primers with
additional information are given.

2.2.1 Testing the primers
The designed primers were first tested with the genomic DNA of the parents from the LA and AA
populations (CK, Or, and WF) and run on a 2% agarose gel. If a fragment was amplified the length
was checked. If the primers gave several fragments including the predetermined fragment or no
fragment at all, the polymerase chain reaction (PCR) was improved until only the predetermined
fragment was amplified. When it was not possible to make the primers more specific, by chancing the
annealing temperature, new primers were designed and tested again. The primers could be non
functioning due to the primer itself (self dimmer or pair-dimer) or they could be located on exon, intron
junctions. Primers which gave only the fragment with the predetermined length were used for further
testing on a Li-Cor gel (Li-Cor 2010).
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2.3 Li-Cor gel analysis
The forward primers were labelled with IR700 or IR800 (infrared dye) and used to amplify the parents
genome and run on a denaturing polyacrylamide gel using the Li-Cor machine (Li-Cor 2010) (for
protocol Appendix XV).This step was done to detect the polymorphisms in fragments length among
the three parents. In case polymorphism was detected, the primers were tested in the progeny to
check the segregation. This was tested because differences in fragment length between the parental
lines didn’t immediately imply segregation within the progeny. It could be that the alleles of two loci
were amplified and both parents had one allele of each loci in homozygous state. In this case the
progeny would all be identical (all posses two alleles of both loci) while the parents seem polymorphic
(posses each one different allele of each loci). When the progeny showed segregation of the fragment
it was tested on the entire LA and AA population. To test the applicability of SSR markers in different
genotypes of lily, six SSR markers were run on 48 of OA hybrids (of distinct Oriental and or Asiatic
origin).

2.3.1 Mapping
The name of the markers is derived from the contig were it originated from. If the SSR marker was
derived from contig 183 it obtained the name SSR183. In one case two microsatellites were present in
one contig. The deviation between these markers is made by the name of the marker followed by F1
(first microsatellite in the contig) or F2 (second microsatellite in the contig). One SSR marker
produced several bands. These bands had a specific length which was added to the name of the
marker, making it possible to score all the different alleles separately. Finally the name of the parent
was added to the name of the marker, for which the marker was polymorphic. If for example a
microsatellite was present in contig 183, producing a band of 169 bps, which was polymorphic for CK
the name would be SSR183_169CK. The EST from which each SSR was originated can be found
back in Appendix XIV.
The SSR markers were scored on Li-Cor gel for the two populations as following:
• <hkxhk> if the marker segregate from the two parents of the population
• <nnxnp> if the marker segregate from the father of the population
• <lmxll> if the marker segregate from the mother of the population
With this scoring it was possible to map the designed markers within the already existing genetic
maps.
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3 Results
From the 167 identified microsatellites, the majority (136) were repeats of tri-nucleotides with a
repetition of 4 to 5 times in general. For the microsatellites of tetra- and penta- nucleotides (8, 13 were
identified respectively) the number of repeats were 3 or 4 times, while the di-nucleotides repeats were
in general 12 times repeated (in total 10 di-nucleotides repeats were found)

3.1 Primers
First 50 primer pairs were made for amplification of a microsatellite. 22 of these primer pairs amplified
a microsatellite and was the forward primer labelled with either IR700 or IR800. An overview of the
polymorphic SSR markers with additional information is given in Table 3.1. From the 22 designed
markers 11 markers were monomorphic (Fig 3.4), 7 markers were polymorphic on CK, 8 on Or and 5
on WF (Fig 3.5). The segregation of the polymorphic markers was not always Mendelian. Markers
SSR35_150CK, SSR35_146CK and SSR151_167CK should have according to Mendel a segregation
of 1:2:1, which is found back in a 1:3 segregation. Only markers SSR792_190Or, SSR792_190CK
and SSR153_100Or show a segregation which is not expected according to Mendel.
Six markers were tested on 48 OA hybrids with distinct Oriental and or Asiatic origin. It was found that
the allelic differentiation between these hybrids was rather low (in most cases the same alleles and
loci were amplified)
CK OR WF

Figure 3.4 Example of
a monomorphic SSR
marker (SSR120F1).

Figure 3.5 Example of
polymorphic SSR marker;
polymorphic for all parents
(SSR792).

3.2 Mapping
All the 10 SSR markers can be used for mapping. Since the developed genetic maps for Lily were
based on CK, only the 7 SSR’s that segregate for CK were used for mapping in this step (Table 3.1).
SSR marker 183 was mapped on AA8 (SSR183_169CK) as well as LA8 (SSR183_175CK) on the
other population (Fig 3.6). These AA8 include the strongest QTL for Fusarium Oxysporum. The SSR
marker also show linkage to resistance when the QTL mapping was run again including this marker.
In total three SSR markers were mapped in the molecular map of Lily.

SSR183_169CK

Figure 3.6 Linkage group 8 of the AA and LA genetic map.

15

Table 3.1 Overview of the developed SSR markers.
Locus number
Marker:
Segregating
(same number same locus)
(- means not present)
CK
Or
WF
LA
AA
1

SSR113
SSR7_142
SSR7_139CK
SSR7_136
SSR35_150CK
SSR35_146CK
SSR120F2_230CK
SSR120F2_221CK
SSR120F2_224
SSR138_126
SSR138_136WF
SSR138_123WF
SSR151_170
SSR151_167CK
SSR151_164

LA

No
Yes
No

11b
11b
2a
-

-

Yes

-

-

2
4
1
1
2
1
2
-

2
3
1
3
4
2
1

No
Yes
No

-

-

1

3

1

3

3

Several

Several

1
1
1
1
1
1
2
3
1
1
2
3

1
2
1
1
1
2
3
1
1
2
3

1
1
1
2
3
2
3
2
1
3

SSR153_100Or

-

1

SSR153_97
SSR153_93WF
SSR153_89
SSR183_175CK
SSR183_169CK
SSR418_168Or
SSR418_160
SSR418_157
SSR418_153
SSR708_109
SSR708_106
SSR708_104CK
SSR792_202WF

2
4
1
1
2
1
2
3
-

SSR792_190Or

-

SSR792_193CK

3

Yes
Yes

-

AA
1
1
1
2
-

Several

Yes
No
Yes
No

Mapped
(Linkage group)

No
No
Yes
Yes
No
No

Yes
Yes

No
No

Segregation
(Mendelian)
LA

1:1

1
1
-

1:1
1:1

-

1:1

1:3
1:3
(1:1)

1:1

1:1
1:1

Yes

-

-

1:1

-

Yes

-

-

1:3
(1:1)

SSR792_187
2
2
1
Could not be scored due to too faint bands.
2
Showed high resemblance to AA2a.
3Can be the same locus.

