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to stay out till sundown, for going out, I found, was 
really going in.”

John Muir



General introduction

[Adapted from Wijnen and Keurentjes. Curr Opin Plant Biol. 18: 103-109. 2014.]

Chapter 1
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1
One of the striking observations in the plant kingdom is the vast amount of standing 

1). 
Initially, human cultures of gatherers searched among these plants for those with 

years ago people took notion of the heredity of these evolutionary shaped traits 
and started to exploit this phenotypic diversity as farmers to improve their crops. 
Since then, without much notion of the genetic mechanisms, crop varieties changed 
gradually towards accommodating the needs of human society by domestication. 

to elucidate the genetic regulation of biological processes and the evolutionary 
forces driving selection (2). For each of these purposes it is pivotal to identify 

mapping resources in which genetic variation between parental lines segregates in 

are referred to as having respectively  a complex or simple genetic architecture. The 

populations, but the creation is not easy as will become clear later.   

populations in Arabidopsis thaliana based to a large extent on segregating 

that less resolution would lead to more power, and this could be used to identify 

of recent developments that caused a renewed interest in more simple population 

that provide insight in the use of such simple populations for genetic mapping.
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Recombination creates new genotypes

In genetic mapping the intent is to look for associations between the manifestation 
3). The segregation of alleles 

from meiotic recombination. Meiosis is the process in which a somatic cell halves its 

gametes. While meiosis proceeds along a strictly regulated process divided into 

meiotic recombination (4).

Meiotic recombination results in the redistribution of the parental genetic 
information over reproductive cells. Recombination is generally divided into two 

crossovers, stretches of DNA are exchanged between non-sister chromatids creating 
new allele combinations within a chromosome. In Arabidopsis thaliana about one to 

length of a chromosome (5). Crossover recombination thus creates new non-allelic 
combinations that could contribute to new phenotypic variation. 

In eukaryote genomes, containing multiple independent chromosomes, crossover 
recombination has a second essential function in ensuring that homologous 
chromosomes become physically attached for proper disjunction (4). Because of this 

segregate to opposite poles independently of other pairs. Since not all homologs of 
the same founder genotype are directed to the same pole but segregate randomly, 
this is the second process that generates new allelic combinations in the resulting 

to give rise to haploid spores. While haploid gametes of homozygous genotypes 

gametes of heterozygotes represent a mosaic of the two parental genomes due 
to the independent assortment of, and recombination between homologous 
chromosomes.

Linking genotype to phenotype

1 hybrid (the result of 

combination of the two founder lines. When such gametes are used to produce a 
segregating mapping population, phenotypic variation between individuals can be 
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1 only allows the genetic study of variation in properties of the parental lines, but 

genotype at single or multiple loci together (6).

corresponding phenotypic value of a particular trait is obtained. Association between 
phenotypic value and genomic region not only depends on precise measurement 
and estimation of phenotypic values for individual genotypes, but also on the 

3). 
Indeed, it is not unusual to obtain mapping populations of hundreds to thousands 

(7-9
value between genotypes, statistical methods are used. Essentially, mapping is the 

(Fig. 1). 

From a single marker to high-density maps

The use of multiple markers and large populations of segregating lines has enabled 
the construction of linkage maps (10), that are crucial when associating genomic 

recombination, on average, takes place between markers on a chromosome. Genetic 
linkage maps are extremely useful if no genomic information of physical marker 
positions are available, as was the case in the early days of genetic mapping in model 
species and nowadays still is for many  crops and wild species.

A strong association of a marker, even without any positional information, with trait 

selection (MAS) purposes (3
the last decade have aided in increasing the total number of markers that can be 
analysed, creating high-density maps that approximate gene density resolution. 

nucleotide polymorphisms (SNPs), which is extremely helpful for the fundamental 
understanding of gene function (11). 



11

GENERAL INTRODUCTION

1analyses were performed with a Students t-tests (for two genotypic classes at a single 

3). 

alleles (0, 1 or 2). 

FIGURE 1 | A schematic overview of QTL mapping.

statistical analysis. In the left panel a single homozygous chromosome is shown for genotypically different 
individuals, the colours indicate a different parental origin of genomic regions. Next to each genotype, 

classifying each individual based on a marker’s genotype (green box) on the right panel, a statistical 
analysis tests for association between the observed phenotypic variation and genotypic variation at this 
locus, The test statistic for the association is represented by the profile plot on the top.



CHAPTER 1

12

1
Such a regression approach is also used in simple interval mapping (SIM), although 
here additional hypothetical marker genotypes are calculated for positions in between 

between the observed markers and the positions of the hypothetical markers (12). 

of the phenotype on the expected number of A alleles (between 0 and 2). 

This approach was further developed into composite interval mapping (CIM), 

phenotypic variation (13). 

Different genetic mapping resources for detection of QTLs

disease variant detection, in plant breeding it is towards crop improvement, while 
in model systems like Arabidopsis the elucidation of more fundamental processes 
are of additional interest. As mentioned, the capacity to genotype individuals on a 
genome-wide scale in addition to modern ways of accurate phenotyping has been 
crucial in genetic screens. The impracticalities of genotyping protocols and the 

replication and hence statistical power led to high costs for genetic screens. 

However, during the past decades multiple types of genetic resources have been 
developed, driven by technological advancements, and used to elucidate the genotype-
phenotype relationship (14). These resources can be as diverse as collections of wild 
germplasm (15), experimentally derived populations (16), e.g. through crossing and 

genotypes (17). Mapping resources constructed from crosses between inbred 
parents consisted initially of F2 populations and backcross (BC) progeny. However, 
such (partially) heterogeneous genotypes segregate in future generations. With the 

individual in each generation and it thus can be used only in a single experiment. 
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To circumvent this, many current mapping populations consist of homozygous lines 

changing the genetic make-up, creating so called immortal genotypes (10, 18). This 

experiments or environments. Additionally, in such homozygous populations there 

heterozygous genotypes to make genetic analysis more straightforward. 

To achieve complete homozygosity, however, typically eight to ten generations of 
inbreeding are necessary which has severely hampered the  development of 

populations such as near isogenic lines (NILs) and recombinant inbred lines (RILs) have 
so far been created in Arabidopsis (19-21), mainly because of the time investments 
needed. Therefore, many genetic studies have been performed on the same genetic 
resources, which has restricted the full use of the natural diversity present within the 
species. In Chapter 2 a novel mapping resource is described that in part responds 
to the need of including additional allelic variation within genetic populations of 
Arabidopsis.

Innovations in population types and mapping approaches 

technology. This has inspired the use of larger heterozygous populations, such as 
F2 populations, but also allowed the assembly of large panels of wild accessions for 
genome wide association studies (GWAS). In GWAS, exploiting panels of hundreds 
to thousands of wild accessions, a much wider genetic and assumingly phenotypic 
diversity of the species is investigated. Making use of the large number of 
recombination events that have historically shaped the genotype of each accession, 
such GWAS panels permit mapping with a resolution that approximates genome-
wide coverage of genes by SNPs (22). With this impulse of large-scale genotyping 

impossible to answer using conventional approaches (15, 23, 24). 

from several drawbacks. The large population sizes, for example, hamper large-scale 

independent segregation of many contributing loci and the presence of multiple 
alleles per locus increases complexity and reduces mapping power accordingly (25).
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1
To combine the main advantages of GWAS (more allelic variation and higher 

high repeatability of genotype observations), attempts have been made to integrate 
both approaches (26
hence, the mapping resolution in experimental populations, multiple rounds of 
intermating can be applied before inbreeding to create advanced intercross RILs (27, 
28). In addition, incorporating multiple parents in the crossing design will elevate the 
allelic diversity in the population. Such multi-parental populations instantaneously 

intercrossing: F1, F2 and later generations are crossed to combine multiple founder 
genomes in a single progeny individual (16, 29). 

Currently two of such multi-parental populations are available for Arabidopsis, viz. 
the multiparent advanced generation inter-cross (MAGIC) (16) and the Arabidopsis 
multiparent RIL (AMPRIL) population (29). Although these populations alleviate some 

Multi-parental populations are useful, but it can also be argued that the complexity 
of such populations is needlessly elevated and actually the disadvantages of GWAS 
and biparental populations are combined. In this thesis the opposite is attempted. By 

Generation of homozygous genotypes using doubled haploids

Although homozygous populations have certain advantages over heterozygous 

populations is usually a problem. This can be circumvented by the production of 
homozygous lines directly from haploid gametes of an F1 hybrid. The generation of 
haploid plants and thereafter doubled haploids (DHs) is the preferred method for 

as barley, maize and wheat (30). 

Basically, a DH is produced after spontaneous chromosome doubling of a haploid, 
creating instantaneously a homozygous genotype (for a diploid species). DHs can 
be obtained through maternal (gynogenesis) or paternal (androgenesis) gametes 

treatments, or embryogenesis (31). A DH population with largely similar features 
as a RIL population can be developed  (DHs have lower resolution due to the single 
meiotic recombination) in no more than three generations, instead of eight. 
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Arabidopsis thaliana has been a versatile model species for the mapping of 

32). The short generation 
times, high number of seed set, wide distribution range, capacity of outcrossing 
and tolerance to inbreeding has made it the species of choice for the development 
of many genetic mapping resources (33). Nonetheless, the species has remained 
recalcitrant to the development of several highly desired technologies. Notably, 
even though DHs can be produced in close relatives of Arabidopsis in the 
spp, haploid formation was unsuccessful until the development of a haploid inducer 
line (31, 34, 35).

Genome elimination for doubled haploid production in Arabidopsis 

chromosomes from a zygote after hybridization. While this phenomenon was 
36-39), the causal process inducing 

this usually randomly occurring event has been unknown for years. However, 

CENTROMERIC HISTONE H3/HISTONE H3-LIKE CENTROMERIC PROTEIN 12 (40, 41).

In their seminal paper of 2010, Ravi and Chan complemented such a  
mutant with a construct in which the histone tail of the CENH3/HTR12 was replaced 
by a GFP-tagged tail of histone 3 (H3), creating the so-called GFP-tailswap line. The 
complemented mutant GFP-tailswap is viable and sets seeds. When outcrossing 
GFP-tailswap with a wild-type line, initially a normal zygote is formed but during 

GFP-tailswap 
parent is lost due to defective spindle attachment (Fig. 2) (42
to a haploid zygotic genome derived from only the wild-type parent gamete. 
Although the haploid plants are largely sterile (no homologs can pair and thus no 
stable bivalents can be formed), incidental somatic doubling or the formation of 2n 
gametes can give rise to homozygous DHs. 

This GFP-tailswap or transgenic haploid inducer has greatly expanded the 
possibilities for development of new genetic resources in Arabidopsis (43). For 
instance it has been used for synthetic apomixes (44), and for other applications 
in genetics studies (45). Also the easy generation of DH populations has become 
feasible with the use of the GFP-tailswap. When the GFP-tailswap is fertilised 
with the pollen of an heterozygous F1 plant all the haploid seeds formed contain 

since the publication of the haploid inducer several years ago, only three DH 
populations have been reported for Arabidopsis (46-48
population was valuable in showing the potential of DHs as Arabidopsis genetic 
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1
mapping resources (47), it was especially the second DH population that showed 
the innovative possibilities of the DH methodology in Arabidopsis by combining it 
with complete suppression of crossover recombination (46). In the next section, it 
is explained how this was achieved and why this was important.

FIGURE 2 | Comparison of the different uses for the GFP-tailswap line as discussed in this thesis. In 
a standard wild-type backcross between an F1
in the zygote leads to diploid offspring with recombined and non-recombinant chromosomes (left panel). 
For haploid production a wild-type F1 is crossed with the GFP-tailswap line (middle panel). Due to the GFP-
tailswap (depicted by green fluorescent tags at the centromeres) the GFP-tailswap line chromosomes are 
lost during the first couple of mitotic divisions of the zygote, resulting in haploid recombinant progeny. 
In reverse breeding (right panel), an F1 transformed with a dominant negative RNAi::DMC1 construct is 
used instead of a wild-type F1 during haploid production (represented by the orange star), this results in 
non-crossover haploid offspring. Note that the resulting offspring always contains the cytoplasm of the 
maternal GFP-tailswap. 
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Genome elimination and suppression of crossovers allow “Reverse Breeding”

In a proof-of-principle study Wijnker et al. (46) provided practical evidence for the 
concept of reverse breeding (49). Instead of creating the hybrid from parental lines, 
in reverse breeding parental lines can be obtained from an hybrid. This is achieved 
by suppression of crossover recombination in the hybrid genotype to produce DHs 
that encompass only non-crossover chromosomes. 

By use of a transgenic dominant negative RNAi construct targeting DISRUPTED 
(DMC1

interactions during meiosis) meiotic recombination is altered such that crossover 
recombination does no longer take place (Fig. 2). This leads to the random 

segregation of chromatids at meiosis II. Although crossover recombination has been 
abolished, random segregation of the founder chromosomes still occurs. Therefore, 
when executed in an F1

of the chromosomes derived from the parents of the initial hybrid. These gametes 
GFP-tailswap (50). The 

diploid lines. 

creating (semi-)sterile plants since homolog pairing is skipped and proper disjunction 
of the chromosomes relies on chance events. Additionally when the GFP-tailswap is 

GFP-
tailswap genotype, excluding a potential source of variation between the haploids. 

multiple intact chromosome(s) from one founder parent, while all other chromosomes 
descent from a second parent. Therefore, the more common name to refer to such 

or even consomic strains in non-plant species). Such genotypes can form perfect 
complementary genotypes that can serve as parental lines to recreate the F1 hybrid 
genotype, as was shown for reverse breeding.

The strategy of reverse breeding is elaborated in Chapter 5 by providing a more 

recombination instead of complete absence. Besides the development of reverse 
breeding, the generation of DH resources derived from the GFP-tailswap line has 
opened new trajectories for the study of natural variation in Arabidopsis, and a 
number of these possibilities are pursued within this thesis.
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The formation of non-crossover chromatids

F1

as produced by reverse breeding, have themselves been considered as a potentially 
powerful mapping resource. It is possible to generate such genotypes also through 
classical genetic approaches, due to the occasional occurrence of a non-crossover 

development of completely non-recombinant lines (51). 

Even though crossover recombination is considered to be essential for proper pairing 
and segregation of the homologous chromosomes during meiosis, it is possible to 
obtain genotypes containing non-crossover chromosomes in standard populations. 
This is because a single crossover in a homologous chromosome pair is enough 
to ensure proper segregation of the homologs, and in that case only two of the 
four chromatids actually recombine (4). The other two non-crossover chromatids 
segregate normally in the resulting gametes after meiosis II. 

However, the chance that a single gamete contains only non-crossover chromatids 
rapidly becomes smaller with increasing numbers of chromosomes. Additionally, since 
the occurrence of non-crossover chromatids is strongly linked with chromosome 
size (among other factors), non-crossover chromatids of large chromosomes are less 
likely to occur than those of smaller chromosomes. Still, completely non-recombinant 

which one selects for non-crossover chromosomes (52). 

Chromosome substitution lines as a foundation for genetic mapping

Attempts to obtain CSLs through traditional backcrossing were previously also made 
in Arabidopsis, although this has never led to the generation of more than a few CSLs 
(52) due to the restrictions mentioned above. However in other species larger CSL 
panels have been successfully constructed, even though still limited to CSLs with a 
single chromosome substitution (sCSLs) (53-56). 

The initial idea of CSLs as a genetic resource should be credited to Sears, who already 
created an entire panel of monosomic wheat genotypes in 1954 (57). In this panel 
each monosomic line missed one chromosome of either of the three genomes of 
wheat. In the same publication Sears coined the idea to intercross and continuesly 

panels derived from intervarietal crosses using these wheat monosomic genotypes 
followed shortly thereafter in 1957 (55). 
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These sCSL panels have thereafter been broadly applied to identify chromosomal 

instrumental in identifying the causal genes for seed size, vernalization and frost 
tolerance (58, 59). In the late nineties the experimental analyses of CSLs in wheat 
diminished due to the emerging possibility of constructing new mapping resources 
with the advent of DNA markers. Also using DNA markers, it became apparent that 

experiments (60). 

Almost at the same time as in wheat, CSLs were developed in Drosophila melanogaster 
(56), and later CSLs were mentioned as possible mapping resource in other species as 
well (51, 61). However, the production of CSLs remained problematic due to the long 

occurrence, causing the panels to consist of only either a few sCSLs or a set of sCSLs 
in a single genetic background (unless stated otherwise background refers to the 
genetic composition of the remainder of the nuclear genotype). With the aid of new 
genotyping technology, the drawbacks of creating CSLs were overcome and during 

model species like mice, rat, and Arabidopsis (52-54). 

Analysis of genetic effects in chromosome substitution lines

By partitioning the genome of CSLs into clearly delineated building blocks, the 

chromosomes can be discretely and accurately estimated (51). Especially the sCSL 
panels developed in rodents have been used extensively during the last two decades, 

(62-64
background similar to typical introgression lines and mutant lines (substitution/
introgression/mutant versus reference). 

When multiple substitution or introgressions are present in homozygous genotypes 

AABB; AAbb; aaBB; 
aabb Fig. 3). In a comparison with other types of mapping resources the sCSL panels 
were shown to be especially superior in detecting such genetic interactions, i.e. 
epistasis (62). 
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65) for the phenomenon 

of a departure from the expected Mendelian phenotypic segregation ratio of 9:3:3:1 in 
the F2 AABB x aabb A B

independent assortment of the involved genes, leading to the masking of a phenotype 
for a genotypic class (66).

Fig. 3

describes the relationship between predictive factors (i.e. genetic loci) (67). 

In the simplest case of a haploid (or homozygous diploid) genetic model this is 
symbolised as y = a1 + a2 + i12 + e, where y is the observed phenotype, a is the individual 

i is the interaction between a1 and 
a2 (this term is excluded in the additive model) and e contains all the error of the model. 

of single loci must therefore be due to genetic interactions between loci, i.e. epistasis.

1 1.65 2.3 1 1.75 2.3
2 2.75 3.5 1.7 2.35 3.2

2 2.75 3.5

AB aB AB aB AB aB

Ab ab Ab ab Ab ab
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FIGURE 3 | A variety of different genetic models for a two locus model. In all figures the x-axis shows 
the locus 1 genotypes, and the y-axis the phenotypic value. For each locus position it is possible to have 

A a
AA and aa. Considering 

two loci, four possible genetic combinations can be present. Each panel represents a different two locus 
model, with the genotypes shown in the bottom diagram. The panels show from left to right an additive 
effect, quantitative epistasis qualitative 
epistasis

sign) epistasis the effect of an allele in one background is cancelled out in another background. Here it 
is plausible that both loci remain undetected as significant loci since the average effect of each separate 
allele usually does not differ.
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Complete chromosome substitution panels 

During the last couple of years, reports on CSLs in mice with multiple chromosome 
substitutions have shown the value of locating the genetic factors explaining 
epistatic interactions on a chromosomal level and have hinted at the opportunities 
of a complete set of CSLs (68, 69). 

As of yet no complete panel of all possible single and multiple chromosome 
substitution lines that would allow to interrogate all possible combinations of pairs 

lack thereof is mainly attributed to the basic chromosome number of most species. 
The formula g = xn

CSL genotypes g, where x
the panel and n the basic haploid chromosome number of the subjected species. 

CSL panel for two founder genotypes, containing all possible combinations of the 
chromosomes consists of 25 = 32 CSLs. This implies that the number of possible 
genotypes in such a population is limited, unlike in any other genetic resource. 

intercrossing CSLs (51, 57, 70
of a biparental cross might thus serve as an ideal starting point for the mapping of 
complex traits, even though the resolution is restricted to complete chromosomes. 
In Chapter 3
presented.

CSL panels containing all possible genotypes can be considered more similar to 
other typical homozygous segregating populations, such as RILs and DHs, where 
multiple loci segregate simultaneously in the genetic background. A major drawback 

to identify (3

analyses can be performed using a regression model where the parental (founder) 
origin of each chromosome is included as a single explanatory variable (51). In a 
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1
a i). In 

contrast to standard biparental populations, with a complete CSL panel all possible 

resolution of whole chromosomes, including the interactions (epistasis), ensuring 

Additional considerations for chromosome substitution lines

populations as other homozygous populations do in terms of immortality of 
the population. However, because of the small population size of a CSL panel in 
Arabidopsis, genotype replication can be performed to a higher degree than usual, 

3). 

Homozygosity of the genotypes allows not only replication in a single experiment, but 

71). Designated statistical 

a complete CSL panel, these can easily be used in multiple experiments with high 
replicate numbers within experiments.

together determine the observed phenotype (51). Although this seems like a major 
drawback, conventional segregating populations also initially often do not provide 

to smaller genomic regions (3

72). 
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which allows selection of the CSLs that show the largest phenotypic contrast that can 
serve as the parents for a segregating population. Using this approach, NILs can be 

not only a valuable complement to the array of current mapping resources in a high-
throughput-genotyping era, but also provide tools for further investigations.

OUTLINE OF THIS THESIS

First, in Chapter 2 the development of a typical doubled haploid population from a 

described. It is shown that with the use of the GFP-tailswap haploid inducer line the 
production of immortal doubled haploids from representatives of the winter annuals, 
a group of accessions that has been mainly excluded in most biparental mapping 
populations due to their long generation time, is shortened to only three generations. 

traits hidden in these accessions. Additionally, since the production of doubled 

Chapter 3
substitution lines (CSLs) for any organism. This genetic resource makes the study of 
complex genetic traits as comprehensible as possible. In the CSL only 5 loci (i.e. whole 
chromosomes) segregate, making this the mapping population with the simplest 
possible genetic architecture. Additionally a set of near-isogenic doubled haploid 
lines that segregate for only a single chromosome were developed to complement 
the low resolution of the original CSL panel. Using these resources, it is illustrated that 
a complete CSL panel can be a remarkably powerful genetic resource to detect not 

in a systematic and unbiased way.