No

-

-

No
Yes
Yes
No
No
No
No
No
Yes
No

1

-

8
-

Yes

-

1:3
1:3
1:1
1:1

8
-

Yes
No
No

AA
-

-

1:1
-

1:1
1:1
1:1
1:2
(1:1)
1:5
(1:3)
-
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4 Discussion
Horning et al. (2003) had found in Lilium philadelphicum an average allele number (for the
polymorphic markers) of 15 per locus, while the average allele number within this study is less than 2
with a maximum of 3. However the microsatellites in the study of Horning et al. were di-nucleotides of
at least 12 repeats, while the microsatellites in this study on average were tri-nucleotides of about 5
repeats. The higher number of repeats can cause more easily replication errors, giving more
differentiation in length and so more alleles per locus. In other SSR studies (Liu et al. 1996; Thiel et al.
2003; Emebiri 2009) also several alleles per locus are found. However in this study only two
populations with three different parents were used, while in the other studies 6 to 8 genotypes or 4
populations were used. The results of the SSR markers run in the 48 genotypes could not be used to
locate more alleles for one locus, because with several markers more than one locus was found in the
same genotype, making it difficult to score the number of alleles per loci.
Within Lilium, AFLP, DArT and NBS profiling have been used for molecular research and breeding.
The disadvantage of AFLP, NBS profiling and DArT is that for usage in MAS breeding, a complicated
and expensive procedure has to be repeated. DArT markers can be converted into PCR-based
molecular markers, but this process cost time and is not always successful (chapter one). If SSR
markers are available these can be used in MAS without conversion into a PCR marker. Usage for
MAS is confirmed by the results of the SSR markers run on 48 OA hybrids. Mostly the same alleles as
CK, Or and WF were amplified in these genotypes, making it possible to use the same marker for all
different germplasm. SSR markers are more informative than other marker techniques. The
polymorphism of a SSR marker is also higher than for other techniques, in comparison; 11% of the
DArT markers were polymorphic in Lily (Shahin et al. 2009), while 50% of the SSR markers are
polymorphic in this study. The disadvantage of SSR markers is that DNA sequences (containing
microsatellites) have to be available or generated. However by collecting specific EST’s, for example
EST’s which are expressed during infection of Fusarium or flowering, it might be possible to obtain
gene linked markers in a rather inexpensive and fast way. This is supported with the study of Emibiri
(Emebiri 2009), which made gene linked markers in a effective and inexpensive way by making use of
a targeted approach to exploit EST resources. (Emebiri 2009)
Most of the polymorphic markers showed Mendelian segregation in the two populations. However two
SSR’s deviated from the Mendelian segregation, SSR792 and SSR153_100Or. For marker SSR792
this could be due to scoring mistakes, because the bands of the Li-Cor gel were faint. However,
marker SSR153_100Or gave very clear bands and a 1:3 segregation, while a 1:1 segregation was
expected. However this was also observed by Shahin et al. (2010) for a considerable number of AFLP,
NBS and DArT markers when constructing the two genetic maps. SSR marker, SSR35, seems
heterozygous for all three parents, showing a nice 1:2:1 segregation in the LA population. When
scored in the AA population, both alleles were present in all genotypes, refuting the fact that both
parents are heterozygous. This might be due to the scoring of the marker in the LA population, were
the bands were very faint.
When it was possible to map the SSR marker in both genetic maps it also confirmed the already
existing common markers. For example SSR183-175CK was mapped 5 cM form the converted
marker for Fusarium (LPT_205) in the LA molecular map (LA8) and the other allele of the marker
(SSR183_169CK) was also mapped 5 cM from the marker SCAR_LPT_205 in the AA molecular map
(AA8). Marker SSR151-167CK was mapped on LA2a within the LA population and showed highly
resemblance to AA2a in the AA population. However this marker could not be mapped in linkage
group 2a of the AA population because of the high number of <hkxhk> markers types in this linkage
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group. When most of the <hkxhk> type markers were removed it was the located in linkage group
AA2a.
When scoring the markers, it appeared that null alleles were present. With null alleles the located
allele (SSR708_104CK) has a second counter allele but this one is not amplified by the primers. Null
alleles are also observed in other studies and even common in wheat (cited by; (Eujayl et al. 2001).
When designing the primers for the SSR markers the difficulty was that most primers showed high
level of self dimmer or pair-dimer. This gave difficulties designing the primers. Also the sequence
flanking the microsatellite was sometimes too short to design a primer. Because of this it was for
some microsatellite impossible to design functioning primers. With scoring of the pictures of the Li-Cor
gel, the products are not always clear. As a consequence the intensity of the bands was also
considered in scoring. The intensity changed per run and the parents were taken as a reference in the
decision.
Three of the seven polymorphic markers (polymorphic for CK) were mapped, while none of the
markers polymorphic for WF and Or were mapped. The high amount of ungrouped markers
polymorphic for WF and Or is because the genetic maps are based on CK. The ungrouped markers
polymorphic for CK could be ungrouped due to the coverage of the genetic maps. Because of the
large size of the Lily genome, the current genetic map accounts for 56% (for the AA genetic map) and
60% (for the LA genetic map) of the Lily genome (Shahin et al., 2010) making the possibility of
ungrouped markers larger.
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5 Conclusion
SSR markers were developed and used in mapping for the first time in Lilium. Because the available
genetic maps of Lily are based on CK, half of the SSR markers which were polymorphic in CK were
mapped. While the SSR markers which were polymorphic based on Or or WF were not mapped.
With the results of this study it can be concluded that microsatellite markers can certainly be used as
combining markers between the AA and the LA genetic map of Lily. The markers are highly
reproducible and informative. By making use of databases on the internet it is possible to produce
SSR markers in a rather quick and inexpensive way.
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Chapter two:
2. Conversion of DArT markers
linked to LMoV
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1 Introduction
Lilies are propagated by means of scrubbing (where a scrub of the bulb is used to produce a new
bulb). This process takes time and so it is important that the plant material is not infected with
diseases. If the starting material is infected with a virus, all the propagated material originating from
this bulb will be also infected. When infected bulbs are used or plants get infected during production,
the flowers will be of inferior quality, which leads to a lower price of the Lily on the market. This could
partly be overcome by making use of clean plant material, however it better to use resistant varieties.
With resistant varieties, the plants are also protected during growth.
When breeding for traits, like virus resistance, selection can take long. However, with MAS breeding
for these traits can be accelerated. Not all markers can be used for MAS, the marker should be linked
to the trait of interest and easy/ cheap to produce (Mohan et al. 1997). Within Lily There are many
marker systems available, all with there own advantages and disadvantages. The molecular marker
systems which are already used in mapping Lilies are RAPD, AFLP, NBS profiling and DArT.
However these multi locus marker systems can be used for constructing molecular maps, they are to
expensive and time consuming when you need to screen for specific traits. However these molecular
maps contain linked DArT markers to LMoV, which can be converted to a PCR-based marker (Shahin
et al. 2009). PCR-based markers are easy and cheap to produce and so the DArT markers linked to
LMoV will be converted in PCR-based markers.
Cleaved Amplified Polymorphic Sequence (CAPS), Tetra-primer ARMS-PCR and Sequence
Characterized Amplified Region (SCAR) are PCR-based marker systems.
Cleaved Amplified Polymorphic Sequence is also known as PCR-RFLP or digestion marker. With the
CAPS method, fragments of DNA are digested with restriction enzymes. If different genotypes differ in
the recognition sites of certain restriction enzymes, the DNA fragments will be cleaved in some
genotypes and not in other. CAPS markers are co-dominant and easy to assay. This method is very
robust, giving always results (Iwata et al. 2001).
Tetra-primer ARMS-PCR method is co-dominant PCR-based marker. It makes use of a Single
Nucleotide Polymorphism (SNP) for developing a co-dominant marker. Based on the SNP two specific
primers are designed, and by using these together with two general primers the two different alleles
can be amplified.
SCAR method is also a PCR-based marker system, with high resemblance to Tetra-primer ARMSPCR method, however this type of marker is dominant, using only one primer made allele specific with
the SNP.
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2 Materials and Methods
2.1 Overview of the genotypes used
For conversion of DArT markers linked to LMoV two populations were used. An Asiatic BC1
population obtained by crossing “Connecticut King” (CK) with “Orlito” (Or) (=“Connecticut King” x
“Pirate”) and a LA population (F1) was obtained by crossing “White Fox” (WF) with “Connecticut King”.

2.2 Converting LMoV markers
LMoV was mapped as a locus on linkage group AA16, with the nearest linked marker at 11 cM (Fig.
1.1). The same genetic linkage group in the LA based map was identified due to a common marker
(Com.NBS-6, see Fig. 1.1). The LMoV disease test was conducted in the AA population, and for the
LA population the test is still running.

Figure 1.1 Genetic linkage group AA16 and LA16.

NBS-LRR markers are based on the leucine rich region of resistance genes, so the correlation
between a resistance gene and a NBS marker was supposed to be high. This was recorded for NBS6MAA7 marker that co-segregated nicely with the LMoV resistance. Because of this, the location of
NBS-6MAA7 was chosen to be converted. Since reproducing of the NBS markers is time consuming
and the conversion procedure rather difficult, DArT markers 15D8_125 and 9C7_374 were chosen to
be converted. These two DArT markers are 1 cM from NBS-6MAA7 (Fig. 1.1). 15D8_125 is in
coupling phase with the NBS-6MAA7 marker, while 9C7_374 is in repulsion phase. Additionally, DArT
markers (5L12_570, 5E18_389, 7G6_357 and 7N16_667) were also used for conversion, trying to
remap them on the AA populations. The DArT markers were selected for conversion because from
these a library was available at PRI and the length of a DArT marker is around 1 kb, while AFLP and
NBS marker are commonly rather short. Furthermore, if the AFLP and NBS based markers were used
these had to be reproduced, which is difficult and costly.

2.2.1 DArT sequence
From the DArT library of the LA population the colonies, 15D8_125, 5L12_570, 5E18_389, 7G6_357
and 7N16_667, were selected and grown on solid LB medium, which was enriched with ampicillin.
However marker 15D8_125 was grown on a solid LB medium with kanamycin instead of ampicillin.
The bacterial colonies were incubated overnight at 37 °C. After incubation five single colonies for
each DArT clone were chosen and transferred to 150 µl liquid LB-Freeze medium with ampicillin
(kanamycin in case of DArT 15D8_125) and incubated overnight at 37°C.
After incubation two colonies were selected and 1.5 µl was again incubated in 1.5 ml of liquid LB
medium with ampicillin at 37 °C while the tubes wer e shaken. After incubation the plasmid could be
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isolated with a miniPrep Kit (QIAGEN 2010). For this the tubes were centrifuged at maximum speed
for two minutes, after which the liquid was removed, this step was repeated once to get the pellet as
dry as possible. The pellet was stored at -20 °C un til plasmid purification according to the protocol in
Appendix I.
After purification the concentration was measured and diluted to 250 ng/µl from which could be used
in a sequence reaction (Appendix II). After sequencing DArT clones 7G6_357 and 5E18_389 were
aligned together and so treated as one, within this report it will be referred to as 5E18_389.
Using the sequence data of each of these DArT markers (that represent one of the two alleles of CK),
primers were designed and used with the genomic DNA of the parents (CK, Or, WF). The obtained
fragments from the three parents were sequenced.

2.2.2 Co-Dominant marker
The DArT sequence of markers 5L12_570, 5E18_389 and 7N16_667 were used for conversion into
co-dominant markers. 15D8_125 could not used because it showed no internal SNP’s between the
DArT sequence and the sequence of CK. During the experiment it was assumed that CK is
heterozygote for LMoV (because it gave a 1:1 segregation when crossed with a susceptible genotype
(Heusden et al. 2002)).

2.2.2.1 CAPS
To develop a co-dominant digestion marker, DArT marker 5E18_389 was used. First SNP’s between
the DArT sequence and CK were located (SNP’s between the two alleles of CK). With the program
NEBcutter V2.0 (BioLabs Inc 2010) restriction enzymes with the SNP within their recognition site were
identified. These restriction enzymes (if available at PRI) were tested on the parental lines (CK, Or,
WF).
Fragment 5E18_389 was amplified again from the genomic DNA of CK, Or, and WF and digested with
the selected restriction enzyme under the conditions suitable for the enzyme (BioLabs Inc 2010).
If one of two alleles from CK was digested, the restriction enzyme was tested in the LA population. If
the segregation was like DArT marker 5E18_389 from which the restriction enzyme was derived, the
fragment was amplified in the AA population and also digested. The scoring of the AA population
could be used to map the converted DArT marker within the Asiatic genetic map.

2.2.2.2 Tetra primer ARMS-PCR
For the tetra-primer ARMS-PCR method (also called the inner outer primer design) the DArT
sequence of DArT markers 5L12_570 and 7N16_667 were used. For designing the inner and outer
primers the procedure of Ye et al. (2001) was applied. With this procedure a single SNP between the
two alleles of CK was used to design two primers. One forward and one reverse primer were
designed, ending at the 3’ end with the SNP. The primer was made more specific, by incorporating
deliberately a mismatch at the second or third base pair at the 3’-terminus. Beside these two primers,
two general primers (the outer primers) were used which amplify a fragment with the SNP in all
genotypes.
Both the inner primers amplify one fragment according to the SNP and so the different alleles of CK.
Two or three bands should be obtained, two if the genotype is homozygote (depending on the length
of the bands which type of homozygote) and three if the genotype is heterozygote (Fig. 1.2).
First it was tested if the inner primers amplified a fragment by using one inner and one outer primer
together. The designed primers had the same annealing temperature, so that they could be used
together within the same PCR.
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For the PCR reactions the general PCR mixture was used (Appendix III). However, for the PCR
reactions with both the inner and outer primers, the concentration of the general primers was lowered
and the concentration of the inner primers was increased because of the mismatch inside the primer
(Appendix IV).

Figure 1.2 “Schematic presentation of the tetra-primer ARMS-PCR method. The single nucleotide
polymorphism used here as an example is a G -> A substitution, but the method can be used to type other
types of single base substitutions. Two allele-specific amplicons are generated using two pairs of primers,
one pair (indicated by pink and red arrows, respectively) producing an amplicon representing the G allele and
the other pair (indicated by indigo and blue arrows, respectively) producing an amplicon representing the A
allele. Allele specificity is conferred by a mismatch between the 3’-terminal base of an inner primer and the
template. To enhance allelic specificity, a second deliberate mismatch (indicated by an asterisk) at position -2
from the 3’-terminus is also incorporated in the inner primers. The primers are 26 nt or longer, so as to
minimize the difference in stability of primers annealed to the target and non-target alleles, ensuring that allele
specificity results from differences in extension rate, rather than hybridisation rate. By positioning the two
outer primers at different distances from the polymorphic nucleotide, the two allele-specific amplicons differ in
length, allowing them to be discriminated by gel electrophoresis.” Figure and legend were taken from (Ye et
al. 2001)

2.2.3 Dominant marker
The DArT sequence of DArT clone 15D8_125 was used to design a dominant marker. This marker
was selected because it was located on almost the same position (1 cM apart) as the NBS marker in
coupling phase, while DArT marker 9C7_374 was in repulsion phase.
Because no internal SNP’s between the DArT and parental sequences could be found, general
primers based on the DArT sequence were made. The primers were tested with the genomic DNA of
Ck, Or and WF. If the fragment was amplified in all three parents the temperature was raised to make
the primers more specific and if no fragment was amplified the temperature was lowered to make the
primers less specific. With this method primers were found which gave segregation between the
parents and could be tested within the LA and AA population to confirm and map the marker.

24

3 Results
3.1 Co-Dominant CAPS marker
From the four unique sequenced DArT clones one could be used for digestion. 5E18_389 showed a
SNP which was located in the recognition sequence of restriction enzymes which were available at
PRI. HpaII as well as MspI could be used for digestion (share the same recognition site; CCGG Fig
1.3) and MspI was selected and tested on CK, Or, and WF. From these parents CK and Or were
partly digested and WF was not digested. The restriction enzyme was tested on the LA population
and the result was almost the same segregation as the DArT marker 5E18_389 and so MspI was also
tested on the AA population. Because MspI digested both CK and Or, the result of the digestion was
scored as a heterozygote <hkxhk> type of marker. The result of the digestion confirmed that both
parents were heterozygous, because as well non digested (one band 360 bps), as partly digested
(three bands 360; 300; 60 bps) as totally digested (two bands 300 bps) genotypes were found
(Appendix V). The parents were heterozygous, but the segregation of the digestion was 1:2:2. This
marker was used for mapping purpose in the AA population, unfortunately it was a ungrouped.
Orlito
Connecticut King
White Fox
Connecticut King
DArT clone
Figure 1.3 The SNP used for developing the CAPS marker.

3.2 Co-Dominant tetra primer ARMS-PCR marker
For the inner outer primer design DArT clones 7N16_667, 5E18_389 and 5L12_570 were used. The
primers used for sequencing the DArT fragment in the parental genomes could be used as general
primers. 20 inner primers were designed on 10 SNP’s with a mismatch in the second or third bp at the
3’ end. When both the inner, and the outer primers were used together in one PCR, no results were
found. When one inner primer and the contrary outer primer were run separately, one primer
combination (of fragment 5L12_570) gave a result. Here a fragment was amplified in CK and Or but
not in WF. When this primer combination was tested on 24 genotypes of the LA population, it gave
the same segregation as the DArT marker 5L12_570.
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3.3 Dominant marker
DArT marker 15D8_125 was used for conversion into a dominant marker. To convert DArT marker
15D8_125 into a PCR marker, it was necessary to make several primers. This was done because no
internal SNP’s were found between the DArT and CK sequence. In total, 7 forward and reverse
primers were designed. These primers were tested at a low annealing temperature to check if the
fragment was amplified. If so, the temperature was increased to check if segregation of the fragment
between the parents could be found. A primer combination was found which gave the same fragment
segregation in the LA population like DArT marker 15D8_125. Thereafter, the PCR marker was also
tested within the AA population for mapping purposes. It was mapped in the AA map (SCAR15D8_125) and it was found that the marker 15D8_125 was 14 cM apart from the LMoV trait, Fig. 1.4.

AA16
0
6
9
10
11
13
15
26
30
40

NBS-3t39(B)
NBS-6m20(B)
Com.NBS-6(B)

E41M52A-9
P31M55-21(B)
P31M59-17(B)

E40M52T-5
P31M48-14
P31M59-28(B)
LMoV
SCAR-9C7-374(B)
SCAR-15D8_125

Figure 1.4. Linkage group AA16 and LA16 including the (SCAR-)15D8_125 marker.
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4 Discussion
4.1 Conversion
By converting linked markers to the trait of interest into robust PCR markers, it will be possible to
screen large populations at lower costs and within less time. These converted markers could be used
mainly for MAS application. Furthermore, converted markers can be produced in other populations
(AA or LA in this study) which will be very helpful in generating new common markers between these
two populations. As a consequence, this will help in finding corresponding linkage groups or
confirming the already combined linkage group in the two populations. In this study, one DArT marker
of the LA population (15D8_125) was converted into a SCAR marker (SCAR_15D8_125). This marker
was also run and mapped on the AA genetic map. The result confirmed the linking approach that had
been used to find the corresponding linkage groups between the two populations. This SCAR marker
was mapped on AA16 (Fig 1.4)
Within this study it is chosen to use the Sequence Characterized Amplified Region (SCAR) approach
for converting DArT markers into PCR markers. This is because of the ease of sequencing DArT
markers, and the length is sufficient enough (around 1kb). If the length is too short (i.e. 150 bp), it is
difficult to design primers or distinguish between products (Bradeen and Simon 1998).