Where in Chapter 3
Chapter 4 describes how such a CSL panel can be used in 

plethora of protein intensities this approach also allows a more generalized estimate 
of the contribution of epistasis to genetic variance.
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Chapter 5
hybrids by exploring a new way to execute reverse breeding, which previously used 
a RNAi transgene to suppress meiotic crossover recombination. First, it is shown how 
crossover recombination can be strongly, and transiently reduced by the use of virus-
induced gene silencing (VIGS). This means that gametes without CO recombination 
can be much easier obtained from F1 hybrids. Second, the transient down-regulation 
of MUT S HOMOLOGUE 5 (MSH5) instead of DMC1 leads to the production of low-

increases the proportion of viable gametes produced by the hybrid, but also allows 

Finally, Chapter 6

with the populations presented here. Additionally, compelling evidence is presented 
to the breeding community that this approach is a valuable asset for future genetic 
mapping purposes. 
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ABSTRACT

phenotypic responses following polyploidization, but such ploidy-

in Arabidopsis allows for the rapid development of large segregating 

self-fertilised to give rise to homozygous doubled haploids, the same 
plants can be phenotyped at both haploid and diploid ploidy levels. We 

phenotypic measurements of the monoploids are included in a combined 

ploidy levels in multiple traits. Taken together, we provide evidence that 

to the vernalization insensitive gene VIN3. VIN3 mediates the initial 
transcriptional repression of the homeotic gene FLC
after cold treatment. 
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INTRODUCTION

Arabidopsis thaliana. Nonetheless, the impact of ploidy 

tolerance, and relative growth rate (1-3
used naturally occurring autotetraploids such as Warschau (Wa-1) (4, 5
induced tetraploid accessions (6), which were compared to their diploid and triploid 
counterparts (3, 4). While a biparental mapping population was developed using 
Wa-1 as one of the parental genotypes, it was only later discovered that this genotype 
was tetraploid and that the inbred lines were derived from triploids (4, 7). Therefore, 
in this population the ploidy level segregated and many of the genotypes are not 

1, 4). Notwithstanding 

Arabidopsis.

Monoploids (individuals consisting of somatic cells containing only the basic number 
of chromosomes) are usually not taken into account in studies that investigate 

8), yeast (9), potato 
(10) and Chinese cabbage (11) in which ploidy series including monoploids were 
compared. These studies focus on transcriptional changes induced by ploidy in 
only a single or a few genotypes. For instance, Stupar et al.Stupar, Bhaskar, Yandell, 
Rensink, Hart, Ouyang, Veilleux, Busse, Erhardt, Buell and Jiang (10) demonstrated 

between monoploids and diploids or tetraploids, suggesting large developmental 

generation of haploid lines from diploid individuals (12). The generation of haploids 

between a haploid inducer with a wild type diploid. Diploid Arabidopsis somatic 
cells contain 2n = 2x = 10 chromosomes. Here, haploids that are generated with 

monoploids. These monoploids are mostly sterile and cannot be maintained as 
such. The haploid plants do however set seed and give rise to homozygous doubled 
haploids (DHs) because of either somatic doubling of cell lines in the haploid plants 
or the incidental non-disjunction of all homologs at meiosis I. While the maternally 
derived seed coat contains the maternal ploidy level, the embryo and endosperm (2n 
= 2x  and n = 3x,
from mono- or diploids. Doubled haploids thus contain a doubled genome, and 
consist again of diploid somatic cells containing 2n = 2x = 10 chromosomes.
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When the haploid inducer is crossed with an F1 hybrid of two distinct accessions, the 
recombinant gametes of the hybrid are the sole source of the resulting monoploid 

genome is immortalized in homozygous diploids. The production of such a diploid 
mapping population using genome elimination thus has the advantage that initially 
large amounts of segregating monoploids are produced, which except for the ploidy 
level are genetically identical to the DH obtained in the next generation (13, 14). These 
monoploids may provide a useful resource for genetic mapping and allow assessment 

The generation of DH mapping populations has an advantage over the more 
commonly used Recombinant Inbred Lines (RILs). RILs are generated though repeated 
self-fertilization of an F1 individual by single seed descent, to give rise to homozygous 
populations after eight-to-ten generations of inbreeding. This contrasts to DHs for 
which homozygous diploid populations from an F1 can be obtained in only three 
generations (13, 15, 16). This fast development advantage of DH populations allows 

whereas for most existing experimental biparental mapping populations either one 
or two summer annual parental accessions are used, which shorten the generation 

16-20).

while winter annuals germinate in autumn, survive winter as a rosette and usually 

be severely shortened in an experimental setting by vernalization. Until a decade ago, 
homozygous mapping resources often involved common laboratory strains such 
as Columbia (Col-0), Landsberg  (Ler) or Cape Verde Islands (CVI), all summer 
annual accessions (16-18). The last ten years several additional resources have become 
available, including more accessions to represent the global diversity of the species, 

18-20). 

Although the haploid-inducer approach eliminates the need for a lengthy inbreeding 
process to obtain homozygous lines, the only three DH populations reported for 

13, 21, 22). However, 
the short time needed to produce DH populations through genome elimination 

Arabidopsis.  
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(Kävlinge, Sweden) and Ge-0 (Geneva, Switzerland). These accessions display large 

time of the diploid generation with and without vernalization. We demonstrate 

the possibility of detecting genotype-by-ploidy (GxP) interactions by performing a 

the two ploidy levels, and reveal genotype-by-ploidy interactions based on the 

level. Taken together, this study advocates the use of both the mono- and diploid 

remained undetected otherwise.

RESULTS

Development and phenotyping of a mono- and its derived diploid mapping 
population

T540 and Ge-0 (Fig. 1
crossed to produce an F1

a haploid inducer line GFP-tailswap (12), from which approximately 250 seeds were 

transferred to Rockwool and grown for three weeks under long day conditions in a 
climate controlled growth chamber. After visual inspection, 210 potentially haploid 
plants were transferred to a cold room for eight weeks vernalization under short-day 
conditions. Once vernalized, plants were transferred to a greenhouse under long 

the end of the growth period non-destructive phenotypes were measured, i.e. main 
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allowing the monoploids to produce doubled haploid seeds. These seeds formed the 

were also analysed for average seed size.

In a second experiment the 210 potential DH lines were grown in a climate chamber 
under similar conditions as described for the monoploids. Ten replicates of each line 
of the diploid population were grown in a completely randomised design. After three 

and vernalized for eight weeks at 4 °C. These plants were thereafter transferred back 

and for the same traits as the monoploids were phenotyped for. Assuming all replicate 
plants were isogenic, one plant of each genotype was selected for genotyping, which 
was successful for 195 lines. After data analysis of genotypes and phenotypes, 171 
genotypes, for which phenotypic data at both ploidy levels could be obtained, were 
selected. The phenotypic data of these lines were used for all further analyses. The 
genotype data of these lines were used for the construction of a genetic map and the 

FIGURE 1 | The crossing scheme for development of the different populations. Each parental 

chromosomes, while the box indicates the respective genotype of the cytoplasm. The haploid is a line of a 
Col-0 genotypic background (red). Note that the haploids (monoploids) and doubled haploids (diploids) 
retain the cytoplasm of the haploid inducer line, while the F2 population retains the cytoplasm of the 
original F1.
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2 
population of 71 lines derived from the same T540 x Ge-0 F1 hybrid was generated 
and grown simultaneously with the doubled haploids in the second experiment. 
These F2 

time. Moreover, this small F2 set was genotyped with 123 markers and their linkage 

occurred during the DH development (Material and methods & Fig. S1 & S2). 
With the exception of a slight genotype distortion at the top of chromosome 1 in 

2 and the 
DH population. Importantly, the genetic maps generated from the two populations 
displayed an almost identical marker order, consistent with the known physical 
position of markers. 

Detection of vernalization specific flowering time QTLs 

23, 24), 

(17-20, 25). Here we have the opportunity to compare and map natural variation in 

F2 population. 

for Ge-0 (Table 1
19.1 and 14.2 days after transfer (DAT) from the cold, respectively. For the small 
F2 population, which was only measured under vernalized conditions, a similar 
population average phenotype was obtained as for the DH population (Table 1). The 

populations with a minor transgression in both conditions. Without vernalization, the 

vernalized and non-vernalized plants was positive but far from absolute (R2 = 0.39). 
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TABLE 1 | Summary statistics for flowering time in the different populations. Note that the doubled 
haploid (DH) population is referred to as diploid. F1 and F2 flowering times were not determined in non-

Trait Genotype Mean (n) s.d. Min Max Cv (%)
FTv Ge-0 14.2 (29) 1.17 13 17 8.2
 T540 19.1 (22) 1.50 15 22 7.8
 F1 17.1 (18) 0.80 16 18 4.7
 F2 15.3 (63) 1.29 13 18 8.4
 Diploid (DH) 15.9 (171) 1.57 12 22 9.8
FTnv Ge-0 86.5 (8) 16.27 64 107 18.8
 T540 101.8 (4) 14.08 89 121 13.8
 Diploid (DH) 88.4 (163) 12.09 63 123 13.7

conditions allowed a multi-environment composite interval mapping (CIM) where 
2 population was 

population (Table 2

Table 2). 

size of 0.65 when the plants were vernalized while this was only 0.19 in the non-
2 population. The 

on the middle and bottom of chromosome 1, bottom of chromosome 2 and top of 
chromosome 3 (Table 2). 
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Detection of ploidy-related phenotypic differences

a population, the measurements of various morphological traits in the mono- and 
diploid generation were compared (Fig. 2 and Table 3). Monoploids were on average 

Fig. 2A, 
Fig. S3 & Table 3
the monoploids grew taller than the tallest diploid, which measured 61 cm.

When comparing the monoploids to the diploids a larger average number of 
branches sprouting from the rosette was observed in the monoploids and like 
for main stem length, the monoploids displayed more variation,(Fig. 2B; Table 
3
in monoploids (95.8%) than in diploids (34.9%). Moreover, a maximum of only 
three rosette branches was observed in diploids, while monoploids developed on 
average seven branches from the rosette, with an exceptional maximum of twenty-
three branches. In contrast to variation in main stem length and branching from

TABLE 3 | Summary statistics for phenotypes measured in both the mono- and diploid generation. Note 

Cv, coefficient of variation.

Trait Population Mean (n) s.d. Min Max Cv (%)
MSL Ge-0 46.6 (22) 5.4 35.5 55.5 11.5
 T540 44.8 (16) 4.8 36.5 53 10.8
 F1 52.9 (17) 3.9 45 62 7.4
 Monoploid 65.1 (168) 9.5 36 97 14.6
 Diploid (DH) 46.5 (169) 4.8 32 61 10.4
BFR Ge-0 0.7 (27) 1.3 0 4 177.9
 T540 1.7 (20) 1.9 0 6 116.8
 F1 0.7 (13) 1.4 0 4 199.0
 Monoploid 7.4 (165) 4.6 0 23 62.0
 Diploid (DH) 0.4 (169) 0.6 0 3 150.5
BFS Ge-0 10.3 (28) 1.4 7 13 13.5
 T540 9.1 (20) 1.3 7 11 14.7
 F1 11.2 (18) 0.7 10 12 6.5
 Monoploid 10.1 (165) 2.4 1 16 23.7
 Diploid (DH) 10.1 (171) 1.1 7 12 10.7
SA Monoploid 0.088 (157) 0.008 0.070 0.107 8.5
 Diploid (DH) 0.085 (164) 0.007 0.063 0.110 8.3
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rosette, the variation in branching from the stem spread around almost identical 
mean values at both ploidy levels, although a larger transgression was observed in 
the monoploids as compared to the diploids (Fig. 2C
phenotypic variation between the number of branches from the rosette and from 
the stem, a moderate positive correlation (R2 Fig. 3) could be detected in 
the monoploids. This resulted in monoploids with up to a total number of thirty-
two branches, giving rise to a bushy phenotype (Fig. S3C).

Similar to branching from the stem, the phenotypic variation in the size of seeds 
harvested from mono- or diploid plants centred around a comparable mean for 
both populations, although the between-line variation was somewhat larger for 
seeds derived from diploids than those derived from monoploids (Table 3). Pearson 
correlations between mono- and diploids were positive for all traits, but did not 
reach high values (0.3 < R2 Fig. 3), while moderate to high broad sense 
heritabilities were obtained for most traits segregating in the diploid population 
(0.30 < H2 Fig. 3

variation might be the result of more complex genotype-by-ploidy interactions or 
sampling error. 

FIGURE 2 | Phenotypic distributions of morphological traits for mono- and diploids. The mean 
value of the diploids (DH) and monoploids is indicated with the blue and green dots, respectively. The red 
dots depict the value of the individual monoploids and the line average of five replicates for each diploid, 
respectively. For seed area only a single measurement was used for the diploids as well. Error bars indicate 
the standard deviation of the mean. 
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FIGURE 3 | Heritabilities of and correlation between morphological trait values. The first column 
lists the broad-sense heritabilities of the traits for which replicated measurements were available. The half 
diallel matrix lists the Pearson correlations between traits. Correlations of r2 < -0.15 and r2 > 0.15 were 

_1 indicates the monoploids, while a _2 indicates the diploids.

Detection of genotype-by-ploidy interaction QTLs

Each of the four traits measured in both the mono- and diploid population were 

ploidy level (Table 4

Table 4). At the major 



41

MONO DIPLOID QTL MAPPING

2
For both variation in branching from the rosette and branching from the main stem 

Table 4
were located on the bottom of chromosomes 3 and 5 and the top of chromosome 5. 

an increase in the number of branches in the monoploids, while a Ge-0 genotype 

(p-value = 0.204). Similar to an increase in main stem length, Ge-0 alleles at any of 

Table 4

observed (0.42 and 0.17 for monoploids and diploids, respectively). The results of 

Pleiotropic effects of genotype-by-ploidy interactions

morphological traits measured in the two populations (Fig. 3). These relationships 

for multiple traits (Table 4). We, therefore, subjected the various traits measured in 
the monoploids and diploids after vernalization to a single multi-trait CIM analysis to 

approach (Table 5

level as well (Table 5). 
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TABLE 4 | Overview of the QTLs detected for phenotypic variation in the monoploid and diploid 
generations. Positions are shown with support intervals in between brackets. The column “-log10(p)” 

p-value” the 
specific p-value for each level is given. “
where positive values indicate a positive effect of the T540 allele and negative values indicate a Ge-0 high 

s.e. %EV” is the explained variance according to a 

Trait Chromosome Position (cM) -LOG10(P) Population P-value s.e. %EV
MSL III 67.4 (2.9-117.2) 4.1 Diploid (DH) 0.234 0.10 0.08 0.9
    Monoploid <0.001 -0.24 0.07 5.9

IV 5.3 (5.3-92.8) 3.7 Diploid (DH) 0.033 -0.15 0.07 2.3
   Monoploid <0.001 -0.24 0.06 5.8
IV 57.9 (5.3-92.8) 3.3 Diploid (DH) 0.030 -0.18 0.08 3.2
   Monoploid <0.001 -0.26 0.07 6.9
IV 88.8 (5.3-92.8) 4.0 Diploid (DH) <0.001 -0.36 0.08 12.6
   Monoploid 0.099 -0.12 0.07 1.3
V 4.7 (2.4-133.1) 17.5 Diploid (DH) 0.698 0.03 0.07 0.1

    Monoploid <0.001 -0.49 0.06 23.5
BFR III 102.5 (2.9-117.2) 3.5 Diploid (DH) 0.001 0.26 0.08 7
    Monoploid 0.009 0.18 0.07 3.2

V 4.7 (2.4-133.1) 9.3 Diploid (DH) 0.006 0.20 0.08 4.2
   Monoploid <0.001 0.41 0.07 17
V 130.5 (2.4-133.1) 6.6 Diploid (DH) 0.642 -0.03 0.07 0.1
   Monoploid <0.001 -0.35 0.07 12.5

BFS II 84.3 (0.9-93.5) 4.1 Diploid (DH) 0.010 -0.17 0.07 2.9
    Monoploid <0.001 -0.30 0.08 8.7

V 71 (2.4-133.1) 3.7 Diploid (DH) <0.001 -0.23 0.06 5.3
   Monoploid 0.204 0.09 0.07 0.9
V 126.4 (2.4-133.1) 14.4 Diploid (DH) <0.001 -0.48 0.06 23.1

    Monoploid <0.001 -0.30 0.07 8.8
SA II 84.3 (0.9-93.5) 6.0 Diploid (DH) 0.004 0.23 0.08 5.3
    Monoploid <0.001 0.31 0.06 9.8

III 21.6 (2.9-117.2) 8.1 Diploid (DH) 0.043 -0.17 0.08 2.9
   Monoploid <0.001 -0.42 0.07 17.4
III 62.7 (2.9-117.2) 2.2 Diploid (DH) 0.224 -0.11 0.09 1.3
   Monoploid 0.002 -0.24 0.08 5.5
V 91.8 (2.4-133.1) 8.0 Diploid (DH) 0.006 -0.21 0.08 4.5

    Monoploid <0.001 -0.37 0.06 13.4
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explained variation in all monoploid traits but only in branching from the rosette in 
the diploids. The T540 allele at this locus increases the number of branches from the 
rosette in the monoploids and diploids, even though the diploids did not display a 
large variation for this trait. Additionally, the same T540 allele caused  an increase 
in branches from the stem in monoploids. However, the same allele also decreases 
main stem length and seed size of the monoploids. Additional minor to moderate 

chromosome 3 were detected, explaining variation in multiple traits in both the 

with the observed correlation between these traits (Fig. 3).

Table 
5

time after vernalization and branching from the rosette of diploids. The Ge-0 allele 

was delayed by the T540 allele.

the monoploids (Fig. 4
be much stronger in monoploids than in diploids (Fig. 2).
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FIGURE 4 | Genotype specific 
phenotype response to ploidy. The 
total number of branches is the sum 
of the branches from the rosette and 
the main inflorescence. In the legend, 
the colours and indicated genotypes 

at the top and bottom of chromosome 

phenotypes of the diploids are depicted 
in black.

TABLE 5 | Overview of the QTLs detected in a single multi-trait composite interval QTL mapping. 
Positions are shown with support intervals in between brackets. The column “-log10(p)” indicates the 

p-value” the specific p-value for 
each trait is given. “

s.e.” is 
%EV” is the explained variance according to a mixed model. Traits 

and black.

Chromosome Position (cM) -LOG10(P) Trait Population P-value s.e. %EV
I 136.4 (5.2-150.6) 8.5 FT_v Diploid (DH) <0.001 0.19 0.05 3.7
   MSL Diploid (DH) 0.356 0.06 0.07 0.4
   MSL Monoploid 0.023 0.13 0.06 1.7
   BFR Diploid (DH) 0.009 0.19 0.07 3.5
   BFR Monoploid 0.012 0.16 0.07 2.6
   BFS Diploid (DH) 0.434 -0.05 0.07 0.3
   BFS Monoploid 0.016 -0.17 0.07 2.8
   SA Diploid (DH) 0.028 -0.16 0.07 2.6
   SA Monoploid 0.030 -0.13 0.06 1.7
II 80.4 (0.9-93.5) 6.3 FT_v Diploid (DH) <0.001 -0.20 0.05 3.9
   MSL Diploid (DH) 0.011 -0.17 0.07 3
   MSL Monoploid 0.148 -0.09 0.06 0.8
   BFR Diploid (DH) 0.157 0.11 0.08 1.1
   BFR Monoploid 0.541 -0.04 0.07 0.2
   BFS Diploid (DH) 0.071 -0.12 0.07 1.5
   BFS Monoploid 0.018 -0.17 0.07 2.9
   SA Diploid (DH) 0.013 0.19 0.08 3.7
   SA Monoploid <0.001 0.26 0.06 6.5



45

MONO DIPLOID QTL MAPPING

2

Chromosome Position (cM) -LOG10(P) Trait Population P-value s.e. %EV
III 21.6 (2.9-117.2) 11.7 FT_v Diploid (DH) <0.001 0.19 0.05 3.7
   MSL Diploid (DH) 0.540 0.04 0.07 0.2
   MSL Monoploid 0.907 0.01 0.06 0
   BFR Diploid (DH) 0.037 0.16 0.08 2.6
   BFR Monoploid 0.258 0.08 0.07 0.6
   BFS Diploid (DH) 0.091 0.12 0.07 1.4
   BFS Monoploid 0.025 0.17 0.07 2.8
   SA Diploid (DH) 0.017 -0.19 0.08 3.6
   SA Monoploid <0.001 -0.49 0.07 24.2
III 92.9 (2.9-117.2) 6.1 FT_v Diploid (DH) 0.036 0.10 0.05 1.1
   MSL Diploid (DH) 0.338 -0.06 0.07 0.4
   MSL Monoploid 0.002 -0.18 0.06 3.1
   BFR Diploid (DH) 0.001 0.25 0.07 6
   BFR Monoploid 0.009 0.17 0.07 2.9
   BFS Diploid (DH) 0.348 -0.06 0.07 0.4
   BFS Monoploid 0.003 0.20 0.07 4
   SA Diploid (DH) 0.345 -0.07 0.07 0.5
   SA Monoploid <0.001 -0.26 0.06 6.6
IV 51.9 (5.3-92.8) 8.5 FT_v Diploid (DH) <0.001 0.23 0.05 5.4
   MSL Diploid (DH) <0.001 -0.32 0.07 10.1
   MSL Monoploid <0.001 -0.29 0.06 8.2
   BFR Diploid (DH) 0.203 0.10 0.08 1
   BFR Monoploid 0.088 0.12 0.07 1.5
   BFS Diploid (DH) 0.653 -0.03 0.07 0.1
   BFS Monoploid 0.042 0.15 0.08 2.4
   SA Diploid (DH) 0.014 -0.20 0.08 3.9
   SA Monoploid 0.051 -0.13 0.07 1.6
IV 88.8 (5.3-92.8) 3.7 FT_v Diploid (DH) 0.003 0.17 0.06 3
   MSL Diploid (DH) <0.001 -0.34 0.08 11.7
   MSL Monoploid 0.149 -0.10 0.07 1
   BFR Diploid (DH) 0.796 0.02 0.09 0
   BFR Monoploid 0.709 -0.03 0.08 0.1
   BFS Diploid (DH) 0.931 -0.01 0.08 0
   BFS Monoploid 0.536 0.05 0.08 0.3
   SA Diploid (DH) 0.269 0.10 0.09 0.9
   SA Monoploid 0.550 0.04 0.07 0.2



CHAPTER 2

46

2

Chromosome Position (cM) -LOG10(P) Trait Population P-value s.e. %EV
V 4.7 (2.4-133.1) 15.7 FT_v Diploid (DH) 0.190 -0.07 0.05 0.4
   MSL Diploid (DH) 0.973 0.00 0.07 0
   MSL Monoploid <0.001 -0.50 0.06 25.4
   BFR Diploid (DH) 0.009 0.20 0.08 3.9
   BFR Monoploid <0.001 0.37 0.07 13.7
   BFS Diploid (DH) 0.136 0.10 0.07 1
   BFS Monoploid 0.039 0.15 0.07 2.1
   SA Diploid (DH) 0.445 -0.06 0.08 0.3
   SA Monoploid 0.068 -0.11 0.06 1.3
V 61.2 (2.4-133.1) 10.8 FT_v Diploid (DH) <0.001 -0.24 0.05 5.8
   MSL Diploid (DH) 0.001 0.24 0.07 5.6
   MSL Monoploid 0.016 0.15 0.06 2.3
   BFR Diploid (DH) 0.859 0.01 0.08 0
   BFR Monoploid 0.425 0.06 0.07 0.3
   BFS Diploid (DH) <0.001 -0.25 0.07 6.4
   BFS Monoploid 0.561 0.04 0.08 0.2
   SA Diploid (DH) 0.018 -0.19 0.08 3.6
   SA Monoploid <0.001 -0.24 0.07 5.9
V 121.7 (66.6-133.1)77.6 FT_v Diploid (DH) <0.001 0.64 0.05 40.4
   MSL Diploid (DH) 0.671 -0.03 0.07 0.1
   MSL Monoploid <0.001 -0.24 0.06 5.9
   BFR Diploid (DH) 0.474 -0.05 0.08 0.3
   BFR Monoploid <0.001 -0.38 0.07 14.3
   BFS Diploid (DH) <0.001 -0.45 0.07 20.2
   BFS Monoploid <0.001 -0.32 0.07 10.3
   SA Diploid (DH) 0.715 -0.03 0.08 0.1
   SA Monoploid 0.159 -0.09 0.06 0.8
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DISCUSSION

Application of a late flowering doubled haploid mapping population

environmental conditions (24, 26). For instance, day-length sensitivity and vernalization 

summer-annuals (27, 28). Moreover, when mapping populations are subjected to 

29). The 
use of a haploid-inducer line in this study allowed the generation of a homozygous 

13). As such, a 
diploid population could be developed in only three generations. For this population, 

and without vernalization) was performed. 