4.1.1 CAPS marker
CAPS markers are used in several different crops, like Arabidopsis (Konieczny and Ausubel 1993),
Rice (Williams et al. 1991), Barley (Tragoonrung et al. 1992; Mano et al. 1999), Wheat (Talbert et al.
1994) and Sugi (Iwata et al. 2001). The advantage of CAPS markers, as described in these studies, is
that the markers are quickly developed and easily scored. Furthermore they are co-dominantly
inherited and very robust.
With these studies the most CAPS markers are designed by digesting pre-selected fragments of DNA
(like STS or ESTs or other PCR amplified DNA fragments) at random with one or more restriction
enzymes. The method which is used in this study is however different, because the sequence of the
two different alleles was known. Due to this not random restriction enzymes were chosen, but
restriction enzymes with a SNP in the restriction site could be selected in advance. With this method
the probability of finding a polymorphic CAPS marker giving the same segregation as the DArT
marker (where it is derived from) is larger than when random restriction enzymes are selected (will
mostly digest both alleles).
With this study it was possible to score the CAPS marker co-dominantly (two heterozygote parents
clearly gave heterozygote and homozygote offspring). However it was unfortunately not succeeded to
map the converted CAPS marker (CAPS_5E18_389) in the AA population. Not all genotypes could be
scored and the results of the digestion could not be checked by a repetition of the experiment (due to
primers which stopped functioning). The segregation was not Mendelian, while the locus of LMoV
nicely showed segregation according to Mendel. Thus because of this, the result is not reliable and
the marker was not be mapped near the trait for resistance to LMoV but was ungrouped within the AA
molecular map.
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4.1.1 Tetra primer ARMS-PCR
There are different designs for developing allele specific PCR amplification. Some examples are
Bidirectional PCR Amplification of Specific Alleles (Bi-PASA) (Liu et al. 1997), tetra-primer PCR (Ye et
al. 1992) and tetra-primer ARMS-PCR (Ye et al. 2001). With the Bi-PASA method four primers are
designed (two inner and two outer primers), and the inner primers contains a tail. This tail prevents
“mega-priming” and is also present to promote amplification of previously amplified template DNA
(which is replicated more easily than genomic DNA). However the composition of the tail has a large
influence on the functioning of the primer. The tetra primer design needs two annealing conditions
and the inner primers are based on a mismatch in the middle of the primer. Due to this the primers will
easily anneal to each other and a 35 fold higher concentration is needed for the inner primers.
For this study the tetra-primer ARMS-PCR design was used. The advantage of the ARMS-PCR
method is that if it only partly works (if only one inner primer functions) it still can be used as a
dominant marker. This was the case in this study for DArT fragment 5L12_570. For DArT fragments
7N16_667 and 5E18_389 this was not succeeded, not even when the annealing temperature was
lowered to reduce the specificity of the primers.
That the primers did not amplify might be caused by the mismatch introduced in the primer. It could be
that there is another SNP located in the primer, which did not show up in the sequencing, because
both alleles were present during sequencing. Furthermore it could be that the used SNP is not correct,
but caused by direct sequencing mistakes. If within the first cycles of the PCR a mismatch is
originated this mismatch is amplified many times and can show up during sequencing as a SNP.

4.2 Overall problems
One of the major problems encountered during this research were the non functioning primers. During
the entire experiment five previously useful primer combinations stop functioning, meaning that the
primers did not amplify the fragment which they amplified in the beginning. Several attempts were
made to overcome this problem. It was not caused by the DNA, the gel electrophoreses or the PCR
machine, because if during the same PCR reaction another primer pair (which always gave a positive
result) was used on the same DNA, these samples still gave a positive result, while the samples with
the non functioning primers gave a negative result (even with more cycles). So the solution for this
problem was searched in the PCR mixture and PCR reaction conditions. Within the mixture the
concentration of the polymerase, MgCl2, and dNTP’s were changed. Furthermore a MP (multi
polymerase) mixture and new primers were used. As last the annealing temperature was changed
and another person used the primers. Unfortunately none of these changes interacted with the
functioning of the primers; they kept on giving a negative result and could not be used any longer.
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5 Conclusions
Marker 5E18_389 was converted into a CAPS marker. However, it was unable to map this marker in
the AA genetic map. It was not succeeded to convert the DArT clones (5L12_570 and 7N16_667) into
a co-dominant marker, using the tetra-primer ARMS-PCR method. It was not succeeded to find two
functioning inner primers, however one inner primer did work (5L12_570) and can be used as a
dominant marker.
The DArT marker 15D8_125 is successfully converted into a PCR marker. It showed the same
segregation as the DArT marker where it is derived from. Furthermore it is in both genetic maps in the
same linkage group as the combined marker (Com.NBS-6), confirming that indeed it is the same
linkage group (Fig 1.4). Like LMoV the converted marker showed a segregation of 1:1 and was
mapped 14 cM far from the LMoV resistance. In order to know how far this marker is linked to LMoV
resistance, validation tests should be run.
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Chapter three:
3. Validation of DArT markers
linked to Fusarium resistance

30

1 Introduction
Fusarium is a serious threat within Lily that decreases the yield and the quality of the flowers and so
reduces the income of growers and propagators. Fusarium infected bulb are rejected by the
Inspection Service and if a soil is contaminated with the fungus, it cannot be used for several years
(Straathof and Löffler 1997). For protection against the fungus soils are steamed, healthy plant
material is used and chemicals are sprayed. The use of chemicals contributes to the pollution of the
environment and environmentally friendlier approaches are necessary, like making use of natural
resistance of the plant against Fusarium (Straathof and Löffler 1997).
As mentioned there are four QTL’s known in Lily which are associated with Fusarium resistance. For
two of these QTL linked markers are converted (Shahin et al. 2009) for MAS purposes. However,
these markers have not been validated in a wider set of germplasm.
If a marker is used within MAS breeding or not, depends on the importance of the trait it is linked to
and how expensive the marker method is. The distance between the trait and the marker is also of
importance. The distance should be as low as possible to prevent recombination between the trait
and the marker, which would give false positives. The best markers for MAS breeding are positioned
on the same location as the gene, which would make them absolute reliable. In practice this is not
always possible, making it necessary to validate markers linked to a specific trait.
In addition should a developed marker also be validated in breeders’ lines or a wide set of different
germplasm. With the validation process the value of the marker towards the trait and degree of
recombination (when the trait is separated from the marker) is established (Sharp et al. 2001).
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2 Materials and Methods
2.1 Overview of the genotypes used
For validation of the PCR markers linked to Fusarium, plant materials available at Plant Research
International were used. OA hybrids were available with different ploidy levels obtained by
chromosome doubling or crosses with unreduced gametes. The resistance levels of these genotypes
towards Fusarium were known. Several AA and OA hybrids were chosen, in which “Connecticut King”
could be found back in the pedigree (the markers were developed basically from this cultivar). Also
other genotypes were used which do not have CK as one of their parents. Information of the selected
genotypes (i.e. resistance level, cross number and relation to CK) is given in Appendix VI.
DNA Isolation:
DNA of the selected genotypes was extracted from young growing leaves using two different methods.
The first method was the Fulton procedure (Appendix VII) and the second method was the Fulton
procedure integrated with the Qiagen kit (Appendix VIII). The quality and quantity of the extracted
DNA was tested by Nanodrop (Thermo.Scientific 2008) and 1 µl of the DNA sample was run on a
agar gel (1%) for visual inspection. With the Fulton method the quality of the DNA was not very good
(too much polysaccharides), so the DNA was cleaned using the CTAB procedure from Appendix IX.
To test the PCR quality of the DNA, the DNA was tested with general primers which amplify a
fragment in all genotypes.

2.2 Validation
For two of four QTL’s, linked DArT markers (LPT_205, LPT_92 and Com.DArT-7 for the first QTL and
ComDArT-10 for the second QTL) were converted by Shahin et al. (2009) to dominant PCR markers.
These markers were derived by sequencing the DArT marker and designing PCR primers on these
sequences. For the second QTL (Com.DArT-10) it was necessary to use genome walking to obtain an
larger sequence which could be used for designing primers (Shahin, unpublished). The two QTL’s
were located on molecular linkage group AA8 (first QTL) and AA9 (second QTL) of the Asiatic map
(Fig. 2.1 and 2.2).
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0

P31M52-12
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17
18

P31M59-21
P31M48-10

25
32
40

QTL2

AA8
0

E41M52A-35

4

Com.DArT-10

Com.DArT-21(B)

10
11

LPT-13K8-453(B)
E40M52A-27
E41M52A-33

LPT_205
LPT_92

32

LPM-6

48

P31M48-3

Com.DArT-7
E37M52G-7

**

Figure 2.1 Linkage group 8 with the first QTL for
Fusarium resistance in Lilium. The converted
markers were LPT_92, LPT_205, and Com.DArT-7.

**

Figure 2.2 Linkage group 9 with the second
QTL for Fusarium resistance in Lilium. The
converted marker was Com.DArT-10.

For validation of the converted markers, The presence or absence of the marker in the selected
genotypes was checked with the PCR program of Shahin. The PCR mixture and program were tested
on a subset of OA hybrids and the PCR mixture was slightly moderated to obtain clearer results
(Appendix X). For calculation of the correlation between the marker and the resistance, statistical
program SPSS version 15 was used (SPSS 2007). Both the ANOVA (parametric) and Kruskal-Wallis
(non-parametric) tests were used for completeness.
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3 Results
3.1 DNA isolation
Nanodrop measurements were conducted on the DNA samples. The amount of DNA in the samples
ranged between 50 to 300 ng/µl with 260/280 ratio around 1.90. When 1 µl was run on agarose gel
the samples gave a clear concentration. However some smear could be seen (Appendix XII.). The
first samples were tested with general primers for their PCR quality; all genotypes amplified the
general primers (Appendix XII)

3.2 Statistical tests
The converted marker Com.DArT-7 did not gave any result in the OA genotypes, and so was not
validated. For the other three markers, LPT_92, LPT_205 (first QTL) and Com.DArT-10 (second QTL)
the scoring for Fusarium infection can be found in Table 2.1 to 2.5 and Graph 2.1, in the subscript of
the table can be found if the scoring of Fusarium is significantly influenced by the marker or not. The
statistical tests and QQ-plot can be found in Appendix XIII. The genotypes were scored for infection
from 0 to 5 with 0 resistant and 5 susceptible. It was expected that the presence of the marker
decreases the scoring of infection, because of this hypothesis the significance was one tailed and set
at a P value of 0.05.
Parametric
Marker LPT_92 had an significant effect on the mean scoring of infection with a P value of 0.012.
Marker LPT_205 had an significant effect with a P value of 0.021. The influence of the PCR marker
Com.DArT-10 for the second QTL was not significant with a P value of 0.09.
There was also no two way interaction of the first QTL and the second QTL, with P = 0.059 if LPT_92
was used and P = 0.065 if LPT_205 was used.
Non-Parametric
Marker LPT_92 had no significant influence with a P value of 0.07, but the marker LPT_205 had a
significant influence with a P value of 0.04. The influence of the PCR marker of Com.DArT-10 was
significant with a P value of 0.045.
There was no two way interaction of the first QTL and the second QTL, with P = 0.065 if LPT_92 was
used (for the first QTL) and P = 0.07 if LPT_205 was used.
The markers show a clear trend, which was a decrease of infection scoring if an additional marker
was taken into account (in the order no QTL, second QTL, first QTL, both QTL’s).
The presence of marker LPT_92 resulted in a 30% lower scoring of infection (Table 2.1). The
presence of marker LPT_205 resulted in a 28% lower scoring of infection (Table 2.2). The presence of
the marker for the second QTL seemed to gave a lower scoring of infection of 19% (Table 2.3).
The presence of both markers LPT_92 and Com.DArT-10 gave an average infection scoring 39%
lower than the absence of both markers (34% if LPT_205 was taken together with Com.DArT-10).
(Table 2.4 and 2.5)
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Table 2.1 Effect of marker LPT_92 on the scoring of infection (first QTL).
Scoring of Fusarium infection:

Marker present
1
2.1

Marker absent
3.0

1

The average values were significant different determined by the ANOVA (P = 0.012), however not
with the Kruskal-Wallis test (P = 0.07).

Table 2.2 Effect of marker LPT_205 on the scoring of infection (first QTL).
Scoring of Fusarium infection:

Marker present
1
2.1

Marker absent
2.9

1

The average values were significant different determined by the ANOVA (P = 0.021), and also with
the Kruskal-Wallis test (P = 0.04)

Table 2.3 Effect of marker Com.DArT-10 on the scoring of infection (second QTL).
Scoring of Fusarium infection:

Marker present
1
2.2

Marker absent
2.7

1

The average values were not significant different determined by the ANOVA (P = 0.09), however
with the Kruskal-Wallis they were significant (P = 0.045)

Table 2.4 Effect of both QTL’s on the scoring of infection (marker LPT_92 represent the first QTL).
Marker for second QTL present
Marker for second QTL absent

Marker for first QTL present
1
1.9
2.3

Marker for first QTL absent
2.8
3.1

1

The average values were not significant different determined by the ANOVA and the Kruskal-Wallis
tests (P = 0.05).

Table 2.5 Effect of both QTL’s on the scoring of infection (marker LPT_205 represent the first QTL).
Marker for second QTL present
Marker for second QTL absent

Marker for first QTL present
1
1.9
2.5

Marker for first QTL absent
2.9
2.9

1

3,3

3,1

3,1

2,9

Scoring of Fusarium infection

Scoring of Fusarium infection

The average values were not significant different determined by the ANOVA and the Kruskal-Wallis
tests (P = 0.05).

2,9
2,7
2,5
2,3
2,1
1,9
1,7

2,5
2,3
2,1
1,9
1,7

Both markers

LPT_205

Com.DArT-10

1,5

No markers

Both markers

LPT_92

Com.DArT-10

No markers

1,5

2,7

Graph 2.1 The scoring of Fusarium infection when both QTL’s are considered. Left; if LPT_92 is used for the first
QTL. Right; if LPT_205 is taken for the first QTL. A clear trend of decreased Fusarium infection can be seen.
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4 Discussion
4.1 DNA isolation
DNA was extracted using two different methods. With extraction according to the Fulton method it
appeared that polysaccharide remained in the DNA solution. With a few samples it was tried to clean
the DNA solution using the CTAB procedure (Appendix IX), the result was better quality DNA, but
there was still polysaccharide in the DNA solution. When polysaccharides are remained in the sample
it is possible these are used with the PCR reaction instead of the DNA, making the results unreliable.
Polysaccharides can cause inhibition of amplification by making the target DNA unavailable to the
polymerase (Wilson 1997).
However, when the samples were tested for there PCR ability, it seemed that the polysaccharide had
no influence on the amplification of the fragments (200 – 600 bps) so the DNA solution was pipette off
the sticky polysaccharides instead of cleaning the DNA samples with the CTAB procedure. That the
PCR of these small fragments was not inhibited is in line with the study of Pandey et al. (1996), where
polysaccharides only inhibited the amplification of larger (900 bps to 1kb) fragments.
The Fulton method gives a high concentration of DNA, however in case of Lily polysaccharide are a
problem. By using the Qiagen kit the quality is improved, however the concentration becomes lower.
After the Lysis step in the kit, proteins and polysaccharides are removed by salt precipitation
(QIAGEN 2006). By combining both methods good quality DNA with concentrations ranged between
35 and 220 ng/µl were resulted.
With both methods the concentration of DNA fluctuated, which can give intensity differences of the
amplified DNA bands at gel electrophoreses. For the integrated method, this was overcome by
diluting all the DNA samples to the same concentration.

4.2 Validation
If a marker is used for MAS breeding depends on the trait of interest to which it’s linked. The trait of
interest should influence the quantity or quality of the yield and so have an economical impact. The
marker method should also be cost effective (the cost for producing the marker should not exceed the
benefits), to be useful for MAS breeding (Eagles et al. 2001). Prices for developing markers can be
very high (AUD$ 100,040 for a single marker (Langridge et al. 2001), exceeding the benefit gained by
the marker. Also for MAS breeding it is necessary to validate the linkage of a marker, to a specific trait
of interest, before it can be applied. The markers used in this research were linked to two QTL’s for
Fusarium resistance and PCR-based, fulfilling the requirements for a marker which can be used within
MAS breeding.
When a trait (like resistance) is regulated by several QTL’s, it is difficult to validate markers for these
QTL’s separately. If for example the QTL of the linked marker is absent, while the other QTL’s are
present, the genotype can still be rather resistant. In this study, the markers linked to two most
important of the four QTL’s were validated, however the presence or absence of the other QTL’s was
not known. New research also indicated the presence of six QTL’s instead of four (Shahin, still
running), which can really influence the outcome. Because the markers are linked to the two most
important QTL’s, the markers for the first QTL still significantly influenced the level of resistance,
confirming its linkage to and the importance of this QTL.
Both the results for parametric as well as the non-parametric statistical tests are given. The
assumptions for a parametric test are equal variance, normality and independence (meaning that
selected genotypes are independent). With this experiment the equal variance and normality
assumptions were met (Appendix XIII), but the case of independence can be discussed. The
genotypes used were mostly descendents from the genotype “Connecticut King” and so more
resistant than susceptible (resistant 55%, susceptible 15% and in between 30%), which could be a
reason for assuming dependence.
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4.3 Problems
It was difficult to obtain conclusive results for some of the tested OA genotypes. The PCR was carried
out several times, however the results were not reliable because of inconsistency. The problem was
that several genotypes (12 for LPT_205, 22 for LPT_92 and 11 for Com.DArT-10, from which 2
genotypes in all three and 10 genotypes for two markers) amplified the fragment in some runs, but not
in all runs, which might be due to the DNA quality or PCR conditions. In all runs Connecticut King,
Orlito, and White Fox were included and used as a control (CK positive; Or and WF negative). It
seemed that the quality of the DNA was not good enough to obtain consistent results (also for the
samples cleaned with CTAB). However when the controls were correct, the positive genotypes were
taken as true and the negative as uncertain. After several runs this was taken all together (for the
primers of LPT_92 and LPT_205) and the once which were always negative were scored as negative
and the once that were sometimes positive were scored as positive. This was also decided because
when a genotype gives a positive result and the control is ok, this can only be the case if the genotype
supports the primer sites and contains the marker.
For the marker linked to the second QTL (Com.DArT-10) it was possible to run the PCR together with
a second control marker, which was present in all genotypes. The general marker is to check the DNA
quality and thus confirm the result of the dominant marker. With the control primers, one band (550 bp)
should always be present and the second band (300 bp) represents the marker for the second QTL.
This method is more reliable than the first method (take all positives as positives, even when
inconclusive). However for the markers LPT_92 and LPT_205 was this unfortunately not possible.
Several additional primer combination were tried in combination with the linked markers for the first
QTL, but in all cases the use of a second additional primer pair resulted in several bands or no bands
at all. Also lowering the concentration of the additional primers or increase the concentration of the
primers for the marker gave no clear results. In most cases the general fragment (100 – 300 bp) was
present, but not (or very faint) the fragment representing the marker (650 bp).
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5 Conclusions
DNA isolation
The Fulton method together with the Qiagen kit clearly resulted in better quality DNA samples than
only the Fulton method. The Fulton method can not clean the samples of polysaccharides, while the
Qiagen kit does.
Validation
Com.DArT-7 could not be validated because it didn’t work properly. The results of the other markers
are influenced by the other QTL’s and the inconsistent results. However despite this influence the
linked markers to the first as well as for the second QTL were (just) significant linked. When the
markers for the first and the second QTL were taken together the scoring of infection was decreased
a lot (Table 2.5; form 3.1 to 1.9), however this was not significant due to the number (48) of genotypes
scored (all available genotypes were scored). From the obtained results it can be concluded that the
markers (LPT_205 for both statistical tests) are linked to Fusarium resistance, explaining part of the
resistance. However the results were not consistent and the result is just significant making it
necessary to run the experiment again but on a larger set of germplasm.
The marker for the second QTL seemed to have a lower impact on the resistance level, however the
robustness and consistency of this primer is much higher. That the second QTL has a lower impact is
in line with the results from Shahin et al. (2009) and Heusden et al. (2002), which indicated both a
higher significance of the first QTL than the second QTL.
Overall
The difficulties encountered with validating the dominant markers in this research confirm that codominant markers are more reliable than dominant markers. When a co-dominant marker approach is
used, it is sure that the PCR functioned or not. However by making use of general primers, dominant
markers can be made more reliable.
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General discussion/ Future recommendations
During this research, two methods of DNA extraction were used, the Fulton procedure and the Fulton
procedure integrated with the Qiagen kit. With the second method the quality of the DNA was
improved, however the quantity of DNA was rather low. For this research the quantity of DNA was
sufficient, but the extraction of Lily DNA from leaf tissue can be still be improved a lot.