VERNALIZATION INSENSITIVE 3 (VIN3
5 (29-31
by an indel of three nucleotides within an exon of VIN3 (31). According to the SALK 
Arabidopsis genome browser (http://signal.salk.edu/) this indel is not polymorphic for 

region of VIN3 of these accessions, including 28 nucleotides, which seem to be deleted 
from the T540 VIN3 promotor compared to Ge-0 (Fig. S4).

A second gene, REDUCED VERNALIZATION RESPONSE 2 (VRN2

32). The 
VRN2 protein mediates vernalization through interaction with the Polycomb Group 
(PcG) protein complex including VIN3 (33, 34). This PcG complex is known to interact 

FLOWERING LOCUS C (FLC 33, 34), which collocates with the position 

FLC (23).
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e.g. FRI and FLC). It is 

Effects of haploidization on phenotypic variation

Exploiting the availability of a mono- and diploid Arabidopsis mapping population, 

to unbalanced segregation of the chromosomes during meiosis. Indeed, although 

compared to fertile diploids, possibly causing the increase in main stem length. 
Similarly, the development of exceptionally high numbers of rosette branches (35) 

to compensate for the lack of viable seed production by an increase in reproductive 

be involved in the response to sterility. A similar phenomenon of additional branch 
formation has been described for the male sterile Landsberg  mutant (ms1-Ler)  
(36

additional rosette branch formation (inferred by the T540 allele) or taller growth 
(inferred by the Ge-0 allele), it is strongly suggested that both accessions follow 

main stem length could be due to one of the many pleiotropic genes that function 
37). 

38) which is known 
FLOWERING LOCUS T 

(FT TWIN SISTER OF FT (TSF
39). Another member of 

the same gene family, TERMINAL FLOWERING 1 (TFL1

40). Although no variation within the TFL1 
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expression of this gene (Fig. S5A). 

VIN3, an alternative 

branching and main stem length is AUXIN RESPONSE FACTOR2 (ARF2
which is involved in multiple developmental processes via cell proliferation (41, 42). 

Fig. S5B). Moreover, a knock-down of ARF2 leads to an increase in 
stem length and a sterile phenotype (41). 

previously as HAIKU 2 (IKU2
functions in the endosperm growth pathway (43

 explaining variation in branching from the stem coincides 
AGAMOUS-LIKE 6 gene (AG6 REDUCED SHOOT 

BRANCHING 1
44). 

on ploidy series including monoploids, performed in maize (8), yeast (9), potato (10) 
and Chinese cabbage (11

in a dosage series (x , 2x, 4x) of maize inbred lines (45), genetic background and 
ploidy was suggested to interact. Further evidence for GxP interactions independent 

accessions, in which Col-0 and Ler
genes at the tetraploid level (46). In both studies it was argued that the altered 

genes. However, clear mechanisms explaining how these altered ratio’s cause gene 

mono- and diploids can reveal additional variation, which might be instrumental in 
the elucidation of the genetic regulation of complex traits.
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EXPERIMENTAL PROCEDURES

Population development

accessions were crossed to produce a biparental hybrid F1. The F1 (T540 x Ge-0) 
was used as a pollen donor and crossed to the GFP-tailswap haploid-inducer line 

12). From these crosses, 250 viable seeds were 
sown and 210 putative monoploid lines were selected based on morphology during 
growth (14

Plant growth conditions

All seeds from a cross between the F1 hybrid (T540 x Ge-0) and the GFP-tailswap 
line were sown on ½ MS agar plates without sucrose. The seeds on these plates 

chamber at 25°C with a diurnal cycle of 16 hours of light and 8 hours of darkness 
to induce seed germination. After two days of pre-germination, only potential 
monoploid seedlings were transplanted to wet Rockwool blocks of 4 x 4 cm in a 

plants were watered three days per week for 5 min with 1/1000 Hyponex solution 

to allow growth before vernalization. Vernalization was performed for eight weeks 

Monoploid plants were selected based on morphology as described before (14). 

monoploids. 

The second experiment included ten replicates for each of 210 assumed diploids. 

monoploids, including three weeks growth in long day conditions and vernalization 

randomized design without vernalization for a maximum of 100 days after transfer 
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remained in climate chambers with similar conditions as pre-vernalization (16h LD, 

a completely randomized design where they were allowed to grow for a maximum 
of ninety days.

Phenotypic measurements

The monoploids were phenotyped for the number of branches from the rosette and 
branching from the stem, main stem length (cm) and seed area (approximately 100 
seeds were taken three times from the same storage bag for three separate photos, 
these were analysed for seed area) during harvesting. For the second experiment, 

before and after vernalization was included as a phenotype. Flowering time without 

on the main stem opened its petals. Flowering time with vernalization was measured 

opened its petals. Plants that did not germinate or that died within the period of the 

2 phenotypes are based on a single 
observation per genotype, while for the DH population, which were measured with 

Genotyping of the populations

For 210 doubled haploids and 71 F2

applying a CTAB DNA extraction protocol which was adapted for use on 96 well 
plates. Genotyping was performed using a GoldenGate Assay from Illumina, using 
384 SNP markers. Of those, 142 markers were polymorphic for the two parental 
lines. Of these 142, only 114 markers showed nonredundant recombination patterns 
for either the diploids or F2s. Nine additional KASP markers were included to a total 
of 123 markers (Table S1). From 210 selected diploid lines, 195 were successfully 
genotyped and only four were discarded because of too much heterozygosity or 

of redundant genotypes and lack of data in either mono- or diploid generation.
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Genetic map comparison of the doubled haploid population and F2 population

with an F2 population was performed. Individual lines from both populations were 
genotyped and genetic maps were generated. A subset of 71 F2s and 171 DHs were 
successfully genotyped. Genetic maps were constructed for both the F2 and the DHs 
independently using Kosambi’s regression mapping function in JoinMap 6.1 (Fig. 
S1). Segregation distortions were determined by GenStat 19 edition (Fig. S2). The 
DH map was also used for the genetic mapping in monoploids.

Statistical analyses and QTL mapping

Pearson correlations between traits were calculated using the cor function in R. The 
broad-sense heritabilities of the doubled haploids were calculated in R using the 
repeatability function of the heritability package (47
using GenStat (19th edition)(48), where mean phenotypic values per DH line were 
used and single observations in the case of the monoploids and F2s. In order to 

interval mapping (where either vernalization or the ploidy level was considered as 

analyses, including all traits measured after vernalization. First an initial analysis of 
simple interval mapping was performed with a maximum step size of 5 cM along the 
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FIGURE S2 | Allele frequencies of doubled haploid and F2 populations. In black (doubled haploid) 
and grey (F2

2-distribution for the doubled 
haploid population. 

FIGURE S3 | Example of extreme monoploid plants. A) A single monoploid plant derived from a 
Col-0 x Ler F1. This plant is shown to represents the extreme plant height monoploids can reach. This 
specific monoploid stands in a Rockwool block of 4 x 4 cm and has a total length of 143 cm. B-C) A set of 
monoploids derived from T-540 x Ge-0 that show variation in the shoot architecture. Note the difference 
in length (B) and the different number of shoot branches (C). 



57

MONO DIPLOID QTL MAPPING

2

FIGURE S4 | Genomic sequence variation at the VIN3 locus. 

substitutions (indicated in red at the bottom panel) in a 3kb upstream region.

FIGURE S5 | Genomic sequence variation at the TFL1 and ARF2 loci.

level. A) The TFL1 locus is a possible candidate for the locus on the top of chromosome 5. B) The ARF2 
locus is a candidate gene for the locus at the bottom of chromosome 5.
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ABSTRACT

Chromosome substitution lines (CSLs) are valuable resources to investigate 

lines in most species largely yielded imperfect CSL panels, prohibiting 
a systematic dissection of epistasis. Here, we present the development 

Arabidopsis thaliana, 

comparison of reciprocal single chromosome substitutions revealed a 

the assumed predicted potential of comprehensive CSL sets.
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INTRODUCTION

conventionally performed by linkage analysis of genotype-phenotype relationships 
in segregating mapping populations (1, 2). Traditional mapping populations are 
typically the result of random recombination and segregation of two genotypes in the 

of inherent complicating factors. These include, amongst others, the simultaneous 

them, features that are characteristic for complex polygenic traits (3). As a result, 

1, 3). Alternatively, chromosome substitution 

interactions (4, 5).

Chromosome substitution lines (CSLs), a.k.a. consomic strains in non-plant species, 

5, 
6

of chromosome substitution panels, i.e. all possible combinations of chromosomes, 

(2n

class sizes in epistatic analyses, and a relatively small population size for species with 
low chromosome numbers, allowing high line replication in experiments. 

To date, a nearly complete set of CSLs has only been established in Drosophila 
melanogaster, due to the ease of generating CSLs and the limited chromosome 
number in this species (8). However, for most other species, complete sets of CSLs 

and, despite their promises, only a very limited number of CSLs in just a handful of 
vertebrate and plant species have been developed (6-10). Moreover, all these existing 
panels consist of CSLs with an introgression of only a single donor chromosome in 
a recurrent genetic background, which considerably restricts the analysis of epistatic 
interactions. Nonetheless, single chromosome substitution lines (sCSLs) allow the 

phenotype might indicate the presence of epistatic interactions (5). However, the 
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exact strength and genetic architecture of epistasis can only be decomposed by 

The recently emerged reverse breeding technology in Arabidopsis determined a 
major step forward for the development of CSLs (2, 11). This approach makes use 
of the random segregation of non-recombinant chromosomes to the gametes of 
achiasmatic hybrids, resulting from the transgenic repression of recombination. 

haploid inducer line (13). Finally, the haploid progeny, which consist of an assembly 
of non-recombinant chromosomes, each derived from either one of the two parents 
of the initial hybrid, is converted into immortal doubled haploids (DHs). DH seeds 

of incidental unreduced gametes that arise by chance, or by somatic doubling. 
The CSLs produced in this way are now normal diploids containing completely 
homozygous pairs of chromosomes descending from either parent but in a 
cytoplasmic background of the haploid inducer line. In Arabidopsis, encompassing 

25 Fig. 1).

RESULTS & DISCUSSION

Here, we report on the construction and application of such a complete set of CSLs 
resulting from a cross between the Arabidopsis accessions Columbia-0 (Col-0) 
and Landsberg  (Ler). Two of the 32 CSLs resemble the identical genotype 
of the original parents, albeit both in the cytoplasmic background of the inducer 
line now (  Col-0). However, ten CSLs contain a single substituted chromosome 
(sCSL, 2x5 reciprocally), whereas the other twenty CSLs contain multiple substituted 
chromosomes (Fig. 1 and Fig. S1). To demonstrate the potential of complete CSL 
panels in genetic mapping and epistatic analyses, the complete panel was grown in a 
climate-controlled growth chamber under short day conditions. In order to compare 
the performance of CSL mapping with conventional linkage analysis a population 
of RILs derived from the same accessions was grown simultaneously (14). All plants 

a single substituted chromosome in comparison to the non-substituted recurrent 
parental genotype can be analysed. Moreover, since we have generated sCSLs in 

15). Using a regression model obtained 
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detected for the substitution of the Ler chromosomes 2, 3, 4 and 5 in the Col 
background (Fig. 2A Table 1 Table S1
length were observed for the substitution of the Ler chromosomes 1, 2, 3 and 5 in the 
Col background (Fig. 2B Table 1 Table S1). However, in contrast to the reciprocal 
exchange, the substitution of Col chromosome 3 in a Ler background displayed no 

Likewise, the substitution of the Ler chromosomes 1 and 3 in a Col background had 

in a Ler

main stem length was caused by a substitution of chromosome 2 in both backgrounds, 

er background was obtained by the substitution 

genome. Indeed, when the substituted chromosomes and the recurrent background 

chromosomes with their background were detected for both traits (Fig. 2A-B Table 1).

FIGURE 1 | A complete set of Arabidopsis thaliana chromosome substitution lines. The complete 
panel of 32 CSLs can be divided into two reciprocal recurrent backgrounds (vertical dashed line) and 
subgroups of parental genotypes, single CSLs and CSLs in which two chromosomes are exchanged 
(horizontal dashed lines). Arabidopsis genomes of each of the CSLs are represented by five homozygous 
chromosomes derived from either the Col-0 (orange) or Ler (purple) accession.
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composite interval mapping (CIM) was much lower than in the sCSL panel (Table 
S1), as was also previously observed for rodents (16

consistent with previous studies (17) (Fig. 2C). Furthermore, variation in main stem 

ERECTA locus (18) (Fig. 2D).

can only be mapped to entire chromosomes due to the lack of recombination. To 
overcome this drawback a reciprocal genome-wide coverage set of near-isogenic 
lines (NILs) was generated. These were produced by backcrossing sCSLs to one of 

F1 gametes, as described for the generation of CSLs. In total 413 NILs with either 
a single or multiple introgressions were generated of which 219 contained a Ler 
introgression in a Col background and 194 contained a Col introgression in a Ler 
background, as determined by marker-assisted genotyping (Table S3). This genetic 

possible epistatic interactions with the genetic background.

TABLE 1 | Regression models for different CSL populations explaining variation in flowering time and 
main stem length. Populations consist of CSLs with only a single substituted chromosome in a particular 
background plus their recurrent parent, a set of all sCSLs plus recurrent parents, or the complete set 
of CSLs, including parental genotypes. Regression models contain only backward selected parameters 
significantly contributing to explained variance. The parameters Chr1, Chr2, Chr3, Chr4 and Chr5 
denote additive effects of individual chromosomes whereas BG denotes background effects. Parameter 
components separated by a colon indicate interaction effects.

Population Background Flowering time Main stem length
5 sCSLs + Col parent Col Chr2 + Chr3 + Chr4 + Chr5 Chr1 + Chr2 + Chr3 + Chr5

5 sCSLs + Ler parent Ler Chr1 + Chr2 + Chr4 + Chr5 Chr2 + Chr5

10 sCSLs + both parents Col + Ler Chr1 + Chr2 + Chr3 + Chr4 
+ Chr5 + BG + Chr3:BG + 
Chr4:BG + Chr5:BG

Chr1 + Chr2 + Chr3 + Chr5 
+ BG + Chr2:BG + Chr3:BG

32 CSLs Col + Ler Chr1 + Chr2 + Chr3 + Chr5 
+ Chr1:Chr3 + Chr1:Chr5 + 
Chr3:Chr5

Chr1 + Chr2 + Chr3 + Chr5 
+ Chr1:Chr2 + Chr1:Chr5 + 
Chr2:Chr5 + Chr3:Chr5 + 
Chr1:Chr2:Chr5
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To demonstrate the complementing value of this NIL population, a subset of reciprocal 
NILs covering the chromosomes 2 and 5 were grown in similar conditions as the CSLs 

with two-fold longer stems in genotypes carrying a Col chromosome 2 (Fig. 2F). Fine-
mapping of this chromosome in the reciprocal NILs resulted in a support interval of 7.4 
Mbp for the Col set (9.1-16.5 Mbp), while this was much narrower in the Ler set (9.9-

population (11.1-11.7 Mbp, Fig. 2D) and covers the position of the obvious candidate 
gene ERECTA at 11.2 Mbp. A similar resolution (support intervals of 7.3-8.8 Mbp and 
8.0–9.7 Mbp for Col and Ler

are positioned within this support interval although the strong FLOWERING LOCUS C 
(FLC) was located on the same chromosome arm (Fig. 2E). Surprisingly, despite a ten-

er chromosome 5 is substituted in a 
Fig. 2C).

er chromosome 5 substitution 

er 
background is almost eightfold larger than 

on epistatic interactions. Although the limited set of reciprocal sCSLs also indicates 

CSLs with multiple substituted chromosomes.

on the phenotypic expression of a trait is part of a long lasting debate (18-20) and 
multiple studies have reported on models including epistasis that explain more 
variation  and have a better predictive power compared to models including only 

22-24). However, the unbiased testing of epistasis as a source of natural 
variation is statistically challenging since increasing levels of interaction decrease the 
number of observations for each genotypic class, which drains the power to detect 
interacting loci. Furthermore, in most standard mapping populations undetected 

a segregating recombinant biparental population. Therefore, most statistical models 
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the heritable variation unexplained (19). Completely balanced CSL panels, however, 

genotypic combinations in a full factorial design and as such provide a more realistic 
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FIGURE 2 | Mapping and validation of single chromosome substitution effects. A-B) Flowering time 
(A) and main stem length (B) of sCSLs and their recurrent parents. Each dot represents the spatial corrected 
trait value of an individual of the genotype indicated below the x-axis. Horizontal bars indicate BLUPs with 
95% confidence intervals shown as vertical bars (Table S15). Asterisks denote significant effects. C-D) 

log10(P) values for each chromosome are displayed in different colours, while the horizontal red dashed 
line represents the significance threshold. Support intervals for the 
according to effect sign (orange: +Col-0, and purple: +Ler). The x-axis indicates chromosome numbers below 
a rug profile of the marker positions in cM distance. E-F) Heatmap plots of the effect strength of reciprocal 
chromosome five introgression NILs on flowering time (E) and chromosome two introgression NILs on 
main stem length (F). In both panels the upper row represents NIL mapping in a Col background, whereas 
the lower row represents NIL mapping in a Ler background. Vertical lines indicate marker positions in 
cM. Color intensity from yellow to red specifies the strength of significant effects. Dashed lines below the 
heatmap indicate support intervals. FLC and ERECTA indicate the position of obvious candidate genes 
explaining variation in flowering time and main stem length, respectively.
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Since clear indications of genetic interactions between chromosomes were obtained from 
the analysis of reciprocal CSLs and NILs, a regression analysis using a backward elimination 
strategy on data of the complete CSL panel (Fig. 3A-B
contribution of epistasis to the phenotype. Using a similar regression approach as was 

interactions were detected between chromosome 1 and 3, 1 and 5, and 3 and 5 (Fig. 
3C-E
(Fig. 3A

detected between chromosome 3 and 5 (Fig. 3F-G). 

Fig. 2B). 
Most notable for this three-way interaction is a more than 65% increase in main 
stem length of one genotypic class (Chr1Ler/Chr2Col/Chr5Ler) over any of the other 
seven genotypic classes (Fig. 3G). The importance of epistasis is also demonstrated 
by a comparison of regression models, which either include or exclude epistatic 
interactions. An inclusive model displays a superior predictive power (R2 = 0.835) 
over a model in which epistatic interactions are not considered (R2 Fig. 
S2). Finally, the impact that genetic interactions can have on the phenotype is 
illustrated by a case of antagonistic epistasis between chromosome 3 and 5, where 
the substitution of a Col chromosome 3 with that of Ler
on main stem length, depending on the genotype of chromosome 5.

Our results show that a relatively large part of the observed variation in the analysed 

complete panel of CSLs, which also includes lines in which multiple chromosomes are 
e.g. ERECTA 

in main stem length) epistatic interactions can be revealed, and given the small size of 

in Arabidopsis. There is no reason to assume that similar results cannot be obtained in 
other species, although larger genome sizes (i.e. higher chromosome numbers) might 
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FIGURE 3 | Detection of interchromosomal interaction effects in a complete CSL panel. A-B) 
Notched box-and-whisker plots of trait values of the complete panel of CSLs for flowering time (A) and 
main stem length (B). Each dot represents the spatial corrected trait value of an individual plotted in 
relation to all other individuals (grey boxes) or categorized according to its genotype for the chromosome 

er). C-G Regression predicted effect plots of 
epistatic interactions identified with backward selection models. C-E) Two-way interactions explaining 
variation in flowering time. F) Two-way interaction explaining variation in main stem length. G) Three-way 
interaction explaining variation in main stem length. Error bars represent the 95% confidence intervals of 
the predicted effect.

MATERIAL & METHODS

Development of chromosome substitution lines

Chromosome substitution lines were obtained from crosses between inbred parental 
lines as previously described (12). In brief, semi-sterile Col-0 RNAi:DMC1 transformed 
plants, that are impaired in crossover formation, were crossed with wild-type Ler 
(CS20) plants to produce achiasmatic F1 1 plants were then crossed to GFP-
TAILSWAP, a haploid inducer line, to generate F1

doubled haploids (13). A number of genotypes that were not obtained by the described 
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and parental lines, whether or not containing the RNAi:DMC1 construct.

Confirmation of genotypes

Potential CSLs were genotyped with a set of 151 SNP markers using KASPar assays 
(Tables S3-S4). These markers covered about 120 Mbp of the total Arabidopsis 
genome. 95% of the marker intervals were smaller than 2.5 Mbp, which should be 

RNAi:DMC1
25). During propagation we noted 

two CSLs (Chr1Ler/Chr2Col/Chr3Ler/Chr4Col/Chr5Col and Chr1Ler/Chr2Ler/Chr3Ler/Chr4Col/
Chr5Col) exhibiting high intra-line variation. Flow cytometry indicated occasional 
aneuploidy, suggesting that the plants still carried the RNAi-transgene. Data of 
these genotypes were excluded from further analyses and the CSLs in the panel 
were replaced by non-transgenic lines. Removal of these two lines during the data 

Development of near isogenic lines

and by crossing the resulting F1 to the haploid inducer GFP-TAILSWAP. Since the F1 
were transgene-free, it allowed to obtain doubled haploid lines that recombined for a 

Tables S3-S4). This 

Propagation 

break residual dormancy and ensure uniform germination. After four days in the 
cold, plates were transferred to a climate cell at 20°C in the light. After two days, at 
radicle protrusion, germinating seeds were transferred to 4x4 cm Rockwool blocks 
in a climate cell set at long day conditions (16h/8h, 20°C/18°C, day/night). Relative 
humidity was set to 70% and watering was performed automatically with a Hyponex 

Five replicates per genotype were sown, and after germination, these were reduced 
to three well-established replicates. After two weeks of growth, single-leaf samples 
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were taken for genotyping using three KASP-assays per chromosome (Table S4). 
In addition, a PCR for detecting the presence of the RNAi:DMC1 construct was 
performed (25). Mature plants were dried and only a single plant was harvested per 
genotype, which served as the seed stock for the following mapping experiment or 
any further future experimentation. 

Phenotyping experiment

The complete CSL panel was grown in twelve replicates in parallel with three 
replicates of 100 RILs (Tables S5-S6), obtained from the ABRC stock centre (https://
abrc.osu.edu/). The handling of the seeds and growth conditions were similar to the 
propagation conditions, with the exception of short day growing conditions (8h/16h, 

the positions of 12 rows x 60 columns. This grid was divided into three blocks of 12 

contained a single replicate of each RIL (1x100 lines) and four replicates for each CSL 
(4x32 lines) in a randomized complete block design. In a second separate experiment 

Tables S7-S8) 
segregating for chromosome 2 (37 genotypes with Col background and 39 with Ler 
background) and chromosome 5 (45 genotypes with Col background and 51 with Ler 
background) were grown in the same growth chamber under identical conditions. 
Here randomized complete blocks consisted of 12 x 30 positions that held two 
replicates of each genotype. 

measured (main stem length). Flowering time was corrected for germination date 
based on daily taken RGB-images by an automated camera system. The day at 

considered outliers due to technical causes and removed from data analysis. Further 
outliers were determined by image analysis of individual plant growth performance 
and monitoring reports made during the experiment. Eventually, for most CSL 
genotypes at least ten replicates were analysed, with a few exceptions of which the 
CSL consisting of Chr1Ler/Chr2Ler/Chr3Col/Chr4Ler/Chr5Col was most extreme with only 
four replicates (Table S9). For the NILs and RILs only genotypes for which at least two 
plants were available for each phenotype were included for data analyses (Tables 
S9-S10). 
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Statistical analyses

The phenotypic data of the RILs and the NILs was corrected for environmental 
26). The script was adapted to our experimental 

genotype, row and column were in the random part of the model. The geno.decomp 
option of SpATS was used to allow for heterogeneous genetic variances for the 

linear unbiased predictions (BLUPs) were obtained for the NILs and the RILs (Tables 
S11-S12). 

mixed models in Genstat 18th edition. The 676 single feature polymorphism (SFP) 
markers for the RILs were obtained from previously published data (27). Markers with 
a physical distance of roughly 1 Mbp, corresponding to approximately 5 cM genetic 
distance in Arabidopsis, were selected (28). Genetic predictors between markers were 
calculated by interval mapping with a step size of 5 cM to bridge any large gaps. For 

29

interval mapping method are reported (Tables S13-S14). The support intervals were 
calculated as a drop of two units in the –log10(p-value) similar to a 2-LOD support 
interval.

The raw data of the CSLs was corrected for spatial trends with the SpATS R package, 
and the resulting spatial corrected raw data was used for further analyses (Table 
S15). Individual trait values were preferred over BLUPs for the analyses of the CSLs to 
increase the degrees of freedom. Either all (for the analyses of the complete CSL set) 
or a subset (all sCSLs or the sCSLs sharing a single recurrent parent) of the corrected 
raw data was analysed by applying a backward elimination approach in combination 

two- and three-way epistatic interactions (I). 

5 5 5 5 5 5

1 1 1
 ir k ik kl ik il klm ik il im ir

k k l k k l k m l

y a x b x x c x x x(I)
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where iry  is the phenotype of genotype i  in replicate r ,  is the overall mean, ka  
k , ikx  is an indicator variable, with 0ikx  

( 1)ikx  if  chromosome k  for genotype i  is Ler (Col), klb
two-way interactions between chromosomes k  and l klmc
three-way interactions between chromosomes k , l , and m , and ir is the residual 
error for genotype i  in replicate r . 

all main, two- and three-way interactions (I) was compared with a model including 
main and two-way interactions (II) with backward selection of the AIC criterion using 

-5 to correct for multiple 
testing) (30). 

5 5 5

0
1 1

:  ir k ik kl ik il ir
k k l k

h y a x b x x(II)

resulting from backward selection (IV) was compared to a model including only main 

(III)
5

0
1

: ir k ik ir
k

h y a x

3

5 5 5

1
1 1 , ,

:   ir k ik kl ik il klm ik il im ir
k k l k k l m S

h y a x b x x c x x x(IV)

Here 3S

tested versus a model consisting of only the mean and the residuals (V): 

0 : ir irh y

2 3

5

1
1 , , ,

:  ir k ik kl ik il klm ik il im ir
k k l S k l m S

h y a x c x x c x x x

(V)

(VI)

Here, 2S  in 1h
selected in the previous round. This backward selection eventually resulted in a 
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model (III) was compared with a model consisting of only the mean and the residuals 
(V). 

For the detection of interactions with the recurrent parental background (either Col 
or Ler) all sCSLs were subjected to a similar backward selection procedure. Model (II) 
was adapted for chromosome x background interactions (VII) and compared with a 

chromosomes and the background. 

5 5

1
1 1

:   ir k ik i k ik i ir
k k

h y a x bz c x z(VII)

Where b iz  is an indicator variable, with 0iz  
( 1)iz  if the background i  is Ler (Col), kc
between chromosome k

-3 to correct for multiple testing.
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SUPPLEMENTARY MATERIALS

Additional supplementary Tables S3-S15 can be found online via:  
biorxiv.org/content/10.1101/436154v1.supplementary-material.

FIGURE S1 | Photographic presentation of phenotypic variation in a complete panel of CSLs. Each 
image depicts a representative phenotype of the genotype plotted below it. Arabidopsis genomes of each 
of the 32 CSLs are represented by five homozygous chromosomes derived from either the Col-0 (orange) 
or Ler (purple) accession. Depicted plants are of identical age and images were taken at 23 days after 
sowing in long day (16h light) conditions.
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FIGURE S2 | Scatterplots of predicted trait values for models without and with interaction terms. 
The x-axis shows the observed mean phenotypic values of the CSls, and the y-axis the predicted values 
according to the corresponding model. A-B) Prediction of models without interaction terms for flowering 

+ Chr2:Chr5 + Chr3:Chr5 + Chr1:Chr2:Chr5), respectively. For each plot, the linear regression is shown in 
green, while the red line represents a trend line of the data including a LOESS-confidence interval between 
the dashed lines. 
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TABLE S1 | Detailed overview of main and interaction effects detected in CSL populations. For 
each significantly detected effect the trait for and population type in which it was detected is given. FT, 

parent, sCSLs: all 10 sCSLs plus their recurrent parents, All CSLs: all 32 CSLs including the recurrent parental 

the chromosomes for which main or interaction effects were detected, BG: effect of recurrent genotype 
er 

er), interaction effects: the average effect of the substitution 
of either one of the interacting chromosomes or background compared to the population mean, FT (days), 

Trait Population
type

Background
genotype

Chromosome
number s.e. Explained 

variance (%) (P-value)

 FT sCSL Col II 5.4 0.9 2.33 8.7E-08
  III -7.8 1.1 35.39 1.9E-09
  IV 4.3 0.9 0.05 9.7E-06
  V 12.7 0.9 49.79 < 2E-16
 sCSL Ler I -5.5 0.8 23.99 1.3E-08
  II 4.8 0.8 18.19 3.1E-08
  IV -4.6 0.8 24.90 6.7E-08
  V 4.7 0.8 11.77 2.3E-07
 sCSLs I -3.6 0.7 1.83 1.3E-06
  II 4.7 0.7 27.66 2.8E-10
  III -9.2 1.1 0.41 5.5E-14
  IV 2.8 0.9 0.80 2.2E-03
  V 11.2 0.9 41.02 < 2E-16
  BG 6.1 2.1 0.30 5.0E-03
  III:BG 10.3 1.2 11.55 3.2E-13
  IV:BG 6.8 1.1 2.51 7.0E-09
  V:BG 5.9 1.1 2.72 6.8E-07
 All CSLs I -1.5 0.6 0.76 9.5E-03
  II 4.7 0.3 10.81 < 2E-16
  III -7.0 0.6 1.59 < 2E-16
  V 11.2 0.5 62.80 < 2E-16
  I:V 3.8 0.7 1.85 5.8E-08
  I:III 4.8 0.7 3.25 1.2E-11
  III:V 4.6 0.7 2.50 1.1E-10
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Trait Population
type

Background
genotype

Chromosome
number s.e. Explained 

variance (%) (P-value)

 MSL sCSL Col I -23.0 4.1 21.61 8.9E-07
  II 19.4 4.0 19.55 1.1E-05
  III 19.5 5.0 16.55 2.6E-04
  V -23.0 4.0 16.24 4.5E-07
 sCSL Ler II 88.7 4.0 86.48 < 2E-16
  V -21.0 4.3 3.68 8.4E-06
 sCSLs I -14.5 3.3 10.67 2.5E-05
  II 21.6 4.3 34.27 1.6E-06
  III 21.7 5.4 3.32 1.0E-04
  V -22.6 3.2 18.15 1.1E-10
  BG -48.8 7.5 1.88 2.2E-09
  II:BG 63.5 5.6 16.88 < 2E-16
  III:BG 25.5 6.5 1.73 1.5E-04

All CSLs I -25.8 3.5 13.18 2.5E-12
  II 17.5 3.2 33.85 7.3E-08
  III 15.2 2.6 0.00 6.7E-09
  V -29.1 3.5 24.06 1.6E-15
  I:II 17.2 5.0 8.06 7.1E-04
  I:V 24.8 4.6 0.24 1.7E-07
  II:V 9.6 4.4 2.76 2.8E-02
  III:V 19.3 3.3 1.55 1.4E-08
  I:II:V 33.8 6.6 1.35 4.8E-07
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ABSTRACT

Proteins have long been acknowledged to bridge the gap between 
the genotype and phenotype. However, contrary to other -omics 
technologies, like transcriptomics and metabolomics, proteomics has not 

a high-throughput LC-MS/MS shotgun approach. However, the use of 
a small but genetically diverse panel of Col x Ler Arabidopsis thaliana 
chromosome substitution lines (CSLs) might permit the detection of 

additional 126 proteins the presence of either a Col or Ler chromosome 
determined the presence/absence of a protein, indicating possible null-

to contribute most to intensity variation of the proteome. For 18% of 

twenty proteins for which intensity variation was completely dependent 
on interaction terms suggests the presence of reciprocal sign epistasis. 

on protein intensity, which will help to further understand the complexity 
of phenotypic trait regulation.
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INTRODUCTION

The plant model species Arabidopsis thaliana has been extensively explored for 

of induced mutations on gene function in a single accession, to genome wide scans 
in large sets of natural accessions with high-throughput genotyping platforms. 
Especially for the accessions Columbia-0 (Col-0) and Landsberg  (Ler) a wealth 
of molecular information is available including de novo 1, 
2). Thanks to technological advancements and improving data analyses pipelines 
it has become common practice to use gene expression or metabolomics data as 

in genetical-genomics studies (3-6). 

between genotypes. While variation in a phenotype can be linked to the genotype 
by using gene expression and protein abundance, gene expression does not always 
simply correlate with protein abundance. This is ascribed to the large variation in 

of proteins as compared to RNA (7-9).

So far, shotgun proteomics for proteome discovery in Arabidopsis has been used 

under contrasting physiological conditions (10, 11) or in only a small number of 
natural accessions (12), but has never been used in a systematic mapping study. Over 
the last two decades, especially sensitivity, resolution and scan speed have drastically 

proteomics technology. These improvements now allow shotgun proteomics to be 
used for genetic mapping due to highly precise measurements of peptide levels and 

Additionally, a recently developed Arabidopsis thaliana panel of chromosome 
substitution lines (CSLs) is the smallest possible mapping resource in which main and 

13). While many loci segregate simultaneously in 

genetic architecture due to the substitution of a single or multiple non-crossover 
chromosome(s) of a donor accession into a reference genetic background (13-15). 

A) or by an interaction between chromosomes (inter-
I) (13).
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In initial studies on the Arabidopsis CSLs, analyses were performed on either only 
genotypes with a single chromosome substitution (these are referred to as single 
CSLs or sCSLs), or on the complete panel that consists of all CSLs with all possible 
chromosome combinations of both the donor and recipient parent. For both analyses, 

(13). In mice CSLs, a partial panel, consisting of genotypes with only one or two donor 

This allowed the detection of genes that were regulated by epistasis (the interaction 
between two or more genetic loci) (16).

Since epistasis most likely contributes to proteome variation (e.g. proteins are known 
to act in complexes and as enzymes in linear biosynthesis pathways), here CSLs with 
either one or two donated Ler chromosomes in the reference Col genetic background 
were analysed, in addition to the two CSLs without any substitution (parental-like 

Table 1). With such a partial CSL panel at least all the four haplotypes (AA, AB, 

of the genetic architecture underlying proteome variation (17). 

an LC-MS/MS approach can be used as phenotypes for a mapping study. Essentially, 
the occurrence of every protein is a phenotype, and thus such an approach yields

TABLE 1 | Overview of the genotypes used in the proteomics experiment. The genotype shows the 
five-letter code for a genotype (C for Col and L for Ler). The CSL genotypes that resemble the parents are 
referred to as parental-like CSL. CSLs with a single or double substitution are sCSLs, or dCSLs respectively. 

y
Genotype Type

I II III IV V
Col-like A A A A A Parental-like CSL
Ler-like B B B B B Parental-like CSL
LCCCC B A A A A sCSL
CLCCC A B A A A sCSL
CCCLC A A A B A sCSL
CCCCL A A A A B sCSL
LLCCC B B A A A dCSL
LCCLC B A A B A dCSL
LCCCL B A A A B dCSL
CLCLC A B A B A dCSL
CLCCL A B A A B dCSL
CCLLC A A B B A dCSL
CCLCL A A B A B dCSL
CCCLL A A A B B dCSL

Chromosome
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large amounts of phenotypes for which the causal factors of observed variation 
can potentially be mapped onto chromosomes. The fact that protein regulation is 
further downstream then gene expression in regulation of morphologic traits, has 
the potential for proteomics to bridge the genotype-to-phenotype relationship even 

can be attributed to the substitution of one or more chromosomes.

fourth rosette leaf from each plant were harvested. The leaves were pooled according 
to the genotype and subjected to a LC-MS/MS shotgun-proteomic analyses. This 

proteins showed present/absent variation for some CSLs, while 490 proteins showed 

estimated to be approximately 25% of the total phenotypic variance.

MATERIALS AND METHODS

Plant material and growth conditions 

Fourteen CSLs of Col-0 x Ler were grown. These constituted the parental-like CSLs 
Col and Ler, as well as twelve genotypes that contained one or two chromosomes 
originating from Ler in an otherwise Col genomic background (Table 1). Forty-nine 

Petri dishes at 4°C for 48 hours in darkness. Each seed was sown on a 25x25x40mm 
GRODAN Rockwool block. These Rockwool blocks were randomized and divided 

block seven replicates of each of the fourteen genotypes were positioned, leaving 
ten positions empty.

Protein intensities were measured for three pooled samples for each genotype. Each 
pooled genotype sample consisted of the left (2 blocks), middle (3 blocks) and right 

(16h light and 20°C starting at 4:00am, 8h darkness and 18°C) with 70% relative 
-2 s-1. The plants were 

bottom-watered three times per week with Hyponex nutrient solution.
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During the growth period, pictures of the top surface of the plants were taken once 
a day. These were used to monitor the plants and select plants that did not develop 

were harvested daily between 14.00h-16.00h. The third and fourth true leaf of each 

harvesting samples were stored at -80 °C until further use.

Protein extraction

The leaf tissue was ground by adding 3mm glass-beads to the Eppendorf tubes and 
shaking them at 300rpm for 2min using a tissue grinder. The Eppendorfs containing 

1:2) was added to each sample. The individual samples of identical genotypes were 
pooled in 15ml or 50ml tubes per block, creating 14 (genotypes) x 3 (blocks) = 42 
pooled samples in total.

genotype depending on germination success. The pooled samples were vortexed 
vigorously and immediately thereafter 2ml of homogeneous solution was transferred 
to a 2ml Eppendorf tube using cut pipet-tips (to allow larger pieces of debris to be 
taken up). These 2ml samples were sonicated for 10min and placed on an Eppendorf 
shaker for 10min. Samples were then centrifuged for 10min at max RPM to collect 
the proteins in a pellet. The supernatant was discarded and the pellet subjected to 
a second wash step with 1ml of C/M (1:2). These samples were subjected to 10min 
sonication, 10min shaking on a shaking platform and 10min centrifugation at max 
RPM. Hereafter, the supernatant was removed as much as possible and a SpeedVac 
was used to dry the samples completely before storage at -20 °C.

The proteins were extracted from the pellet by adding 0.5 ml of 8 M urea (unless 

with 50 mM ammonium-bicarbonate (ABC) and 10 mM dithiothreitol (DTT) to 

were diluted to 6 M urea before the protein concentrations of these stock solutions 

PAGE (data not shown).
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Protein Digestion 

was added and incubated at 37 °C for 30min to prevent disulphide bonding of the 

lysine for trypsin and lysine only for Lys-C). The digest reaction was incubated at 
37 °C for two hours.

supplemented with 0.3 mM CaCl was added to each sample. Trypsin digestion 
was incubated overnight at 37 o

Waters, USA) according to the manufacturer protocol. Columns were pre-wetted 
with 95% acetonitrile, rinsed with 2% acetonitrile (ACN) and 0.1% formic acid (FA) 

ammonium formate (AF) pH10.

Mass Spectrometry

detects peptides in alternating mass spectrometry (MS) mode. This results in high-
resolution mass spectra containing information on retention time, mass/charge 
(
per sample.

dimensional nanoLC the peptides were separated into four fractions per sample by 
increasing ACN concentration (12%, 15%, 24% and 65% in 0.1M AF pH 10). The 

to reduce pH and ACN concentration. The diluted eluate was on-line trapped onto a 
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separation on the analytical column using a 60 min gradient of solvent B (100% ACN 

source.

(  200) after 
accumulation of ions to a 3 × 106 target value based on predictive AGC from the 
previous full scan. Precursor ions were selected with charge state 2, 3 or 4 only. 
Fragmentation of individual peptides in MS/MS mode led to fragmentation spectra 

The eight most intense multiple charged ions (
fragmented in the octopole collision cell by higher-energy collisional dissociation 
(HCD) with a maximum injection time of 60 ms and 17,500 resolution for the fast 
scanning method, or with a maximum injection time of 110 ms and 35,000 resolution 
for the sensitive method. Dynamic exclusion was set at 30 s. Typical mass spectrometric 

MS ion selection threshold was set to 1 × 105 counts.

Protein identification and quantification 

of the peptides was performed by a single protein database search. A combined 
er

denovo

were allowed. False discovery rates were set to 0.01 for PSM, protein and site, and 
only peptides with a minimal length of seven amino acids and maximum mass of 
5,600 Da were accepted.

matched to all other samples by alignment of the MS spectra using the option 
“



89

A GENETICAL PROTEOMICS APPROACH

4

that give a measure of the relative proteins abundance. Proteins were reported as 
“protein groups”, grouping isoforms or paralogs of the same protein, or in this case, 

er, which are all 

Selection of high-quality proteins 

was detected either in zero, one, two or three replicates. When detected in zero 
replicates the protein was considered to be absent for that genotype (extreme 

protein the average number of detections per genotype was calculated (excluding 
genotypes for which the protein was absent). This average number of detections 
needed to exceed 2.5 for a protein to be included in further data analyses (Fig. S1). 
This reduced the dataset from 3,840 proteins to 1,594 proteins that were detected 

subset represented present/absent data, where the protein was not detected in 

imputed for the genotypes for which a protein was detected in only a single or two 
replicates. The imputation was performed using the rnorm() function in R, where the 

taken as the mean of the distribution, and a standard deviation was used that was 
based on the average standard deviation of the intensity for all 1,468 proteins.