Designing and use of SSR markers
SSR markers can certainly be used in further research and breeding of Lilium. The markers obtained
can be used in almost all genotypes and are very informative. The AA and LA genetic maps of Lilium
contain at this moment 21 and 20 linkage groups respectively. Within these genetic maps common
markers are present which can link the different maps together (localizing the same chromosome in
both maps). However not all genetic linkage groups posses such a common marker. By developing
more SSR markers, more common markers can be obtained, linking the different genetic linkage
groups of the different maps.
When several genotypes (of different Oriental and Asiatic origin) were tested, the allelic differentiation
compared to WF was higher then when these genotypes were compared to each other. This shows
the ability of using SSR markers for testing the origin of unknown genotypes. Some alleles could be
really Oriental, Asiatic or Longiflorum specific and with testing several Oriental, Asiatic and
Longiflorum genotypes these alleles could be identified and used for identifying the origin of
genotypes.

Conversion
It was not possible to convert DArT marker 5L12_570 into a co-dominant marker for LMoV. However it
was succeeded to convert this marker into a dominant marker (showing clear presence or absence of
the band), having the same segregation as the DArT marker. This is a good start for converting this
marker into a co-dominant marker. With more time it can certainly be possible to convert this marker
into a co-dominant marker. By designing more primers for DArT fragment 5L12_570 and finalizing the
PCR program and mixture it might be possible to create a marker based on the inner outer primer
approach. The use of co-dominant markers is much more reliable than dominant markers. If it is
possible to convert the known dominant markers into co-dominant markers the marker can be made
more robust and informative.
For further conversion of DArT markers which are heterozygous present in CK it might be better not to
sequence the three parents, but to clone the fragments of “Connecticut King” and sequence those.
With this research the SNP’s were not always clear (mainly because of background noise in the
sequence) and when clones are sequenced only one of the two alleles is sequenced. By sequencing
several clones the two alleles should be found clearly and primers could easily be designed on the
SNP’s.
These markers are converted mainly for usage in MAS breeding and to identify/ confirm the same
genetic linkage group in different genetic maps. The success of MAS depends on the position of the
marker with respect to the gene of interest. There are two situations possible. The marker can be
within the gene of interest which is by far the best marker which could be used. However this type of
marker requires in most cases the availability of a cloned target gene. This type of marker has been
produced for quality traits in tomato and for resistance genes (cited by; Francia et al. 2005). However,
the used marker is often not located within the gene itself but genetically associated to the trait. In this
case, the lower the distance between the marker and the trait the more reliable the marker is (Francia
et al. 2005). For MAS breeding the genetic distance between the marker and the trait should as low
as possible for reliability. In literature the preferred genetic distance of a marker and the trait ranges
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from less than 5 cM (Collard and Mackill 2008) to less than 1 cM (Mohan et al. 1997). However when
two markers are used, one on each flank of the trait, the reliability is much greater and is it possible to
have a larger genetic distance between the marker and the trait (Collard and Mackill 2008).
The converted marker in this study was 14 cM apart from the trait of interest, which makes it less
useful for MAS breeding. However the marker is located on the end of the linkage group and there is
some friction in the map, which may influence the position of these markers. If this marker would be
used within MAS breeding, the linkage between LMoV and the maker should be validated by testing
on a wide set of different germplasm. It is however, recommended to convert more markers of the
LA16 linkage group to confirm the position of marker SCAR_15D8_125 within the Asiatic genetic
linkage map.

Validation
The economical damage of Fusarium has not been reported in Lilium, mainly due to the indirect
damage of the disease. However there are high cost due to the damage cast by Fusarium, but also
for controlling Fusarium with chemicals, steaming of the soil and other methods. Because of the costs
and the increasing pollution of the environment by chemicals, breeding for Fusarium resistant
varieties is important (Straathof and Löffler 1997).
MAS has an impact on the time needed for developing new varieties. By making use of validated
markers linked to Fusarium resistance it is possible to select for Fusarium resistance in a young
juvenile phase. While with classical breeding, Fusarium tests have to be conducted. With these tests,
4-5 clones per genotype are planted in 3-4 blocks so in total for 1 disease test 20 clones per genotype
are needed. For conclusive results it is necessary to conduct the experiment three to four times (Imle
1942; Smith and Maginnes 1969; Tuyl 1980; Straathof et al. 1993; Lim et al. 2003). Space and labour
are limiting factors during breeding, and it is not possible to conduct disease tests on a large number
of different genotypes. With MAS, selection for Fusarium resistance can take place in the young
juvenile phase when the plants can be grown closer together (and before clones are made) and so
more breeding lines can be grown with the same labour and space as compared to classical breeding.
It is estimated by Francia et al. (2005), that depending on the selection pressure and the trait
heritability that with classical breeding a breeder must test 1 to 16.7 times more progeny than a
breeder making use of MAS. With MAS the growing and propagation time of the breeding process is
not altered (2 to 3 years from seedling to flowering and 3 to 5 years for vegetative propagation; Booy
et al. 1989), but the time needed for propagation and scoring genotypes for the Fusarium test is not
necessary. So with MAS the time to market for a new Fusarium resistant variety can be reduced. By
selection for Fusarium in a young stage breeding costs and time can substantially be reduced
(Straathof 1994).
With this study the validation results (for the markers linked to the first QTL) were inconsistent for
some of the genotypes, making the result not complete reliable. If general primers were added in the
PCR reaction the primers for the marker linked to the first QTL did not amplify a fragment anymore.
When these primers could be made more robust the result would be more reliable. The results for the
validation of the markers were partly significant, but clearly showed a trend that the presence of the
marker decreased the scoring of Fusarium infection (meaning higher resistance). When the marker is
made more robust and would give consistent results, the results might become significant for all the
markers linked to QTL’s for Fusarium resistance. The results for the ANOVA as well as the KruskalWallis test was significant for the first QTL (markers LPT_205 and LPT_92), meaning that it could be
used within MAS breeding. Selecting for a single QTL (which explains the major proportion of the
phenotypic variance) can already be beneficial for a breeder (Collard et al. 2005). The main reason
why markers are not adopted in breeding is lack of reliable prediction of the phenotype due to low
accuracy of QTL mapping or inadequate validation (Dale Young 1999; Sharp et al. 2001). Because of
the inconsistent results it is recommended to test more genotypes, for further validation of the linked
marker to the first QTL of Fusarium resistance.
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Appendices
I. Plasmid purification
•
•

Add 100 µL of P1 to the pellet and complete resuspent the cell pellet, do not vortex!!
Add 200 µL of P2 and mix by inverting the tube, the cell suspension should clear
immediately.
• Add 200 µL of P3 and mix by inverting the tube. You will get a white precipitation.
• 10 min. centrifuge at 13.00 rmp.
• Put the supernatant into a new 1.5 mL tube, be sure that no pellet is in the
supernatant.
• If a pellet is present, centrifuge again 10 min. and transfer the supernatant again in a
new 1.5 mL tube.
• Add 0.6 Volume propano to the supernatant
• Put in -20 °C for 10 min to precipitate
• Centrifuge for 5 min at 13,000 rpm.
• Discard the supernatant and wash the pellet with 70% ethanol (use 200 µL)
• Centrifuge for 3 min at 13,000 rpm.
• Discard the supernatant and let the pellet dry.
Solve pellet in 30 µL Tris pH 8.0