Genetic variance, environmental variance and repeatability (also referred to as 
heritability) were calculated in R using the repeatability function of the heritability 

 (Fig. S2) (18

> 0.05 as calculated according to the heritability package. The resulting 490 proteins 
were scaled and clustered for a heatmap-plot. The principal components for the PCA 
plot were constructed based on the protein intensities. The component variables 

of the chromosomes, the two-way interactions of the chromosomes and the replicate 



CHAPTER 4

90

4

number. The PCA component values were used as the response variables.

The gene ontology analyses were performed with the online tool DAVID where the 
list of 1,594 proteins was used as a background list (19, 20). Distributions of the 

incorporated in the Thalemine website (21).

Chromosome mapping 

for each protein, the protein intensity data was subjected to a backward elimination 
approach based on the AIC criterion similar to the model selection as described in 
Wijnen et al 2018 (Chapter 4).

The backward elimination approach started from a full model containing all chromosome 5 5 5

1 1
ir k ik i kl ik il ir

k k l k

y a x bz b x x  . 

Here iry  is the phenotype of genotype i  in replicate r ,  is the overall mean ka ,  

is the k , ikx is an indicator variable, with 1ikx   
( 1)ikx  if chromosome k  for genotype i  is Ler (Col), b  is the estimated reference 

iz  is an indicator variable, with ( 1)iz  1iz   if the reference  
i  is Ler (Col), klb
k and l , and ir  is the residual error for genotype i  in replicate r .

Wijnen et al. 2018 were applied 
here. First, whereas a complete CSL panel was used before, here the analysis was 
limited to a partial panel that included the parental-like CSLs and the single and 
double CSLs in the Col reference background. Therefore the approach was limited 

interactions.

Second, the partial set of CSLs did not include the sCSL of chromosome three, 
although two CSLs in which chromosome 3 was substituted together with a 
second chromosome were analysed. Nonetheless, two-way interactions including 
chromosome three were excluded because of this genotypic imbalance. This restricts 
the model to two-way interactions for which enough observations for each genotypic 
class of the interaction term were present in the current panel.

k was set 
to “ ” in the stepAIC function of the MASS-
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package in R. While k = 2 for genuine AIC, when the threshold is set to 0.01 or 0.005, 
k = 6.63 or k

I.

Partitioning genetic variance using regression models

genetic variance components. By including only ‘genotype’ as the model factor in a 
regression analysis, the total genetic variance was estimated (SSt = SSg + SSe). The 
obtained %SSg is also referred to as the broad-sense heritability (H2). The %SSmain 
or narrow-sense heritability estimates (h2

data of each protein. Similar as described in the previous section (Chromosome 
mapping

epistatic and unexplained genetic variance (SSg = SSmain + SStwo-way + SS>two-way Table 
2). Note that SS>two-way consists of higher order epistatic interactions and the two-way 

chromosome 3).

TABLE 2 | The total phenotypic variance is partitioned into separate genetic components according 
to the sum of squares of different models. Model 1 estimates the genetic variance (%SSg) using the 

g). Model 2 estimates 
only the additive variance (SSa a. In Model 3 the explicit two-way interactions that 
can be investigated with the current CSL panel are included, obtaining values for the explained epistatic 
variance (SSi) and unexplained genetic variance (SSu) as derived estimates based on the previous models. 

Model 
nr. Model TSS formation Estimated variance 

component 

1 y = genotype + error TSS = SSg + SSe SSg
2 y = chr1...5 + error TSS = SSa + ( SSu + SSe ) SSa
3 y = chr1…5 + chr1:chr2…chr4:chr5 + error TSS = SSa + SSi + ( SSu + SSe ) SSa + SSi

 Derived models Variance decomposition  

 Model 3 – Model 2 SSa + SSi - SSa = SSi SSi

 Model 1 – Model 3 SSg – SSa + SSi = SSu SSu 
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RESULTS

MS/MS identifies large proportions of similar peptides between samples 
and genotypes

substitution lines (CSLs) with contrasting genotypes. The fourteen CSLs investigated 
contained twelve CSLs with either one or two Ler chromosomes in a Col genetic 
background and the two parental-like CSLs. All fourteen CSLs were measured in 

pooled sample consisted of at least six individual plants that were grown in a 
randomized block design in a climate controlled growth chamber.

The hydrophobic proteins from each pooled sample were extracted using a 
chloroform:methanol extraction method (22
each digested into peptide mixtures by addition of endopeptidases trypsin and 

LC-MS/MS system. MS/MS detection is limited to select the more abundant peptides 
present at any given time during the elution of the sample. Therefore not all eluting 
peptides are selected for MS/MS fragmentation, however each of the 42 samples 
was separated into four fractions for higher resolution and increased number of 

23, 24). The genomes of the CSLs consisted of both Col and 
Ler

of the total number of submitted MS/MS spectra. The majority of MS/MS spectra 

digests). Considering all three biological replicates of each genotype together, a 
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the proteome at the protein level is therefore more reliable and informative than at 
the peptide level.

Obtaining high-quality protein data

groups present in at least one of the 42 samples. A single protein group consists 

er. Protein IDs were 
linked to the gene IDs using their Col and Ler annotations in the database. Protein 

3,840 protein groups with a single linked gene ID.

protein (ranging from 16.7 to 35.3 and a mean of 25.3), we obtained reliable intensity 

single genotype and linked to a single annotated protein. The distribution of these 
proteins related to the gene density per chromosome. Given the protein annotation 
of a single gene, these were distributed according to expected ratios over the 

2  Fig. 1B). There was, however, an enrichment for 
chloroplast proteins, which was likely caused by the higher intensities of chloroplast 
proteins vs nuclear proteins (average intensity values of 25.8 vs 27.9). Overall, the set 

these 1,594 proteins, 126 were not detected in all genotypes, but in a single or few 
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A B

FIGURE 1 | Distribution of the measured proteins over the genotypes. A) The identified proteins 
follow according to a power-law distribution with 92% of the proteins identified in all genotypes. B) 
Distribution of protein coding genes over the different chromosomes. Dark grey represents the number 
of genes on each chromosome encoding detected proteins. Light grey shows the expected number based 
on the total number of genes on the chromosome and the number of proteins identified. 

Chromosome mapping of qualitative proteins

the presence/absence of the protein (Fig. 2). According to the gene annotation, 
the presence/absence of 92 of these could be explained by the genotype of the 
chromosome harbouring the encoding gene, suggesting cis-regulation. Only 

transcription factor, here it might be caused by a translocation of the encoding gene. 
However, the de novo er do not provide evidence for this (2).

abundance pattern was either present or absent in only a single genotype. Since 
the average intensity values of these 33 proteins was much lower compared to the 
overall average intensities this indicates that these proteins were most probably 

a given genotype. However, it could also indicate an extreme case of dependency 

higher-order epistasis).
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FIGURE 2 | Heatmap of the intensity of qualitatively variable proteins reveals chromosome mapping. 
A) The chromosomal composition of the different genotypes is shown horizontally and coloured according 
to the accession of which each chromosome is derived, yellow for Col and purple for Ler. B) The average 

the expression value. In the first vertical column the genotype at the specified chromosome is shown for 

Analysis of qualitative proteins

a Col and Ler

protein abundance patterns of these twenty-four proteins showed complementary 
Fig. 3). When the intensity values of the proteins 

encoded by these twelve genes were compared, the abundance of the Col and Ler 
Fig. 3C). Although the occasional 

A B C
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A              B 

C 

FIGURE 3 | Allelic variants of twelve proteins show significant quantitative variation in their protein 
abundance. Counter-clockwise from the top-left A) List of genes that contain allelic variation and that 

er protein database. The 
third symbol of the “Gene ID” (i.e. ATxGx) contains information on the chromosomal location of the gene. 
B) On the left-hand side the genotypes are represented horizontally by coloured blocks indicating the 
parental origin of the chromosome, yellow for Col and purple for Ler. On the right-hand side a heatmap 
indicating the abundance of the proteins for each allelic variant of the gene. For instance, the PATL2 gene 
is located on chromosome 1 according to the Gene ID (AT1G22530) and it is detected as a Col allelic 
variant only in the genotypes with a Col chromosome 1 or as a Ler allelic variant in genotypes with a Ler 
chromosome 1. C) On top of each heatmap is the average abundance for all genotypes with either the 
Col (yellow) and Ler (purple) allelic protein. The number refers to the genes in A and the stars indicate the 
significance between the Col and Ler protein abundance tested with a two-sided t-test. One or two stars 
indicate a p-value <0.05 or <0.001, respectively. The error bars represent the standard error of the mean.

er 

only a Ler annotation were “hypothetical proteins” for which no Col gene ID was 

er
by Zapata et al. (2).

er annotations, 
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Ler 

present in the promotor region of the gene or in a transcription factor regulating the 
expression of the gene.

proteins is the methylthioalkylmalate synthase (MAM) genes located at a single 
GSL-ELONG

(it is related to the elongation of particular glucosinolate backbones) which was 
detected in the Col x Ler recombinant inbred lines (RILs) (25

MAM1 (AT5G23010) 
and MAM3 (initially named MAM-like or MAM-L AT5G23020) genes (26, 27). The 

er compared to Col 
er 

chromosome 5 (28). The second, MAM3
Col and Ler 
of detection for a single genotype (CLCCC). This is probably caused by a detection 

er 
(27.2 ± 0.6). This correlates with RNA expression data according to the eFP online 
browser (29), where expression is higher in Ler compared to Col. MAM3 is known to 
produce more elongated glucosinolates, and thus there might be a shift between 

30).

of this class. For instance the GSL-OH gene (AT2G25450), also functional as a 
glucosinolate modifying enzyme, is known to be functional in the Col genome, while 
the Ler 
(31). But also the PATHOGENESIS RELATED 1 (PR1 AT2G14610), LIPOXYGENASE 
ISOZYME  2 (LOX2 AT3G45140), and ACCELERATED CELL DEATH 2 (ACD2 AT4G37000) 

have been functionally analysed in Arabidopsis (32-36).

might be a plausible case, because they are related to response to (a)biotic stress.
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Genotypic variation results in quantitative intensity differences

were analysed for their repeatabilities (also known as the broad sense heritability = 
H2). Although for many proteins the heritability of intensity was (close to) zero it was 
moderate to high (>0.5) for a substantial number of proteins, indicating the potential 

Fig. S2). However, a high 
heritability not necessarily reveals a high degree of variation between genotypes. 
Therefore, the 490 proteins with the largest genetic variance (>0.05) were selected 

data visualizations were used for exploring the complete data set. In a heatmap, 
Fig. 4), 

2 and 5 on many proteins. Note for instance how there seems to be a correlation 
between genotypes with chromosomes 2 and 5 Col and a block of higher abundant 
proteins on the left of the heatmap, and lower abundant proteins on the right of the 
heatmap (most notable in samples LCCCC, CCCLC, LCCLC and CCLLC).  

 
 3618

FIGURE 4 | The genotypes are distinguishable based on their protein abundance profiles. On the 
left, the different genotypes used are shown. Each genotype is sampled three times. On the right, the 
scaled intensity values of 490 proteins (in vertical direction) were clustered according to their protein 
intensity for each sample. The three replicates of the genotypes show differences, but have in general a 
similar pattern. 
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A principal component analysis (PCA) of the 490 proteins also indicated that the 
Fig. 5

second component explain 26.6% and 12.6% of the total variance, respectively, and 

with a p-value < 10-13 Fig. 
4 -15) to the second 
dimension in the PCA. Considering the explained variances of the PCA components, 
this indicates that especially chromosomes 2 and 5 together provide more variation 

Col-Chr5Col, 
much more within group variation seems to be present than is the case for the other 
three haplotypes between chromosome 2 and 5.

The large contribution to variation in protein abundance of the substitution 

chromosomes 2 and 5 in a previous study (37), although this was performed in a Ler 

expression, metabolites and phenotypes was present on chromosome 2, located 
in close proximity to the ERECTA gene (AT2G26330) (38). The ERECTA gene is 

39, 

FIGURE 5 | PCA analysis indicating a strong genetic correlation for the measured samples. The three 
replicates per genotype have the same colour, and the suffix “a”, “b” and “c” indicate the three replicate 
numbers. On the left side of the PCA plot genotypes with chromosome 2 Ler and/or chromosome 5 Ler 
are positioned, while on the right side all genotypes with both chromosomes 2 and 5 Col are clustered. 
Note also how the genotypes contributing most to the first two components were those genotypes that 
had two chromosomes substituted, indicating that variation in protein abundance increases with more 
genetic substitutions.
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40). Although there might be a similar biological explanation for the variation caused 
by chromosome 3, it is more likely that the contribution of chromosome 3 variation 

only three genotypes contained a Ler chromosome 3).

Mapping of main effect QTCs for quantitative protein abundance

With the indication that chromosome 2 and 5 contribute most to the total variation 

protein abundance levels for these 490 proteins. Using an ANOVA-based approach 
(see material and methods

term was included that should capture most of the genetic variation caused by the 
four two-way interactions with chromosome 3 and higher-order interactions. For most 

A I).

chromosome. For only 49 of these proteins the gene was located on the substituted 

the observed variation was due to a substitution in trans.

-15) were encoded 
by the genes SEDOHEPTULOSE-BISPHOSPHATASE (SPBase AT3G55800) and 
EPITHIOSPECIFIER PROTEIN (ESP AT1G54040). For both, protein intensities were 

ESP was originally mapped as the TASTY 
locus in the Col x Ler RIL population, conferring resistance to insect feeding in Ler 
(41). The ESP

42). The SPBase gene is described as an enzyme with a 

developmental processes (43). Although not much is known about natural variation 
in expression of this gene, according to the 1001 genome browser there is extensive 
allelic variation present for the Col and Ler 

44).
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A, proteins with a single 
I I

A

Fig. 6A
A I (mean 

I need to be of 

A were detected for chromosomes 2 and 5 (Fig. 6B). This is 

5 on the total proteome (Fig. 4 & 5) and thus this indicates again that especially the 
substitution of these two chromosomes is important for variation in protein intensities.

Chromosome substitutions can have large effects on the abundance of proteins

For thirty proteins the substitution of a chromosome led to at least a one fold-change 
Fig. 7). Similar to 

 

A 
         B 

FIGURE 6 | Distributions of the significant protein abundance QTCs. A) The number of significant 
effects identified per protein in the final model of the protein. For most proteins only one or two significant 
chromosomes were identified, while there were also many proteins that had multiple significant effects, 
including two-way interactions between chromosomes. B) Distribution of the number of identified effects 
per individual term in the final ANOVA models. Dark-grey shows the number of significant effects detected 
according to the specified term in the final model. Light-grey shows how often the specified term was the 
most significant term in the final model.
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ESP (AT1G54040), 
SPBase (AT3G55800), LIGHT HARVESTING COMPLEX PHOTOSYSTEM II (LHCB4.2
AT3G08940) and EPITHIOSPECIFIER MODIFIER 1 (ESM1 AT3G14210) proteins. ESP 
and ESM1 are known to have counteracting roles in the hydrolysis of glucosinolates 

compound that deters most generalist insects (42, 45, 46). Although these two 
proteins together regulate the abundance of indol-3-acetonitrile in a non-

Additional genes that respond to (a)biotic stimuli included MYROSINASE-BINDING 
PROTEIN 2 (MBP2 AT1G52030 PATHOGENESIS-RELATED 2, 4 
and 5 (BGL2 PR4 and PR5; AT3G57260, AT3G04720 and AT1G75040
COLD-REGULATED 15A and 47 (COR15A and COR47 AT2G42540 and AT1G20440
response), EARLY RESPONSIVE TO DEHYDRATION 10 (ERD10 AT1G20450
response) and PLANT CADMIUM RESISTANCE 1 (PCR1 AT1G14880

FIGURE 7 | The genes with the highest fold-change protein expression differences. Fold-
change differences are represented on the x-axis, where a negative value indicates the protein is 
higher expressed in the genotypes with a Col chromosome (also indicated by the orange background 
colour), while a positive value indicates the protein was higher expressed in the genotypes with a Ler 
chromosome (purple background). The y-axis indicates the significance for the ANOVA F-test. The 
red-dashed line indicates the significance threshold at p-value = 0.01. The different colours of the 
proteins indicate which chromosomal substitution led to the differential expression of the protein, 
purple, orange, green, yellow, blue for chromosomes 1-5, respectively. Each protein is labelled 
according to its gene name annotation, where the first three characters indicate the chromosome.
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variation in the two parental accessions is by proteins and enzymes that are either 

the end of metabolic pathways. This again advocates the hypothesis that especially 
such genes are likely to contain mutations that can create variation within species.

A

abundance by their encoding genes located on the substituted chromosome 

A did not always 

2 Fig. 8

and 4 might actually follow a more expected distribution than chromosomes 2, 3 and 

only in cis, but especially in trans. This likely indicates that variation in important trans 

Description of the interaction effect QTCs

I detected with the ANOVA-based approach were distributed over 
Fig. 6B

indicating the presence of either interactions with chromosome 3 or higher-order 
interactions. Although the interaction between chromosomes 1 and 5 was only 

observations were made.

A at each contributing chromosome was not indicative for the 
I

of other interactions. There were 199 proteins with both a chromosome 2 and 5 main 
I for chromosome 2 and 5.

chromosomes (Fig. 6B
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PATHOGENESIS-RELATED PROTEIN 2 
(PR2/BGL2 AT3G57260) where the combination of chromosomes 4Ler and 5Ler led to a 
2.5-fold increase in PR2 protein abundance. In addition, PR2 was also strongly regulated 

Ler

that regulation of this protein might be far from straightforward and depending on 
multiple factors. For a high PR2 protein abundance at least chromosome 3Ler needs to 

Ler and 5Ler lead to an 
even higher expression. Still, the Ler-like CSL does not display the highest abundance of 

ALWAYS EARLY 
3 (ALY3 AT1G66260 Ler and 2Ler leads 

by transporting mRNA from the nucleus to the cytosol as part of the transcription-
export-complex (TREX). This TREX-complex consists of multiple proteins that could 
also epistatically regulate the abundance of ALY3.

FIGURE 8 | QTCs according the location of the genes affected and the specific chromosomal 
substitution. Each single dark-coloured stacked bar shows the total count protein-coding-genes on the 

on chromosome 1 were affected by a substitution of chromosome 4). The transparent stacked bars 
2-distribution table. Chromosomes 1 and 4 show 

2

for chromosomes 1-5 respectively). 
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Epistasis can explain a large part of the genetic variance 

Table 
2 g) 

a), the two-
i

u). Note again that we only estimate six two-way interactions 
instead of all ten possibilities, and thus the four two-way interactions including 
chromosome 3 are included in %SSu.

Fig. 
9). Similarly for the 89 proteins including an interaction term, two-way epistasis 
accounted for 24.7% (± 16.4% s.d.) of the total phenotypic variance on average (or 
35.8% ± 25.4% s.d. of the genetic variance = %SSi/%SSg). For nineteen proteins part 

the model (Table 2

abundance between the genotypes. This type of model is associated with sign 
epistasis (i.e. a crossover interaction) where the opposite allelic (or chromosomes) 

 

FIGURE 9 | Both main and interaction effects can explain a large part of the genetic variance. Every 

subjected to the analyses. For each protein the genetic variance (%SSg) is partitioned into the additive 
variance (%SSa i
variance (%SSu e) is represented by the remaining part 
(white). 
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DISCUSSION

chromosomes or combinations thereof. Additionally, the contribution of epistasis to 
protein expression variation was interrogated. We have shown that protein intensities 
can depend on a combination of multiple allelic chromosomes. The current dataset 

accessions. However,  it is certain that the full potential of the current dataset has 
not yet been exhaustively explored in the current study, and there are possibilities for 
advancing the current analysis.

the variation in the proteome. As discussed before, this is not completely unexpected 
as previous research has shown how both these chromosomes also contain hotspots 

 
on chromosome 2) are causal for the large variation in protein abundance as well. 
Similarly, on chromosome 5 there are a number of major developmental regulators 

The current experiment was set-up as an exploratory investigation and as a 

analyses. First, the proteomics experiment could be extended to include more CSL 
genotypes to make the analysis more comprehensive and complete. With additional 

response of the CSLs by inclusion of a treatment for the plants. This is especially 

conditions were related to (a)biotic stress response. For several of the proteins with 

Furthermore, proteomics could be combined with other -omics technologies, like 

whether it is dependent on protein-protein interactions, protein-turnover or post-

have biological meaning and whether selection can occur on protein abundance.
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The proteomics approach itself could also be extended by other methodologies to 
improve detection of more proteins. Although there is no protocol for detecting all 
proteins from a single extraction, the current protein extraction method is limited 
to detect mainly hydrophobic proteins. Generalization of the current results should 
therefore be limited to this subset of proteins, but information of additional proteins, 

view of protein networks and their relation with other -omics data to obtain valuable 
information for systems biology applications.

In contrast to obtaining a comprehensive proteome overview, a targeted proteomics 

of proteins with shorter scan times and more precision. For instance it would be 

mentioned before, for these proteins there is a clear indication for the presence of 

Also according to the explained epistatic variance (%SSi) those sign epistatic 
interactions had a major contribution to the genetic variance (%SSg), and thus might 
have a biological relevance.