II. Sequence PCR mixture and program
Table 2. The sequencing PCR mixture.
Amount
4.00

Description
µl

BigDay

0.50

µl

Reverse or Forward general Primer (10 µM)

4.50

µl

Milli-Q water

1.00

µl

DNA (20-30 ng)

10.00

µl

Total

This cycle is repeated 25 times

96 °C

94 °C

2 min

20 sec

XX °C
15 sec

60 °C
1:00 min

72 °C
710min
°C
∞

10 °C
∞

Figure 2. The sequencing PCR program (annealing temperature XX depends on the primers).
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III. The general PCR mixture and program
Table 3. The general PCR mixture.
Amount

Description

2.00

µl

10x buffer for Goldstar

0.80

µl

DNTP’s (5MM)

1.20

µl

MgCl2 (25MM)

10.90

µl

Milli-Q water

1.00

µl

Forward Primer (10 µM)

1.00

µl

Reverse Primer (10 µM)

3.00

µl

DNA (20-30 ng)

0.10

µl

Taq Goldstar (1u/µl)

20.00

µl

Total

This cycle is repeated 33 times
96 °C
2 min

95 °C
30 sec

XX °C
45 sec

72 °C
1:00 min

72 °C
7 min

10 °C
∞

Figure 3. The general PCR program (annealing temperature XX depends on the used primers.

IV. PCR mixture of the Tetra ARMS-PCR method
Table 4. The general PCR mixture.
Amount

Description

2.00

µl

10x buffer for Goldstar

0.80

µl

DNTP’s (5MM)

1.20

µl

MgCl2 (25MM)

8.30

µl

Milli-Q water

3.00

µl

Inner Primers (10 µM)

1.60

µl

Outer Primers (10 µM)

3.00

µl

DNA (20-30 ng)

0.10

µl

Taq Goldstar (1u/µl)

20.00

µl

Total
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V. Digestion with MspI
CK WF

Figure 4. Digestion of 12 genotypes of the LA population
(line A). Because CK is heterozygous and WF
homozygous, only non digested and partly digested
genotypes are observed. However because the second
band which is formed at digestion is to small it cannot be
seen and only one (no digestion) and two (partly
digested) bands are seen.

Figure 5. Digestion of 36 genotypes of the Asiatic
population (line A to C). The different types of digestion
(no, partly and total digestion) can clearly been seen.
However the second band which is formed at digestion
can not be seen because the size is not large enough.
The different types can be recognized by one large band
(no digestion), two bands (partly digestion), one small
band (total digestion).
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VI. DNA samples with known resistance
Table 5. The DNA samples with known resistance.
Relation to
Connecticut King

Group

Cross Number

Resistance

F1
F1
No
No
No
No
F1
No
No
No
F1
F1
No
No
No
No
No
F3
F3
F3
F3
F3
F3
F3
No
No
No
No
No
No
No
F2
No
No
F1
F1
F2
F2
No
No
No
No
No
No
No
No
BC1
No

OA
OA
OA
OA
OA
OA
AA
AA
AA
AA
OA
OA
OA
OA
OA
OA
O OA
OA OA
OA OA
OA OA
OA OA
OA OA
OA OA
OA OA
OA OA
OA OA
AA
AA
AAAA
A OA
A OA
A OA
A OA
A OA
OA A
OA A
A OA
A OA
OA A
OA A
OA A
OA A
OA A
OA A
OA A
AA
AA
LL

951462-1
951502-1
951584 1
951914 1
952400 1
962433 1
79209 1
Mont Blanc
Mirella
Lanzarotte
951462-1
951502-1
951584 1
951914 1
962433 1
952400 1
992738 2
012181-2
012181-3
012181-4
012181-5
012181-8
012181-9
012181-10
12304
14050
Gironde
Pesaro
940260
052123
002531-4
002687 8
012246-1
12248
002122-1
002122-3
002687-29
002687-32
012062-100
012092-1
012092-2
012092-4
012092-5
012105-1
012105-2
CK
OR
WF

1.0
3.3
3.1
1.3
4.5
3.6
1.5
1.1
3.3
2.7
1.0
3.3
3.1
1.3
3.6
4.5
5.0
1.3
1.0
1.3
1.3
1.3
1.3
1.3
1.7
4.3
5.1
1.4
5.1
3.5
2.7
1.3
3.7
3.4
1.1
1.4
3.3
3.3
1.2
1.5
1.5
1.6
2.7
1.1
1.1
1.1
1.5
4.7
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VII. Fulton DNA extracting Method
Starting material is lyophilized, ground leaf (small leafs or leaf disc, ground with glass pearls)
All centrifugations are at maximum speed.
0
⇒ Switch waterbath on at 60 C
⇒ prepare fresh microprep buffer 2.5 parts extraction buffer (EB), 2.5 parts lysis buffer and
1.0 part 5% Sarkosyl (w/v). Add 0.38 g sodium bisulfite/100ml buffer immediately before
use.
⇒ add 750 ul microprep buffer to leaf powder, mix well
0
⇒ incubate in 60 C waterbath for 30 - 60 min.
⇒ extract with 800 ul chloroform (mix well)
⇒ spin 5 min.
⇒ pipet off 400 - 600 ul aqueous phase
⇒ add equal volume cold isopropanol and invert tubes repeatedly until DNA precipitates.
⇒ spin 5 min.
⇒ wash with 500 ul 70% ethanol (pellet often very loose), spin 5 min. pour off.
⇒ dry pellet
-4
⇒ resuspend DNA in TE (Fulton et al. 1995)
Caution chloroform is carcinogenic: wear gloves. Waste chloroform in cat. 23 cans
Extraction buffer:
per litre:
Lysis buffer :
0.35 M Sorbitol,
63.7 g
0.2 M Tris
0.1 M Tris-HCl,
12.1 g
0.05 M EDTA
5mM EDTA,
1.7 g
2 M NaCl
pH 7.5
2% CTAB

VIII. Fulton DNA isolation integrated with Qiagen kit
Fulton DNA isolation (Fulton et al. 1995)
Starting material is lyophillized, grinded leaf (small leaves or leaf disc, grinded with glass
pearls)
All centrifugations are at maximum speed.
0
⇒ Switch waterbath on at 60 C
⇒ prepare fresh microprep buffer 2.5 parts extraction buffer (EB), 2.5 parts lysis buffer and
1.0 part 5% Sarkosyl (w/v). Add 0.38 g sodium bisulfite/100ml buffer immediately before
use.
⇒ add 750 ul microprep buffer to leaf powder, mix well
0
⇒ incubate in 60 C waterbath for 30 - 60 min.
⇒ extract with 800 ul chloroform (mix well)
⇒ spin 5 min.
⇒ pipet off 400 µl aqueous phase
Continue with Qiagen kit:
⇒ spin 5 min.
⇒ Add 1.5x volume AP3/E (600 µl) and shake gently for 15 sec.
⇒ Transfer 800 ul (max.) to white Qiagen column
⇒ centrifuge 1 min 8000 rpm, discard flow through
⇒ transfer rest of the solution to the column
⇒ centrifuge 1 min 8000 rpm, discard flow through
⇒ Add 500 µl AW buffer to column
⇒ centrifuge 2 min 14000 rpm (max.), discard flow through and spin 10 sec. max.
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⇒ place column in clean eppendorf tube, add 50µl AE 65°C
⇒ incubate for 5 min
⇒ centrifuge 1 min 8000 rpm
⇒ eventually repeat step 8 and 9
Caution: chloroform is carcinogenic: wear gloves. Waste chloroform in cat. 23 cans
DNA extraction buffer:
Per liter:
- 0.35 M Sorbitol
- 63.7 g
- 0.1 M Tris-HCl
- 12.1 g`
pH 7.5
- 5 mM EDTA
- 1.7 g
Lysis buffer:
- 0.2 M Tris
- 0.05 M EDTA
- 2 M NaCl
- 2% CTAB

pH 7.5

Sarcosyl

do not autoclave!!

IX. CTAB cleaning DNA method
⇒
⇒
⇒
⇒
⇒
⇒
⇒
⇒
⇒
⇒
⇒

take ~ 2-3 ug genomic DNA
-4
add TE to total volume of 200 ul, mix by tapping
add 8 ul CTAB (5%), mix by tapping
spin 5 min, pipet off all liquid (cat 23, waste)
resuspend pellet in 300 ul 1.2M NaCl, mix by vortex 1-2 sec.
add 780 ul ethanol (96%)
spin 5 min, pipet off liquid
wash pellet with 300 ul 70% ethanol
spin 5 min, pipet off liquid
dry pellet in speedvac
-4
resuspend pellet in 20 ul TE

X. PCR mixture and program of the linked DArT markers to
Fusarium
Table 6. The PCR mixture used for the primers of the first QTL (LPT_92,
LPT_205 and Com.DArT-7).
LPT_92

LPT_205

Com.DArT-7

Description

2.0

µl

2.0

µl

2.0

µl

10x buffer for Goldstar

0.8

µl

0.8

µl

0.8

µl

dNTP’s (5MM)

2.0

µl

1.5

µl

1.2

µl

MgCl2 (25MM)

8.5

µl

9.0

µl

10.9

µl

Milli-Q water

1.8

µl

1.8

µl

1.0

µl

Forward Primer (10 µM)

1.8

µl

1.8

µl

1.0

µl

Reverse Primer (10 µM)

3.0

µl

3.0

µl

3.0

µl

DNA (20-30 ng)

0.1

µl

0.1

µl

0.1

µl

Taq Goldstar (1u/µl)

20.0

µl

20.0

µl

20.0

µl

Total
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This cycle is repeated 34 times

96 °C

95 °C

2 min

30 sec

58 °C
60 sec

72 °C
1:20 min

72 °C
7 min

10 °C
∞

Figure 6. The PCR program which was used for LPT_92 and LPT_205.

This cycle is repeated 35 times

96 °C

95 °C

2 min

30 sec

55 °C

72 °C

72 °C

1:20 min

7 min

45 sec

10 °C
∞

Figure 7. The PCR program which was used for COM.DArT-7.
Table 7. The PCR mixture used for marker Com.DArT-10
(marker for the second QTL).
Amount

Description

2.50

µl

10x buffer for Goldstar

1.20

µl

DNTP’s (5MM)

2.00

µl

MgCl2 (25MM)

7.15

µl

Milli-Q water

1.50

µl

Forward Com.DArT-10 Primer (10 µM)

1.50

µl

Reverse Com.DArT-10 Primer (10 µM)

0.50

µl

Forward general Primer (10 µM)

0.50

µl

Reverse general Primer (10 µM)

3.00

µl

DNA (20-30 ng)

0.15

µl

Taq Goldstar (1u/µl)

20.00

µl

Total

This cycle is repeated 34 times

96 °C

95 °C

2 min

30 sec

57 °C

72 °C

72 °C

1:00 min

7 min

45 sec

10 °C
∞

Figure 8. The PCR program which was used for COM.DArT-10.
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XI. First DNA sample

Figure 9. 1 µL of DNA run on a TBE
gel (1%) (DNA sample 1).

XII. DNA sample with general primer

G
Figure 10. DNA amplification with primers;
Clone1_F2, Clone1_R2. (DNA sample 2).
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XIII. Statistical tests used for validation
Table 8. Kruskal Wallis Test
Chi-Square

Resistance
2.121

df

Normal Q-Q Plot of Resistance

1

Asymp. Sig.

6

.145

5

Table 9. Kruskal Wallis Test
Chi-Square

Resistance
2.957

df

1

Asymp. Sig.

Expected Normal Value

Grouping Variable: LPT_92
4

3

2

1

.086
0

Grouping Variable: LPT_205

-1
0

Chi-Square

2

4

6

Observed Value

Table 10. Kruskal Wallis Test

Graph 2. Normal Q-Q plot of resistance.

Resistance
2.864

df

1

Asymp. Sig.

.091
Grouping Variable: Com.DArT10

Table 11. Kruskal Wallis Test
Chi-Square

Resistance
5.378

df

3

Asymp. Sig.

.146
Grouping Variable LPT_205 and
Com.DArT-10
Table 12. Kruskal Wallis Test
Resistance
Chi-Square
4.700
df
3
Asymp. Sig.
0.195
Grouping Variable: LPT_92 and
Com.DArT-10
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Table 13. Independent Samples Test for LPT_92
Levene's
Test for
Equality of
Variances

Resistance

Equal
variances
assumed
Equal
variances
not
assumed

t-test for Equality of Means

df

Equal
variances
assumed
Equal
variances
not
assumed

Equal
variances
assumed
Equal
variances
not
assumed

Mean
Difference

Std. Error
Difference

Upper

Lower

Sig.

t

10.415

.002

2.329

47

.024

.88971

.38209

.12104

1.65837

2.037

23.077

.053

.88971

.43667

.01344

1.79285

t-test for Equality of Means

df

95% Confidence
Interval of the
Difference

Sig.
(2tailed)

Mean
Difference

Std. Error
Difference

F

Sig.

t

.080

.778

2.096

47

.042

.79857

2.057

33.672

.047

.79857

Table 15. Independent Samples Test for Com.DArT-10
Levene's
Test for
Equality of
Variances

Resistance

Sig.
(2tailed)

F

Table 14. Independent Samples Test for LPT_205
Levene's
Test for
Equality of
Variances

Resistance

95% Confidence
Interval of the
Difference

df

Upper

Lower

.38103

.03204

1.56509

.38819

.00939

1.58774

t-test for Equality of Means
95% Confidence
Interval of the
Difference

Sig.
(2tailed)

Mean
Difference

Std. Error
Difference

F

Sig.

t

.202

.656

1.353

46

.183

.52643

1.346

40.295

.186

.52643

Upper

Lower

.38911

.25682

1.30967

.39117

.26398

1.31684

Table 16. ANOVA of LPT_205 and Com.DArT-10
Sum of
Squares
10.084

3

Mean Square
3.361

Within Groups

74.406

44

1.691

Total

84.490

47

Between Groups

df

F
1.988

Sig.
.130
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Table 17. Multiple Comparisons of LPT_205 and Com.DArT-10

(I)
LPT_205_Com.DArT_10
.00

1.00

2.00

3.00

95% Confidence
Interval

(J)
LPT_205_Com.DArT_10
1.00
2.00

Mean
Difference
(I-J)
.06667
.46389

Std.
Error
.60872
.56940

Sig.
.913
.420

Upper
Bound
-1.1593
-.6829

Lower
Bound
1.2927
1.6107

3.00

1.06433(*)

.52252

.048

.0119

2.1167

.00

-.06667

.60872

.913

-1.2927

1.1593

2.00
3.00
.00

.39722
.99766
-.46389

.56940
.52252
.56940

.489
.063
.420

-.7496
-.0547
-1.6107

1.5441
2.0501
.6829

1.00

-.39722

.56940

.489

-1.5441

.7496

3.00

.60044
1.06433(*)
-.99766
-.60044

.47614

.214

-.3586

1.5594

.52252

.048

-2.1167

-.0119

.52252
.47614

.063
.214

-2.0501
-1.5594

.0547
.3586

.00
1.00
2.00

* The mean difference is significant at the .05 level.
Table 18. ANOVA of LPT_92 and Com.DArT-10
Sum of
Squares
Between Groups

df

Mean Square

7.189

1

7.189

Within Groups

77.301

46

1.680

Total

84.490

47

F

Sig.

4.278

.044

Table 19. Multiple Comparisons of LPT_92 and Com.DArT-10

(I)
LPT_92_Com.DArT_10
.00

1.00

2.00

3.00

95% Confidence
Interval

(J)
LPT_92_Com.DArT_10
1.00
2.00

Mean
Difference
(I-J)
.35833
.83333

Std.
Error
.62590
.56799

Sig.
.570
.149

3.00

Upper
Bound
-.9023
-.3107

Lower
Bound
1.6190
1.9773

1.19333(*)

.51702

.026

.1520

2.2347

.00

-.35833

.62590

.570

-1.6190

.9023

2.00
3.00
.00

.47500
.83500
-.83333

.58793
.53885
.56799

.423
.128
.149

-.7092
-.2503
-1.9773

1.6592
1.9203
.3107

1.00

-.47500

.58793

.423

-1.6592

.7092

3.00

.36000
1.19333(*)
-.83500
-.36000

.47034

.448

-.5873

1.3073

.51702

.026

-2.2347

-.1520

.53885
.47034

.128
.448

-1.9203
-1.3073

.2503
.5873

.00
1.00
2.00

* The mean difference is significant at the .05 level.

53

XV. Running a Li-Cor gel
•
•
•
•
•
•
•
•

•
•
•
•
•
•
•
•
•

•
•

•

Lay A3 papers on the table.
Clean the glass plates from the inside with MilliQ water and afterwards with Ethanol.
Lay plastic strips on the sides of the glass plate and put them together, fix them with
plastic clams.
Put an plastic mould on top and screw everything together.
Make the gel solution and pour the media between the glass plates (make sure the
plates lay in an angle with the table).
Lay the plates back on the table without the angle.
Place the cam for making the sluts and wait one hour for the gel to solidify.
Remove the plastic mould under the tap and clean everything, be sure the sluts for
loading your gel is clean (check by holding the gel under an angle and see if the
water goes out of the slut smoothly).
Dry the glass plates
Clean the outside of the plates with ethanol.
Put the gel into the holder and put the cam into the gel (very gently and only a tenth
of a mm inside the gel).
Put the container onto the plates (make sure the rubber is in the gutter).
Open machine and put your gel into it.
Dilute the buffer 10 times and fill the containers.
Close the machine
Open Eseq on the computer
Open new project:
o Password: westburg
o Start pre-run (takes about 15 minutes)
After the pre-run clean the sluts of the cam with a syringe, no air bubbles should be
removed.
In the mean time denature sample by placing it at 95 degrees Celsius for about 1
minute.
Load 0.7 µl of your sample.
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