The current approach for epistasis detection with chromosome substitution lines 

chromosome substitution lines. We wanted to investigate a subset of the complete 
CSL panel as was used by Wijnen et al. to see if the use of only single and double 
chromosome substitutions of Ler

possible in most biparental segregating populations. Obviously, this advantage 
stems also from the small size of the current panel in which only a limited number of 

I can be ultimately additively introgressed (or maintained) in a Col-0 genetic 
I might lead to a non-

36%-29%-21%-14%. This triggers the suggestion for an additional analysis in which 
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chromosomes 4 and 5 can be tested in only the genotypes CCCCC, CCCCL, CCCLC 

4 & 5. It is likely that in such an analysis not all detected interactions (and main 

I

levels. There is ample evidence that protein-protein interactions cause additional 

Additionally, with CSLs we provide the tools for detection of inter-chromosomal 

present.
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SUPPLEMENTARY MATERIALS

  

FIGURE S1 | The intensity influences the number of detections per genotype. The difference in 
distribution of the average log2-protein intensity values per genotype of each protein. The left histogram 
shows proteins with less than 2.5 detections per genotype on average (22.8 ± s.d. 1.37), the right shows 
proteins with more than 2.5 detections per genotype on average (25.8 ± s.d. 2.16). 

FIGURE S2 | Heritability and genetic variance of the 1,468 proteins. The dots represent proteins 
according to their respective repeatability (x-axis) and genetic variance (left y-axis). The histogram shows 

proteins with a large (>0.5) heritability, the genetic variance was in general low. 
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ABSTRACT 

Reverse breeding is the opposite of plant hybridization: a method 
to extract parental lines from a hybrid. Reverse breeding enables the 
development of new F1 hybrid varieties without having prior access to 
homozygous breeding lines. It also can be used to efficiently generate 
chromosome substitution lines (CSL). For successful reverse breeding, 
the heterozygotes’ chromosomes must be divided over two haploid 
complements. This is achieved by suppression of meiotic crossover 

here show two innovations that allow efficient reverse breeding. Firstly, 
we demonstrate that transgene-free offspring with a desired genetic-
make up can be produced by using virus-induced gene silencing to 
downregulate meiotic crossovers. Secondly, our experiments suggest 
that incomplete rather CO suppression enables reverse breeding to be 
efficiently applied in other species. 
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INTRODUCTION

Heterozygous F1 hybrids are among the highest producing crop varieties (1) and 
result from intercrossing homozygous parental lines. Existing hybrids are usually 
further improved through the introgression of new alleles into their parental lines. In 
an alternative approach, large numbers of new and potentially better heterozygous 
genotypes could be generated in outcrossing populations, for example by 
intercrossing different commercially available heterotic hybrids and selecting the 
best performing heterozygotes in their offspring. However, this potential is rarely, if 

lost through meiotic recombination. This restriction can be overcome by reverse 
breeding, in which new parental lines for any heterozygote can be generated 
from the selected heterozygote itself (2–4) (Fig 1). By obtaining its parental lines, a 
heterozygote can be recreated as F1 hybrid. 

x x x
DH0

Recreated heterozygote
(full hybrid)

Near-full hybrid 1

Starting heterozygote

DH2DH1DH0

Partial suppression of 
recombination 

A B

Bivalent Segregating
chromatids

Near-full hybrid 2

x
GFP-tailswap

Haploid HaploidHaploidHaploid

FIGURE
suppression in Arabidopsis. Panel A: a starting Arabidopsis heterozygote (top) is selected for which 
parental lines are to be made. Five chromosome pairs are shown, with homologs in orange and purple. 
Meiotic COs are partially suppressed in this heterozygote, after which gametes are formed that are grown 

1 or 2 COs (DH0, DH1 and DH2 respectively). Intercrossing complementing DH0 (left) recreates the 
heterozygote as a full hybrid (bottom row, left), an approach similar as described by Wijnker et al., 2012 
(4). Intercrossing DH0 with DH1 (middle) or DH1 with DH2 (right) generates near-full hybrids 1 and 2, which 
have small homozygous genomic regions. Note that in the cross of DH1 with DH2 chromosome 1 is largely 
heterozygous, since the parental lines complement one another in the distal chromosome region. Panel B: 
Recombinant but also non-recombinant chromatids segregate in the presence of a CO. Detail of a bivalent 
pair with one meiotic CO is shown (left). Only two of the four resulting chromatids are recombinant (right).
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A proof of concept study (4) showed the feasibility of reverse breeding in an 
Arabidopsis thaliana hybrid. This was achieved by the complete knock-down of 
meiotic CO formation in a F1 hybrid using a dominantly acting RNAi transgene 
targeting the essential meiotic recombinase DISRUPTED MEIOTIC CDNA 1 (DMC1). 
Without COs, non-recombinant chromosomes segregate to gametes. These gametes 
were regenerated as haploid plants, and self-fertilized to give rise to homozygous 

selected and crossed to reconstitute the starting heterozygote (Fig 1A). In short, 

conversion of resulting gametes to DH offspring. 

chromosome substitution lines (CSLs). In this case, two parental lines are crossed 
to give rise to an F1. In the absence of crossover recombination during meiosis 
and due to the random segregation of chromosomes, different combinations of 
homozygous parental chromosomes are transmitted to DH offspring, leading to the 
generation of chromosome substitution lines (CSLs) (3–5). CSLs have been shown 

detection of epistasis (non-allelic interactions) (6–8) The generation of a complete 
CSL population in Arabidopsis allowed for the systematic detection of two-way or 
three-way interactions for different traits (5). 

out to overcome two major drawbacks of the original approach. Firstly, the use 
of a transgene to suppress CO formation in a heterozygote is impractical. Stable 
transformation of a selected heterozygote can be complex and a transgene that 
dominantly compromises fertility renders half of the offspring (the genotypes 
carrying the construct) useless for further breeding. We asked if virus-induced gene 
silencing (VIGS) could be used to transiently suppress meiotic CO formation in a 
hybrid (9–11) and whether gametes resulting from VIGS-modified meiosis can be 
used to generate offspring of desired genotypic composition.

Secondly, CO formation is indispensable for chromosome segregation in plants. 
Without COs, homologs segregate randomly (as univalents) at anaphase I. This causes 
aneuploidy in gametes and semi-sterility. Viable haploid gametes can still be formed 
in the absence of COs, when the homologues of each chromosome pair by random 
chance segregate to opposite poles (4). The probability of regular disjunction is a 
function of the chromosome number of the plant (3) (n): P(balanced segregation)=1/2n. The 
more chromosome pairs, the lower the probability of viable gamete formation, and 
the lower the chance of obtaining parental lines. In Arabidopsis about 1/25 = 3% of 
meiotic events generates viable spores in the absence of COs.
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The suppression of CO formation enriches for the segregation of non-recombinant 
chromosomes to gametes, but complete CO suppression is not essential. Gametes 
carrying exclusively non-recombinant chromosomes will occasionally be formed 
in wild-type meiosis (Fig 1B) although they are usually rare, especially when the 
chromosome number is high (S1-S6 Tables). A reduction of CO, rather than complete 
CO suppression, might present a favourable intermediate approach to enrich for 
viable gametes carrying only or mostly, non-recombinant chromosomes (3). The 
presence of parallel pathways that lead to CO formation in plants allows theoretically 
for fine-tuning CO rates (12). Mutants of MUTS HOMOLOGUE5 (MSH5) show about 
87% reduction in COs in Arabidopsis (13) and we therefore targeted MSH5 using a 
VIGS construct to reduce CO formation.

RESULTS

Downregulation of MSH5 using VIGS changes the genetic composition of offspring

The efficiency of VIGS to downregulate MSH5 was assessed by inoculating plants 
at the five-leaf stage with a VIGS vector (TRV2-AtMSH5) and evaluating meiotic 
progression. MSH5 knocked-down plants exhibited high levels of aborted pollen 

consistent with a msh5 mutant phenotype (14). Chromosome spreads of late meiotic 
cell complements confirmed the mis-segregation of chromosomes during meiosis 
(Fig 2). High levels of pollen abortion were typically observed for three to four 
consecutive days on open flowers, which amounts to about six to eight flowers per 
plant. Thereafter the plants reverted to showing a wild-type phenotype, in which 

To evaluate the feasibility of breeding with gametes resulting from VIGS-mediated 
reduction of recombination, we inoculated an F1 (Landsberg  x Columbia) 
with TRV2-AtMSH5. Once the flowers showed a high fraction of aborted pollen, they 
were crossed to GFP-tailswap, a haploid inducer line for Arabidopsis (15). Haploid 
offspring were obtained and self-fertilized to give rise to 111 DH offspring that were 
genotyped for 42 markers evenly spaced over the genome (S1 Fig).

Among the 111 offspring we identified 24 DHs (20 different genotypes) that carry 
only non-recombinant chromosomes (S1 Dataset). These lines, which are essentially 
chromosome substitution lines (CSLs), are henceforth referred to as DH0 to 
differentiate these offspring from other DH in the following section. The population 
is significantly enriched for DH0 lines in comparison to a previously published wild-
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DH0 genotypes we identified six complementing parental pairs that, when crossed, 
recreate the starting hybrid (S1 Dataset). All DH offspring in our population developed 
normally and were fully fertile. This shows that VIGS can transiently modify meiotic 
recombination in wild-type hybrids and change the genetic make-up of offspring 
derived from a hybrid. 

Recreation of hybrid genotypes and phenotypes using reverse breeding offspring

For the exact recreation of a heterozygous genotype, complementing DH0 are 
phenotype will be the ultimate 

goal. The use of a DH1 (i.e. a DH with one recombinant chromosome) in a cross 
to recreate a hybrid, leads to a decrease of heterozygosity (hereafter DOH) in the 
reconstituted hybrid distal to the CO position (Fig 1). We hypothesized that only 
in case DOH negatively affects the hybrid phenotype, it is of concern for reverse 
breeding. In our offspring we identified 19 DH1 and 12 DH2 with one and two COs per 
genome respectively, with the remainder of 58 DH having three to eight COs, which 
is in the range of wild-type meiosis and likely result from incomplete penetrance 
of VIGS (S1 Dataset). Depending on CO positions in the DH1 and DH2 offspring, we 
noted the possibility of identifying four additional parental pairs in which a near-full 
hybrid would show a DOH less than 2.5% of the total genome length. Seven parental

FIGURE 2 | Inoculation with TRV2-AtMSH5 induces a phenocopy of a msh5 mutant phenotype 
in Arabidopsis thaliana hybrids during meiosis, in pollen phenotype and plant fertility. A and B 
depict the result of random chromosome segregation at metaphase II (A) and tetrad stage (B) (same 
magnification). Pollen of a non-inoculated control plant and an inoculated plant with TRV2-AtMSH5 is 
shown in (C) and (D), scale bar 50 μm. The result of a MSH5 knock-down leads to high pollen abortion in 
(D). MSH5
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pairs would give rise to near-full hybrids in which DOH is less than 5%. Only near-full 
hybrids with one CO show less than 2.5 % DOH. In one parental pair (DH1 line 44 x 
DH2 line 41) COs on the same chromosome arm partly compensate, similar to the 
DH1 x DH2 cross illustrated in Fig 1, generating a near-full hybrid with a DOH of 4.2%.

 
FIGURE 3 | Crossover (CO) distributions in reverse breeding- and wild-type DH offspring (top panel) 
and comparison of hybrid phenotypes (lower panel). Top panel (A) shows the observed CO number in 
wild-type DH offspring (in red) and reverse breeding DH offspring (in green). Note that reverse breeding 
DH offspring are enriched for DH having 0 and 1 COs. Lower panel (B) shows box-and-whisker plots for 
main stem length at the moment of flowering of parental lines, full hybrids (FH) and near-full hybrids 
(NFH). Parental lines Col-0 and Ler (shown in yellow and pink respectively), Col-0 x Ler reciprocal hybrids 
(green), full hybrids (blue) and near-full hybrids (orange). Genotypes of near full hybrids are presented in 
the supplementary file. 
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The phenotypic impact of DOH can be explored experimentally. We therefore 
intercrossed DH lines to create near-full hybrids with increasing levels of DOH 
ranging from 1.28% - 32.1% (Fig 3B and S2). These were grown together with the 
starting heterozygote and full hybrids (recreated heterozygotes) and compared 
standard growth parameters: flowering time, main stem length, rosette diameter 
and dry weight at flowering time. No significant differences were found between 

significant differences between the full hybrid and the near-full hybrids were found, 
with the exception of one: a near-full hybrid that has a similar short stem length as 
one of its parental lines (Fig 3B), which is likely caused by homozygosity of the main 
effect  locus that is homozygous in this specific hybrid (16). Interestingly, NFH4 
(DOH=32,07%), NFH5 (DOH=28,08%), NFH7 (DOH=31,03%), NFH9 (DOH=14,25%) 
and NFH10 (DOH=21,46%) that show the highest DOH (S1 Dataset) do not display 

are observed compared to the full-hybrids (Fig 3).

DISCUSSION

Our experiments showed the feasibility of using VIGS to transiently modify meiotic 
recombination to change the genetic composition of gametes. The possibility of 
generating offspring from these modified gametes opens up routes to also alter other 
meiotic processes to change the genetic composition of offspring. It was previously 
reported that VIGS could be used to silence meiotic genes and induce a meiotic 
mutant phenotype in wheat (17,18). This suggests that VIGS-mediated silencing of 
meiotic genes can be used to develop breeding strategies in other species too. 

In comparison to a previously published proof-of-concept for reverse breeding (4,19), 
the execution of reverse breeding is here greatly simplified and improved. Firstly, 
the previous experiments did in fact not recreate a wildtype hybrid, but recreated a 
specially designed transgenic achiasmatic hybrid that expressed a dominant acting 
RNAi transgene to suppress crossover formation. Here the application of VIGS 
allowed the direct suppression of CO formation in a wildtype heterozygote. Where 

three generations to recreate a heterozygote as F1 seeds (Fig 1). Furthermore, all 
recovered offspring in this experiment are transgene-free and fertile, while in the 
previous set-up half of the offspring were transgenic and semi-sterile, which implies 
two-fold increase of efficiency.
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Our experiments also show that CO formation during meiosis can be adjusted to 
favourable levels, by targeting MSH5 rather than DMC1 as was previously done. The 
lower the CO number, the more DH0 and DH1 occur in the offspring (S1-S6 Tables), 
but also the higher the level of gamete abortion. Depending on ones’ interest 
in obtaining DH0 and DH1, the optimal CO rate can be calculated to balance one 
against the other. Especially in species with higher chromosome numbers, such 
considerations matter. In a species with ten chromosome pairs, in which a typical 
bivalent has two COs, complete CO suppression generates 100% DH0 offspring but 
results in just 0.10% of spore viability. Reducing COs by 75% -from 20 to five COs 
per meiosis- would increase spore viability 32 fold to 3%, since then only five rather 
than ten univalent pairs segregate. Of those offspring, 5.6% are DH0 (S3 Table). This 
is low in comparison to complete CO suppression, but it is a substantial 60.000 fold 
increase in comparison to wild-type meiosis. Likewise, chances for obtaining DH1 

expected DH0 and DH1 numbers at different levels of CO suppression and different 
chromosome numbers. Such calculations will help to determine the best possible 
approach for other species than Arabidopsis.

The results obtained further illustrate that DOH do not necessarily negatively impacts 
hybrid performance. It is possible to estimate the expected DOH in near-full hybrids 
resulting from a single CO. Arabidopsis has five linkage groups (chromosomes). One 
CO recombines one linkage group (1/5th) and this CO exchanges anything between 
zero and half of the linkage group, which averages at 1/4th of the linkage group 

on average (1/4*1/5=) 5% of the total linkage map length. Of the ten near-full 
hybrids (with one CO) that we can produce, five have a DOH less than 5% in Mbp, 
exactly as predicted as the Arabidopsis genetic map correlates well with the physical 
chromosome length. The more chromosomes a species has, the lower the relative 
DOH resulting from one CO. In a species with ten chromosome pairs (e.g. maize) one 
CO causes a DOH of 2.5%. This decreases even further when, as in many species, COs 
locate relatively distal on chromosomes. Under such a scenario, not only DH0, but 
also DH1 and DH2 may prove worthy parental lines, provided that resulting near-full 
hybrids are phenotyped to assess their performance.

Reverse breeding is a method to generate parental lines for heterozygotes, but it 
also provides a way to generate populations of DH0, also known as chromosome 
substitution lines (4). Due to the low number of segregating loci (chromosomes), 

interactions (5–8). Since in mixed DH0/DH1 populations the number of segregating 
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decrease much. Reverse breeding strategies are therefore a way towards detection 
and mapping complex interactions. The recent identification of class I COs meiotic 
mutants in crops like maize, rice or barley present further interesting 
opportunities for developing reverse breeding strategies based on partial crossover 
suppression (20–23). 

CSLs (Wijnker et al., 2012), and it has been shown that all 32 possible chromosome 
combinations can be obtained for Arabidopsis with the use of a dominant transgene. 

in a recurrent background the minimal population comprises as many lines as the 
basic chromosome number of the species of interest. By also generating double CSLs 
(with two introgressed chromosomes), simple (two-way) epistatic interactions can 
also be detected. Transient suppression of CO recombination using VIGS facilitates 
the generation of CSLs because no construct segregates in the offspring, and because 
COs can be suppressed in any susceptible hybrid genotype. 

Partial suppression
of recombination 

x

x

BC1 offspring 

Selfings or
DH offspring

Parental line 1 Parental line 2

F1 hybridParental line 1

FIGURE 4 | Generation of single and double chromosome substitution lines by reduced 
recombination in a species with 7 chromosome pairs. Parental lines are crossed to give rise to an F1 
hybrid. Crossover recombination is reduced (or may be completely suppressed) in the F1 hybrid, after 
which it is backcrossed to a parental line (second row). An example here is given of a backcross to parental 
line 1. The BC1 offspring will contain mainly non-recombinant chromosomes (third row), of which the 
number of non-recombinant, heterozygous chromosomes in the BC1 follows a binomial distribution. 
The partially heterozygous BC1 offspring can be left to self-fertilize, or be used for the production of 
doubled haploids (DH) to give rise to homozygous chromosome substitution lines (CSLs). The likeliness of 
obtaining homozygous CSLs among DH offspring or offspring obtained through self-fertilization can be 
increased when also the BC1 are subjected to (partial-) CO suppression. 
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In our experiment we obtained 20 different CSLs, but by chance only four of these 
were sCSLs. To complete the set of sCSLs for our starting parental lines, we could 
backcross DH line 4 to Col-0, and Lines 12 and 23 to Ler (S1 Dataset) to give rise 
to hybrids that are heterozygous for two chromosomes, from which the missing 
single CSLs could be obtained with relative ease by the production of DH from these 
partial hybrids. Using VIGS, it is also possible to design relatively simple backcross 
designs, that would enable to obtain these lines in more targeted ways. In Fig 4 
such a simple backcross design is shown, in which an F1 in which recombination 
is (partially) suppressed is backcrossed to one of its parents. This gives rise to BC1 
offspring in which only some chromosome pairs are heterozygous. The number of 
heterozygous chromosome pairs follows a classical binomial distribution. From such 
a backcross population one could select partial hybrids with 1, 2 or 3 heterozygous 
chromosome pairs, from which single and double CSLs can be obtained through 

In such a breeding scheme, the researcher will be able to calculate as to whether it is 
convenient to also suppress crossover recombination in the BC1 as well in order to 
increase the chance of obtaining the desired offspring. 

MATERIALS AND METHODS 

Plant material and growth

Arabidopsis thaliana plants used in crosses and for VIGS inoculation were grown in 
potting soil in growth chambers (Percival), 21º/18º C, 16H / 8H light cycle and 60%-
50% relative humidity. Haploid offspring were grown under similar conditions in a 
greenhouse. For phenotyping, seeds of DH offspring, reconstituted full hybrids and 
near-full hybrids were vernalized by sowing on wet filter paper and placed them for 
several days in the dark at 4°C for four days to ensure uniform germination. Plants 
were grown on 4x4 cm Rockwool blocks and watered with a flooding system with 
a Hyponex nutrient solution three times per week in a randomized block design 
with five blocks and two replicates per genotype in each block. Climate chamber 

μmolm-2s-1 and there was 70% relative humidity. 
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Plasmid construction and Agrobacterium inoculation

Two MSH5 cDNA regions were amplified using primers to which BamHI (forward) 
and XbaI (reverse) restriction sites were added. The MSH5_F1/R1 and MSH5_F2/
R2 primer pairs give fragments of 242 bp and 254 bp respectively, and were used 
to generate the TRV2-AtMSH5 and TRV2-AtMSH5_2 constructs. Both PCR products 
were introduced individually into the vector TRV2 (pYL156) (24) following a classical 

-AtMSH5 and 
TRV2-AtMSH5_2 vectors were transformed into  
(pMP90) strain. The incubation and inoculation protocol was executed as described 
in Nimchuk et al., 2000 (25). Plant inoculation was done by leaf-infiltration (26) of 
TRV2-AtMSH5 in combination with TRV1 (pYL192) (24) or TRV2-AtPDS in combination 
with pTRV1 in a 1:1 ratio. TRV2-AtMSH5 and TRV2-AtMSH5_2 induced similar pollen 
phenotypes in inoculated plants, after which only TRV2-AtMSH5 was used for further 
experiments.

Primers used: 
MSH5_F1 5’- CAGGATCCAAGCCATCGATCATTTACGC -3’ 
MSH5_R1 5’- CATCTAGAACTTGGACTTCACTGCCCAC -3’
MSH5_F2 5´- CAGGATCCAAGCCATCGATCATTTACGC-3´ 
MSH5_R2 5´- CATCTAGAACTTGGACTTCACTGCCCAC -3´

Selection of TRV-AtMSH5 inoculated plants for pollen phenotyping

A total of 109 plants were inoculated with TRV2-AtMSH5 in three consecutive 
experiments (52+42+15). Three non-inoculated plants were grown as wild-type 
controls in every batch as well as three to four plants in each batch that were 
inoculated with TRV2-AtPDS to silence PDS as positive control (10). To evaluate 
a successful knock-down of MSH5, we assessed pollen viability in flowers that 
opened three weeks post-inoculation and the two consecutive weeks. One anther 
was removed from each flower and placed on a slide with a drop of a modified 
Alexander stain (27) to observe pollen viability. Pollen produced by wild-type plants 
remained viable throughout the test periods. The number of affected flowers was 
not consistent. Within an inflorescence, flowers with high levels of pollen abortion 
usually appear consecutively, and a semi-sterile phenotype was present for up to six 
consecutive days after the first sterile flowers appeared. 
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DH production

To produce doubled haploids, F1 hybrid plants of Ler x Col-0 plants were inoculated 
with TRV2-AtMSH5 as described above. Once flowers appeared, pollen of flowers 
displaying high levels of dead pollen were crossed to the inducer line GFP-tailswap 
(15). Of the three consecutively grown batches 27, 19 and 15 plants were used. 
Other plants did not show a semi-sterile phenotype. From these plants we used 
132, 77 and 60 flowers for pollination of GFP-tailswap. Haploid selection was done 
as described in Wijnker et al., 2014(19). Among the 369 offspring we identified 113 
haploid offspring. For 111 of these we obtained DH seeds. 

Phenotypical analysis of (near-)full hybrids

At the moment of flowering, flowering time (FT) was recorded and main stem length 
(MSL), rosette diameter (RD) and dry weight (DW) were measured for each plant. 
Phenotypic data was corrected for spatial trends and block effects with the SpATS R 
package, and the resulting spatial corrected raw data was used for further analyses. 
To establish whether the intercrosses of the DH0 resulted in different full hybrids, 
these were compared with the parental wild-type F1 using one-way ANOVA.

To assess the performance of the NFH in comparison with the FH, a Dunnett test was 
conducted in which line FH2 was used as a control line. 

Cytology

F1 hybrid flower buds were sampled 18 days post-inoculation. The inflorescences 
were incubated in Carnoy: a 3:1 mix of glacial acetic acid (HAc) and 99,8% EtOH and 
kept overnight at 4 ºC. Inflorescences were then washed twice with 70% EtOH (in 
water) and stored at 4º C. Meiotic chromosome spreads were made as previously 
described in Ross et al. (1996) (28), stained with DAPI and analyzed using a Zeiss 

Calculations of expected frequencies of DH0 and DH1. 

To calculate the expected number of DH0 and DH1 in S1-S6 Tables, the expected 
number of non-recombinant and recombinant chromatids was first determined for 

recombinant chromatid in a spore, and hence the chance of recovering a DH0, 
P(DH0)=(1/2) . The chance of finding a chromatid with one CO (and hence recovering a 
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DH1 (DH1) . For higher haploid chromosome numbers (n), the expected 
(DH0)=(1/2)  and P(DH1)  For 

CO numbers 1, P(DH0) (DH1)

P(DH0)
n and P(DH1)

(n-1).

ACKNOWLEDGEMENTS

This research was supported by the Netherlands the Organization for Scientific 
Research (NWO) through number STW-14389 (E.W.) and the European Community 
(EC) though the Marie-Curie Initial Training Network “COMREC”, project 606956 
funded under FP7-PEOPLE (V.C.-B.). We thank Cilia Lelivelt (Rijk Zwaan, Fijnaart, 
Netherlands) for her support in processing genotyping samples and Bas Zwaan 
(Wageningen University, Netherlands) for moments of reflection during our research. 
We thank Laurens Deurhof (Wageningen University, Netherlands) and Shinichiro 
Komaki (NAIST, Japan) for their support and help during the experiments.



127

EFFICIENT REVERSE BREEDING

5

REFERENCES 

1.  Schnable PS, Springer NM. Progress toward understanding heterosis in crop plants. Annu Rev Plant 

2.  Link W, Albrecht E M. An approach to the genetic improvement of clonal cultivars via backcrossing. 

3.  Dirks R, Van Dun K, De Snoo CB, Van Den Berg M, Lelivelt CLC, Voermans W, et al. Reverse breeding: 
A novel breeding approach based on engineered meiosis. Plant Biotechnology Journal. 2009. p. 
837–45. 

4.  Wijnker E, Van Dun K, De Snoo CB, Lelivelt CLC, Keurentjes JJB, Naharudin NS, et al. Reverse breeding 
in Arabidopsis thaliana generates homozygous parental lines from a heterozygous plant. Nat Genet. 

5.  Wijnen CL, Botet R, van de Belt J, Deurhof L, de Jong H, de Snoo BCB, et al. A complete chromosome 

6.  Nadeau JH, Singer JB, Matin A, Lander ES. Analysing complex genetic traits with chromosome 

7.  Singer JB, Hill AE, Burrage LC, Olszens KR, Song J, Justice M, et al. Genetic dissection of complex traits 

8.  Spiezio SH, Takada T, Shiroishi T, Nadeau JH. Genetic divergence and the genetic architecture of 

9.  Burch-Smith TM, Anderson JC, Martin GB, Dinesh-Kumar SP. Applications and advantages of virus-

10.  Burch-Smith TM, Schiff M, Liu Y, Dinesh-Kumar SP. Efficient virus-induced gene silencing in 
Arabidopsis1

11.  Ratcliff F, Martin-Hernandez AM, Baulcombe DC. Tobacco rattle virus as a vector for analysis of gene 

12.  Lambing C, Franklin FCH, Wang C-JR. Understanding and manipulating meiotic recombination in 

13.  Higgins JD, Vignard J, Mercier R, Pugh AG, Franklin FCH, Jones GH. AtMSH5 partners AtMSH4 in the 
class I meiotic crossover pathway in Arabidopsis thaliana,

15.  Ravi M, Chan SWL. Haploid plants produced by centromere-mediated genome elimination. Nature. 

16.  Stinchcombe JR, Weinig C, Heath KD, Brock MT, Schmitt J. Polymorphic genes of major 
Arabidopsis thaliana. Genetics. 

17.  Bennypaul HS, Mutti JS, Rustgi S, Kumar N, Okubara PA, Gill KS. Virus-induced gene silencing (VIGS) 

56. 
18.  Bhullar R, Nagarajan R, Bennypaul H, Sidhu GK, Sidhu G, Rustgi S, et al. Silencing of a metaphase 

I-specific gene results in a phenotype similar to that of the Pairing homeologous 1 ( Ph1 ) gene 

19.  Wijnker E, Deurhof L, Van De Belt J, De Snoo CB, Blankestijn H, Becker F, et al. Hybrid recreation by 
reverse breeding in Arabidopsis thaliana

20.  Sidhu GK, Warzecha T, Pawlowski WP. Evolution of meiotic recombination genes in maize and 

21.  Blary A, Gonzalo A, Eber F, Bérard A, Bergès H, Bessoltane N, et al. FANCM Limits Meiotic Crossovers 

23.  Barakate A, Higgins JD, Vivera S, Stephens J, Perry RM, Ramsay L, et al. The Synaptonemal Complex 



CHAPTER 5

128

5

24.  Liu Y, Schiff M, Marathe R, Dinesh-Kumar SP. , EDS1 and NPR1/NIM1 like genes are 

25.  Nimchuk Z, Marois E, Kjemtrup S, Leister RT, Katagiri F, Dangl JL. Eukaryotic fatty acylation drives 
plasma membrane targeting and enhances function of several type III effector proteins from 
Pseudomonas syringae

26.  Vaghchhipawala Z, Rojas CM, Senthil-Kumar M, Mysore  and KS. Agroinoculation and Agroinfiltration: 
Simple tools for complex gene function analyses. In: A. P, editor. Plant reverse genetics Methods in 

27.  Peterson R, Slovin JP, Chen C. A simplified method for differential staining of aborted and non-

28.  Ross KJ, Fransz P, Jones GH. A light microscopic atlas of meiosis in Arabidopsis thaliana. Chromosom 



129

EFFICIENT REVERSE BREEDING

5

SUPPLEMENTARY MATERIALS

Additional supplementary Tables S3-S15 can be found online via:  
biorxiv.org/content/10.1101/459016v1.supplementary-material.

Chromosome 1 Chromosome 2 Chromosome 3 Chromosome 4 Chromosome 5

FIGURE S1 | Physical positions of markers used to genotype reverse breeding offspring. The names 
of used markers indicate the Col-0 allele, the Ler allele and the bp position in the Col-0 reference genome.  
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FIGURE S2 | The phenotypes of parental lines, full hybrids and partial hybrids for dry weight (A), 
flowering time (B) and rosette diameter (C). From left to right box-and-whisker plots re shown for the 
parental lines Col-0 (yellow) and Ler (pink), Col-0 x Ler reciprocal hybrids (green), full hybrids (FH, blue) 
and near-full hybrids (NFH, orange). FH and NFH genotypes are shown in the supplementary file.
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TABLES S1-S6 | Expected number of DH0 and DH1 in DH populations with low crossover incidence. 
Tables indicate for different haploid chromosome numbers (1st row) the estimated numbers of crossovers 
per genome (CO/genome), the expected percentage of viable gametes and the expected percentage of 
DH0 and DH1 among DH offspring. The expected numbers of DH0 and DH1 are shown for the presence of 
2 CO, 1 CO, 0.5 CO, 0.2, 0.1 and 0 COs per bivalent pair in tables 1 through 6 respectively. In many plants, 
like in Arabidopsis, the typical number of COs per bivalent pair is between 2 and 1 (i.e. tables 1 and 2). In 
the case of complete CO suppression, no DH1 are recovered since no COs occur. For all calculations an 
exact (i.e. the indicated) number of COs per chromosome pair was assumed. 

TABLE S1 | 2 COs per chromosome pair

n CO / genome Viable gametes (%) DH0 (%) DH1 (%)

1 2 100 25,0 50,0

2 4 100 6,25 25,0

3 6 100 1,56 9,38

4 8 100 0,39 3,13

5 10 100 0,098 0,98

6 12 100 0,024 0,29

7 14 100 0,0061 0,085

8 16 100 0,0015 0,024

9 18 100 0,00038 0,0069

10 20 100 0,000095 0,0019

11 22 100 0,000024 0,00052

12 24 100 0,0000060 0,00014

TABLE S2 | 1 CO per chromosome pair
n CO / genome Viable gametes (%) DH0 (%) DH1 (%)
1 1 100 50,0 50,0
2 2 100 25,0 50,0
3 3 100 12,5 37,5
4 4 100 6,25 25,0
5 5 100 3,13 15,6
6 6 100 1,56 9,38
7 7 100 0,78 5,47
8 8 100 0,39 3,13
9 9 100 0,20 1,76
10 10 100 0,10 0,98
11 11 100 0,049 0,54
12 12 100 0,024 0,29
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TABLE S3 | 0.5 COs per chromosome pair
n CO / genome Viable gametes (%) DH0 (%) DH1 (%)
1 0,5 75,0 75,0 25,0
2 1 50,0 56,3 37,5
3 1,5 37,5 42,2 42,2
4 2 25,0 31,6 42,2
5 2,5 18,8 23,7 39,6
6 3 12,5 17,8 35,6
7 3,5 9,38 13,3 31,1
8 4 6,25 10,0 26,7
9 4,5 4,69 7,51 22,5
10 5 3,13 5,63 18,8
11 5,5 2,34 4,22 15,5
12 6 1,56 3,17 12,7

TABLE S4 | 0.2 CO per chromosome pair
n CO / genome Viable gametes (%) DH0 (%) DH1 (%)
1 0,2 60,0 90,0 10,0
2 0,4 35,0 81,0 18,0
3 0,6 20,0 72,9 24,3
4 0,8 11,3 65,6 29,1
5 1 6,25 59,0 32,8
6 1,2 3,75 53,1 35,4
7 1,4 2,19 47,8 37,2
8 1,6 1,25 43,0 38,2
9 1,8 0,70 38,7 38,7
10 2 0,39 34,9 38,7
11 2,2 0,23 31,4 38,3
12 2,4 0,14 28,2 37,6
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TABLE S5 | 0.1 CO per chromosome pair
n CO / genome Viable gametes (%) DH0 (%) DH1 (%)
1 0,1 55,0 95,0 5,00
2 0,2 30,0 90,3 9,50
3 0,3 16,3 85,7 13,5
4 0,4 8,75 81,5 17,1
5 0,5 4,69 77,4 20,4
6 0,6 2,50 73,5 23,2
7 0,7 1,33 69,8 25,7
8 0,8 0,70 66,3 27,9
9 0,9 0,37 63,0 29,9
10 1 0,20 59,9 31,5
11 1,1 0,11 56,9 32,9
12 1,2 0,06 54,0 34,1

TABLE S6 | 0 CO per chromosome pair
n CO / genome Viable gametes (%) DH0 (%) DH1 (%)
1 0 50,0 100,0 0,00
2 0 25,0 100,0 0,00
3 0 12,5 100,0 0,00
4 0 6,25 100,0 0,00
5 0 3,13 100,0 0,00
6 0 1,56 100,0 0,00
7 0 0,78 100,0 0,00
8 0 0,39 100,0 0,00
9 0 0,20 100,0 0,00
10 0 0,10 100,0 0,00
11 0 0,049 100,0 0,00
12 0 0,024 100,0 0,00
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For unravelling genes and alleles underlying complex traits researchers have mostly 
adopted a reductionist view to study single loci and their interactions in a single (or 
few) genetic reference background(s) (1). While this is useful for the identification 
of the function of a gene, the impact a gene has can be dependent on the genetic 
background in which it is studied (2, 3). In this thesis phenotypic effects have been 
studied in homozygous Arabidopsis thaliana populations that can be obtained as a 
result of the availability of a genome elimination line for this species. This allowed a 

populations the genomic architecture was greatly reduced by a strong reduction or 
absence of crossover recombination. This reduction of complexity of the genomic 

chromosomes.

In chapter 2 a wild-type doubled haploid population was generated, such a population 
contains less crossovers as compared to the typical homozygous recombinant 
inbred lines (RILs) in which crossover events accumulate during inbreeding. In the 

1 hybrid 

The stable transformation of an RNAi construct targeting DISRUPTED MEIOTIC cDNA 
Chapters 3 & 4 (4)) or the transient silencing of MUTS HOMOLOGUE 5 

(MSH5) using virus-induced-gene-silencing (Chapter 5 (5)) allowed the production 
of homozygous genotypes with no or a few crossovers, respectively. The segregation 
of only non-recombinant chromosomes in such genotypes results in so-called 
chromosome substitution lines (CSLs). 

such novel doubled haploid resources. First, the use of haploid induction by a GFP-
tailswap line (hereafter referred to as “genome elimination” line) was explored and 
it was demonstrated that a haploid generation can be used to the advantage of 

Chapter 2). Second, it was presented how populations derived from 
the genome elimination line in combination with crossover suppression lead to 
variation at the phenotypic (Chapter 3) and molecular level (Chapter 4). Variation 
can be specifically attributed to chromosomal effects but also to inter-chromosomal 
effects caused by specific (combinations of) chromosome substitutions. Thirdly, it 
was shown that it is possible to develop more effective ways to generate non- and 
low-recombinant DH offspring (Chapter 5). 

The current chapter highlights some of these topics in more detail and describes 
the potential implications for the scientific and breeding community. The genome 
elimination line was used throughout experiments in this thesis to generate doubled 
haploids. Because it has not been used extensively for the development of mapping 
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populations as of yet it is interesting to discuss more in-depth on the use of this 
genome elimination line. Next, both the advantages and disadvantages of CSLs 
are discussed with emphasis on the detection of epistasis. Although CSLs are 
advantageous for epistasis detection they can provide a versatile tool for studying 
other genetic concepts as well. Here several of these are outlined. Lastly, a discussion 
follows on the different leads that research on CSLs in Arabidopsis has provided for 
possible application in a plant breeding setting.

The use of the genome elimination line for DH production

Up to 2010 Arabidopsis was one of the major plant species for which no DH protocols 
were available (6, 7
“catch up” with crop researchers in exploring the use of DH research. Uniparental 
genome elimination in Arabidopsis by modification of CenH3 proteins has many 
different applications as was presented in a number of articles that followed its initial 
publication (8-11).

Both the fact that genome elimination takes place after fertilization and that it is 
uniparental means that haploid populations with new variation can be obtained from 
a single or few crosses using F1 hybrid pollen (8, 9). For example, a single cross with 
a haploid inducer line can be enough to obtain numerous different recombinant 
haploids. This is in contrast to some of the current in vitro
effort is made to grow gametophyte tissues into mature plants (7, 12-14). This 

of large segregating populations as was also shown in chapter 2 of this thesis.

Besides the value for progressing genetic research in Arabidopsis, modification of 

in crops (11). During the past few years some of the initial ideas for breeding 
applications of uniparental genome elimination based on -modification have 
become reality. Where for maize and barley these applications are published in the 
public domain (15, 16), for other crops it seems that the private sector has taken the 

17), and 
tomato and rice (18). This signifies that -based uniparental genome elimination 
is emerging rapidly as a possibility for haploid induction in a number of crops (12, 
13, 19).

induction has been very low for crop species such as maize and barley (15, 16). In 
crops it has been determined that specific genotypes can have different efficiencies 
for in vitro haploid induction (7). Therefore it is worth to reflect on this aspect with 



CHAPTER 6

138

6

the knowledge obtained from the DH-populations developed in this thesis. In 
chapter 2 about 250 seeds were harvested from a relatively small number of crosses, 
enough to obtain a relatively large DH population. However, the efficiency of haploid 
production was exceptional for this specific cross (T540 x Ge-0 F1 hybrid) as was later 
recognised when other F1 crosses were tested. For instance the Col x Ler F1 hybrid 
was much less efficient in generating haploids, even though a similar number of 
crosses were made (20).

Ge-0 F1 hybrid might be based on a fortunate chance. However, the use of additional 
crosses of F1 hybrids derived from either the T540 or Ge-0 accessions seems to 
indicate that especially the T540 genotype is favouring haploid induction and thus 
a genotype effect might be causal for higher efficiencies (R. Botet, unpublished 
data). Obtaining many haploid lines prior to the development of the T540 x Ge-0 
DH population indicates a high efficiency in both genome elimination and seed 
set. In case a genetic factor is involved this would most likely make a gamete more 
competent to cross-fertilise the genome elimination line and to zygote survival 
during the initial phases of genome elimination. Supporting such a hypothesis the 

chromosome 1 in favour of the T540 genotype (Chapter 2 Fig. S2). This region would 
therefore certainly be of interest to investigate further in the context of obtaining 
higher efficiencies of DH induction.

Taken together, cenh3-based genome elimination is slowly taking centre stage for 
haploid induction in crops. The advantages over recombinant inbred lines (RILs) and 
current in vitro DH methods for obtaining homozygous lines is being appreciated in 
both the scientific and breeding communities. Still, the efficiency in crops has been 
very low so far and it is likely that further investigations to achieve higher efficiencies 

Especially in combination with the reduced recombination rates proposed in chapter 
5 this would make reverse breeding a possibility for higher chromosome species.

One of the most recent and impressive new additions to -based haploid 
induction has been the combination of genome elimination and CRISPR-Cas9 
technology (21). In an enlightening paper it was shown how genome elimination 
coupled with CRISPR-Cas9 constructs can immediately edit the genome of the 
haploid offspring. This was not only shown in Arabidopsis but also in maize and 
wheat. In their experiments with Arabidopsis the activation of the CRISPR-Cas9 before 
genome elimination was sufficient to edit the non-eliminated genome conveying 
directly a mutant phenotype to the growing haploid plant. This demonstration of the 
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application of both CRISPR-Cas9 and haploid induction via CenH3 modifications to 
plant breeding is inspiring and shows great promise for future research.

Considerations of using CSLs for genetic mapping

The identification of genotype-phenotype relationships is one of the key drivers 

provided procedures to study trait associations (22

commonly have large confidence intervals since only for large populations of more 

(23
24) and 

epistasis which further complicates identification of causal loci because their effect 
on a trait value may depend on other loci in the genome. 

One of the first descriptions of epistasis by Bateson handled about the atypical 
2 offspring of peas that showcased the dependency 

on the presence of at least two complementary genes in a single pathway (25). 
This is an obvious example how detection of epistasis can aid in resolving specific 
biochemical pathways and how genetic interactions can increase trait variation. From 
previous research it is clear that epistasis affects many, if not all, phenotypic levels 
including molecular and developmental traits (26, 27). Two cases of background 
dependent genetic effects in Arabidopsis show that developmental phenotypes such 
as circadian rhythm and flowering time are clearly regulated by epistatic interactions 
(28, 29).

The history of CSLs dates back more than half a century (30), still chapter 3 describes 
the first panel of all possible chromosome combinations in a segregating population 
in any species (4

beyond the low-hanging fruits and identify the interaction effects that may cause 
the exhaustive variation that can be present within a species. 

In chapter 3 the analysis of this complete CSL panel including all genotypes shows 
the possibility to determine which specific combination of chromosomes is causal 
for epistatic interactions (4). Clarifying the exact magnitude of epistatic variance 
and its molecular architecture is of importance for predicting the manifestation of 
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phenotypic traits from genetic information. Finemapping still needs to be done so 
it will take an additional effort to understand the molecular basis of epistasis by 
positional mapping of higher-order interactions detected in CSLs as will be discussed 
later in this chapter. Still it needs to be considered what the direct benefit is of this 
knowledge of epistasis, and what can be done with such knowledge. 

The gain of understanding epistatic interactions 

The ultimate goal in plant breeding programmes is to optimize the genetic gain, 
i.e. the increase in trait performance per generation. Genetic gain is measured 

31, 32). Here genetic gain  per breeding cycle is the 
product of the additive genetic variance , the selection intensity , and the selection 

that the explained genetic variance is a major aspect for the genetic gain that can 
be achieved. With the increased knowledge of epistatic interactions more genetic 
variance is explained for phenotypic traits and hence the information on epistasis 
ultimately leads to higher genetic gain. 

An specific example where the knowledge of epistatic interaction can be used to the 
benefit of optimizing genetic gain is in genomic selection. With genomic selection traits 

predict performance of offspring based on only their genotype (33). Such models 
rely on the additive effect of single markers to estimate genomic estimated breeding 
values (GEBVs). However, these models could benefit from knowledge on epistatic 
complexes (34, 35
traits with genetic architectures that consist mainly of interactions between small 

of such models (36-38). The current predictive models do not explicitly model 
interactions but they are expected to benefit from explicit knowledge of epistatic 
components (33, 39). Examples of increased predictability when including epistasis 
was provided in chapters 3 & 4, where models including epistasis explained almost 
10% more variation for morphological or even 25% for molecular traits than models 
without epistasis.

Also the suggested use of optimal haploid values (OHVs) can benefit from the 
addition of epistatic information (40). The calculation of OHVs is largely similar to 
that of GEBVs but instead of describing the estimated breeding value of a certain 
genotype the OHV estimates the best possible DH offspring that may result from 
a specific cross. An important aspect in which OHVs differ from GEBVs is that OHVs 
allow combinations of haplotypes (in contrast to single markers) that optimize genetic 
gain. In that respect, the identification of specific inter-chromosomal interactions that 
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have a desired effect on a phenotype can easily be included as a single haplotype 

More specifically, it would be interesting to incorporate knowledge obtained from 
the CSLs and estimate OHVs and compare those with DH offspring for confirmation. 
For instance, for multiple traits CSLs with both chromosomes 2 and 5 from the Col 
parent show much larger between line variation in contrast to CSLs where either 
or both of these chromosomes are descending from the Ler parent. This was most 
evidently demonstrated in chapter 4 in which chromosome 2 and 5 are shown to 
have a large impact on proteome variation. Such knowledge is valuable and might 
improve the predictive power of models that are currently based on only additive 
effects.

A comprehensive view on additive vs. epistatic effects

In Chapter 3 it was described how CSLs can be used for the detection of main effects 
and epistatic interactions. It is interesting to once more discuss the outcomes of 
the analyses in that chapter because there are more ways in which epistasis could 
be studied in a CSL context. A main starting observation in chapter 3 shows how 
sCSLs (single introgressed chromosomes in a parental background) are useful for 
the detection of main effects. But immediately it was emphasized how the use of a 

genetic background. The last few years such background effects are getting more 
and more attention (2, 3).

length in the Col sCSL set but not in the Ler set (Chapter 3: Fig. 2A-B). With all 
possible sCSLs the effect of the substitution of a single chromosome can be tested 
in two backgrounds (e.g. AAAAA vs. BAAAA and ABBBB vs. BBBBB for comparing 
chromosome 1, where A and B stand for different genotypes at chromosome (or 
locus) 1 through 5, respectively). However, in a complete CSL panel many more of 
such comparisons can be performed. To be exact, sixteen complementary pairs of 
two near-isogenic genotypes differing only in the genotype at chromosome 1 can be 
compared. Of course, such comparisons can be extended to genotypic variation at all 
five chromosomes forming a total of eighty independent tests of single chromosome 
substitution effects.

If all those separate comparisons of a single chromosome substitution were analysed 

in each of the sixteen comparisons. However, it is clear that this is not always the 
case even when the overall analysis indicates a highly significant main effect which 
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is a realistic scenario in RIL mapping. This also implies that when a chromosome 
substitution is analysed in the wrong background a false negative conclusion will 
be drawn. However, including the analysis of different combinations will reveal 
that chromosome substitution effects might be context (or genetic background) 
dependent. Surprisingly, genetic interaction effects are often ignored in biological 
studies (41) and unilateral comparisons are typical for the reductionist view on 

often depends on the genetic background is therefore a first step towards the 

genetic background. 

The observation that main-effects are background dependent also applies to the 
detection of two-way or even higher-order interactions For the detection of two-way 

instead of just two. Adopting a similar approach as was done for single chromosome 
effects and assuming no higher-order interactions are involved, in a complete CSL 
panel each haplotype consists of eight different combinations (i.e. backgrounds). 
Since ten different two-way inter-chromosomal effects can occur in the Arabidopsis 
genome consisting of five chromosomes, a total of eighty haplotype comparisons can 
be made and investigated. In case of three-way interactions the number of haplotypes 
to be compared increases two-fold, while the number of lines representing a single 

interactions can occur the number of comparisons remains the same.

The aim of this exercise is to illustrate that taking an analytical approach on main 
effects and epistasis that does not consider the population as a whole but rather a 
limited set of CSLs can reveal specific epistatic interaction effects. However applying 
an analysis of epistasis on a complete CSL panel allows to sketch a good general view 
on genetic interactions at play. Therefore it is important to keep in mind that such 
an approach does present a limited view of the total number of interactions that are 
present as it does not exclude the possibility of significant interactions occurring 
only in a specific genetic background. This indicates that the genome is much 
more complex than can be described by a simple regression model and it shows 
the dependency of phenotypes on a large number of genetic and environmental 
factors. Instead of a simple regression model, it might be worthwhile to incorporate 
a strategy based on mixed models to describe the complexity of the genome. With a 
complete CSL panel, the tool has been provided for a step-by-step approach towards 
decrypting this genomic complexity.
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Finemapping inter-chromosomal epistasis 

42, 43). This thesis as well can be accused 
of providing only new leads and candidate genes for further exploration. Together 
with the CSLs in chapter 3 the interesting possibility of finemapping detected 
higher-order interactions to a finer scale is introduced. By using the doubled 
haploid near-isogenic lines (DH-NIL) main effects were coarsely mapped. Similarly, 
the CSL genotypes allow the finemapping of genetic interaction effects. Below, an 
example is given for the finemapping of the three-way interaction explaining main 
stem length identified in chapter 3.

First, it needs to be noted that a significant interaction as identified by the 
models in chapter 3 are presumed to be independent of the composition of the 
remainder of the genome. However, the estimated interaction effect size is based 
on multiple genotypes that can affect the size of the residual genetic variation. 
For instance, for the significant interaction Chr1Ler/Chr2Col/Chr5Ler the genotype of 
chromosomes 3 and 4 displayed no significant effect on main stem length. This 
said, the genotype LCLLL was on average 17% taller than the LCCCL genotype 

er origin of 
the chromosome) (Fig. 1A). 

FIGURE 1 | Finemapping three-way epistasis for main stem length. The three-way epistatic interaction 
for Chr1/Chr2/Chr5 as it was identified for main stem length in chapter 3 is represented by each of the 
eight haplotype classes on the x-axis. The labels refer to the chromosomal composition at chromosome 1, 
2 and 5, respectively where C indicates a Col chromosome and L a Ler chromosome. The bars depict the 
individual best linear unbiased predictor (BLUP) value for each of the genotypes and the colours indicate 
the different combinations of genotypes at chromosome 3 and 4.
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Therefore, before continuing to fine-map the interaction the genotype with the 
largest contrast with other genotypes, in this case the genotype with the highest 

component of the higher-order interaction this genotype needs to be crossed to 
the three CSLs that only differ for one of the chromosomes that take part in the 
three-way interaction. Here another advantage of a complete CSL panel is pointed 
out: because all possible genotypes are present in such a panel specific crosses can 
be performed such that F1 hybrid offspring is created in which only the targeted 
chromosome is heterozygous. Theoretically it is even conceivable that in order 
to fine-map an interaction locus on a specific chromosome one may consider 
choosing the background such that the effect of that specific chromosome is most 
contrasting.

In the case of the Chr1Ler/Chr2Col/Chr5Ler three-way interaction this leads to 
three different partial hybrid F1 lines that contain only a single heterozygous 
chromosome (Fig. 2A). Upon self-fertilization or when crossed to the haploid 
inducer line each F1 yields an offspring population segregating for a single 
chromosome while all other chromosomes are homozygous for either parental 
genotype (Fig. 2B). Phenotypic screening of such offspring populations will be 

Of the three suggested populations only the one segregating for chromosome 2 was 
developed and investigated and it seems highly likely that ERECTA is the interacting 
genetic factor located on chromosome 2 (44). The other two populations still need 

two interacting loci which might lead to candidate gene selection. Considering the

                   

A B

FIGURE 2 | Crossing scheme designs for fine-mapping the three loci underlying the three-way 
epistatic interactions. A) To ensure only a single chromosome will segregate in the offspring, while 
fixing the genotype of the two other chromosomes contributing to the epistatic effect, the genotype will 
be crossed to three lines with a contrasting genotype at only one of the three chromosomes. B) The F1 
hybrids obtained from these crosses can be used as the paternal genotype in a cross with the genome 
elimination line (depicted in red) to obtain DH-NILs for positional mapping.
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high number of genes ERECTA is known to interact with it is tempting to speculate 
which candidates might be located on chromosome 1 and 5. However, validation 
by functional analyses such as through up- or down-regulating gene expression 
or complementation studies should be performed before any confident claims 
can be made. It is also possible that not one but multiple loci reside on a specific 
chromosome that together contribute to the epistatic effect of the chromosome.  
Also this could be resolved during fine-mapping. 

Reduced crossover recombination does not lead to less phenotypic variation

Meiotic crossover recombination is responsible for the admixture of genetic 
material before transfer to offspring which is often considered as one of the 
driving forces of phenotypic variation (45). In addition, crossovers are essential 
for viable gamete production as it is the mechanism by which homologs become 
connected by (at least one) chiasma to ensure proper disjunction to both daughter 
cells. Without a chiasma homologs segregate randomly during the first meiotic 
division which leads to high levels of aneuploidy and lethality among gametes. 

pair is necessary for the production of viable gametes in most species. Still, as is 
shown in chapter 3, Arabidopsis is capable to produce viable gametes (and hence 

opportunity of testing the impact of crossover recombination on phenotypic 
variation.

In this thesis, there have been two comparisons of two population types that differ 

an F2 population (homozygous lines with few crossovers vs. partially heterozygous 
plants with crossovers on both homologs) and in chapter 3 the comparison of 
CSLs (that show chromosome segregation but not crossover recombination) with 
RILs (that show both chromosome segregation and crossover recombination) 
was performed. This allows one to ask and explore what the effect of crossover 
recombination is on plant phenotypes. 

Fig. 3) of segregating populations differing 
2) of crossovers revealed that 

variation even though the genetic architecture of CSLs is reduced respectively 
to the populations to which these are compared. In fact, the comparison of the 
CSLs and RILs suggests that the phenotypic variation of the CSLs is actually larger 
than that of the RILs. It is interesting to speculate on possible causes of this 
dependency of phenotypic variation on genetic variation caused by crossover 



CHAPTER 6

146

6

recombination and/or chromosome segregation (for the current species, parental 
cross and phenotypes). 

One explanation might be that crossovers cause disruption of intra-chromosomal 
epistatic interactions as extreme phenotypes are mostly observed for CSLs. 

inbreeding species like Arabidopsis (46). Self-fertilization allows the co-evolution 
and fixation of additive-by-additive epistatic loci over multiple generations and thus 
a relatively high epistatic variance can be expected compared to additive variance 
for selfing species (47). Outcrossing Arabidopsis to generate genetic variation in a 

the phenotypic variance. Contrary in CSLs, in which intra-chromosomal epistasis 
remains preserved and the chromosomes contain allele combinations that arose 
in wild accessions (either through adaptation, drift, or otherwise) are the single 
blocks that drive phenotypes towards the extremes of the distributions. This larger 
phenotypic variation within the CSL panel can be beneficial for selection breeding 

epistatic interactions. 

 

FIGURE 3 | Principal component analyses (PCA) of the different populations used in chapters 2 
and 3. A) The PCA based on three phenotypes (main stem length, number of branches from rosette and 
number of branches from main stem) measured in both the F2 (green) and DH (red) populations derived 
from the Ge-0 x T540 F1 hybrid. B) The PCA plot based on five phenotypes (flowering time, main stem 
length, cauline leaves, rosette diameter and dry weight) measured in both the CSL (blue) and RIL (pink) 
population derived from the Col x Ler F1 hybrid. 

A B
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OPPORTUNITIES PROVIDED BY THE FLEXIBLE USE OF CSLS

CSL panels allow the systematic dissection of heterosis

As was shown in chapter 3, with their small population size and simple genetic 
architecture CSLs provide the opportunity to separately explore the impact of 
additive and epistatic effects (non-allelic interactions). The study of heterosis (or 
hybrid vigour) with such a population was not given much specific attention so far. 
A trait is considered heterotic when the offspring performs superior either to the 

1, 48). CSLs were suggested as tools 
to estimate the contribution of epistasis and heterozygosity separately for heterotic 
traits in hybrid F1 (49, 50). 

While heterosis is often considered in heterozygous genotypes, heterozygosity is 

progeny can be enough to outperform the genetic constitution of founder lines. 
This is most clearly illustrated by the phenotypic transgression of crossing offspring. 
For instance DH offspring can outperform their F1 hybrid parent or continuous 
inbreeding of heterozygous genotypes can lead to surpassing both parental as well 
as F1 hybrid trait values referred to as hybrid mimicry (51). Similarly, in chapter 5 
the near-full hybrids demonstrate that different levels of heterozygosity result in 
phenotypically comparable hybrids. Currently there is still no consensus on how large 
the contribution of epistasis and heterozygosity is on the regulation of heterosis (48, 
52) although it seems clear that heterosis is specifically dependent on the species 
and the investigated trait.

The systematic decomposition of the genome to detect epistasis as was performed 
in chapter 3
and dominance x dominance effects in a panel of intercrossed CSLs. For instance, 
the CSLs can be intercrossed in a full diallel design in which all 32 CSLs are used as 
parental genotypes that are crossed in every pairwise combination to generate F1 
hybrids in which all chromosomes are either a homo-homozygous for one of the 
founder genotypes (AA or BB) or heterozygous (AB) (Fig. 4A). 

An independent analysis of epistasis for only homozygous genotypes (chapter 3) 

proportion of epistasis and dominance effects to heterosis. A full diallel cross would 
involve a total of 32 x 32 (or 25 x 25) crosses to obtain 1,024 offspring hybrids. While 
such a number of crosses might be manageable when dedicated efforts are made 
smaller but still informative panels can be created by optimizing the design of such 
crosses.
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When following a full diallel design many crosses result in duplicate genotypes. 
Although duplicate genotypes might be useful for certain purposes as will be discussed 
later, for many applications a reduction in population size is desirable. Considering 
three different allelic combinations per chromosome and five chromosomes for 
Arabidopsis, 243 (35

combinations can be obtained (Fig. 4B). A panel of all of these 243 genotypes would 
be useful for investigating both heterozygous and epistatic effects simultaneously.

More practical designs for higher chromosome species could also be considered for 
a more applied breeding situation. For instance it could be a priori decided to have 

Fig. 4C). 
This could already reduce the number of CSLs to be considered considerably. For 
two fixed chromosomes only those backcrosses have to be performed that result 
in genotypes with the two desired chromosomes homozygously fixed, which would 
result in only 64 genotypes (23 x 23) for Arabidopsis. Such a population would allow 

chromosomes. 

Identical hybrids: an informative study on the concept of heterosis

Heterosis of an offspring genotype has been credited to many other genetic concepts 
besides the aforementioned effects of heterozygosity and epistasis (48, 53). For 
instance parent-of-origin and ploidy effects can play a role as well (54-56). Again CSLs 
could be useful research tools for investigating contributions of such phenomena. 
An informative subset of hybrid genotypes obtained from intercrossing CSLs that 
could be used for studying these genetic concepts are the so-called identical hybrids. 
Identical hybrids are obtained by crossing different pairs of genetic complementary 
CSLs, which results in genetically identical offspring (Fig. 4D). In chapter 5 one such 
cross was made to recreate the original wild-type hybrid and check whether such an 
identical F1 resulted in a phenotypically similar plant as the wild-type hybrid. 

Usually the creation of identical hybrids is limited to reciprocal crosses of two 
parents (P1 x P2 and P2 x P1). This limits the analysis of reciprocal hybrids to checking 
whether the mating direction of the cross is important or not. In a complete CSL 
panel of Arabidopsis a total of sixteen different complementary pairs are present that 
when crossed each result in genetically identical hybrid F1 offspring. In case those 
complementing pairs are crossed reciprocally identical hybrids obtained from 32 
genotypically different parent pairs can aid in the detection of heterosis and parent-
of-origin effects. 
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It would also be interesting to investigate in such a panel of identical hybrids how 
their performance compares to their respective mid-parent values (MPVs). This could 

or if heterosis is limited by the genotype of the hybrid itself. Based on the current 
best linear unbiased predictors (BLUPs) of the CSL panel it is clear that MPVs for the 
different identical hybrids will not be identical (Fig. 5). Such an experiment could

FIGURE 4 | Schematic overview of a diallel design with different subsets. For clarity a diallel design 
for only three chromosomes is considered. On the top and left outside borders are the CSL genotypes 
coloured either red (AA), or blue (BB). The genotypes inside the boxes represent the F1 hybrid offspring 
when crossing the corresponding parental lines located on the outside borders. To enhance visual 
inspection heterozygous chromosomes (AB) are coloured green. A) The full diallel design. Note how 
the F1 hybrids in the box contain many duplicate genotypes, including the completely homozygous CSL 

genotypes when considering a single fixed chromosome (here chromosome 1). D) The diagonal of the 
diallel contains genetically identical F1 hybrids. 
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have important implications for the general concept of heterosis. If the different 
identical hybrids show a constant phenotype it would indicate that the genotype 
of the hybrid is the main driver behind heterosis. This would also imply that the 

examination considering the difference in MPVs.

 

Chr1 Chr2 Chr3 Chr4 Chr5 MSL (mm) MPV (mm) MSL (mm) Heterosis (%) MSL (mm) Heterosis (%)
Ler Col Ler Ler Ler 139.5 84.5 75.0 -11.2 105.6 25.0
Col Ler Col Col Col 29.5
Ler Col Ler Col Ler 125.5 74.4 75.0 0.7 93.1 25.0
Col Ler Col Ler Col 23.4
Ler Col Col Ler Ler 125.9 72.3 75.0 3.7 90.4 25.0
Col Ler Ler Col Col 18.8
Ler Col Col Col Ler 118.9 67.7 75.0 10.8 84.6 25.0
Col Ler Ler Ler Col 16.4
Ler Col Col Ler Col 81.6 64.9 75.0 15.6 81.1 25.0
Col Ler Ler Col Ler 48.2
Col Col Ler Ler Ler 85.9 60.5 75.0 24.0 75.6 25.0
Ler Ler Col Col Col 35.0
Ler Col Col Col Col 71.3 59.7 75.0 25.6 74.6 25.0
Col Ler Ler Ler Ler 48.1
Ler Ler Ler Col Ler 58.5 51.8 75.0 44.8 64.8 25.0
Col Col Col Ler Col 45.1
Col Col Col Col Ler 70.1 50.7 75.0 48.1 63.3 25.0
Ler Ler Ler Ler Col 31.2
Col Col Col Col Col 53.1 50.5 75.0 48.5 63.1 25.0
Ler Ler Ler Ler Ler 48.0
Col Col Ler Col Ler 70.1 47.4 75.0 58.2 59.3 25.0
Ler Ler Col Ler Col 24.7
Col Ler Col Col Ler 49.9 45.8 75.0 63.9 57.2 25.0
Ler Col Ler Ler Col 41.6
Ler Ler Col Ler Ler 51.6 40.7 75.0 84.4 50.8 25.0
Col Col Ler Col Col 29.8
Ler Ler Col Col Ler 41.9 35.4 75.0 112.1 44.2 25.0
Col Col Ler Ler Col 28.8

Constant hybrid Constant heterosis

FIGURE 5 | Numerical considerations of the underlying mechanisms of heterosis. The first five columns 
indicate the composition of the genotype. Each combination of two rows shows the complementing pair 
of genotypes that form a full hybrid genotype upon crossing. The phenotypic values (BLUPs for main stem 
length (MSL)) for the two CSLs with their respective mid-parent value (MPV) are given in the next two 
columns. The last four columns present two hypotheses: 1) Constant hybrid performance and 2) constant 
heterosis level. The constant hybrid hypothesis dictates that the phenotype of the identical hybrids is 
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In a second scenario the level of heterosis is pervasive and constant suggesting 
that the specific genotype of the complementing parents determines the hybrid 
performance. This would imply that the genotype of the hybrid itself although 
identical, is of less influence on the hybrids performance. In this second scenario it 
is likely that parent-of-origin effects have a major influence. With multiple identical 
hybrids of different parental origins the possibility exists to identify the specific 
parental chromosomes that show such a transgenerational effect. The sets of identical 
hybrids created by intercrossing CSLs can thus be extremely helpful to explore and 
decompose heterosis, mating direction and also parent-of-origin effects.

Detection of ploidy effects with chromosome substitution lines 

Yet another application discussed here is the investigation of the effects of ploidy 
on the performance of F1 hybrids. A recent study separated the effect of ploidy level 
and heterozygosity on heterosis by comparing rosette growth speed among diploid, 
tetraploid and reciprocal triploid (2n = 3x) lines for ten Arabidopsis accessions (54). 
In this study especially Col and Ler responded differently to the increase in ploidy 
level, which led to consider how to exploit the available complete CSL panel for this 
purpose.

Research on ploidy differences in Arabidopsis generally only concerns the comparison 
between isogenic and/or hybrid lines of a biparental cross. So far, a dedicated 
mapping resource to dissect the effects of ploidy has not been used. This reflects 
the difficulty of developing a homozygous polyploid mapping population. The 
development of such populations is time consuming and substantial investments are 
needed for generating and validating the high number of genotypes that informative 
populations are typically composed of. In addition, the development of a polyploid 
mapping resource adds an extra layer of complexity, which is generally not wanted.

Again the small size of the CSL panel makes it much more feasible to create a 
homozygous autotetraploid population of CSL genotypes. Such a panel limited 
to the sCSLs in which only a single chromosome is substituted should already be 
informative to identify chromosomal effects (albeit in a single genotypic background). 
The comparison of such a population with its diploid complement allows for the 
detection of chromosome dependent ploidy effects. It would be interesting to see if 
such a panel indeed can detect the so called genotype-by-ploidy (GxP) interactions 
described in chapter 2.

Small polyploid CSL panels can be extended by including mono- and triploid 
genotypes or by complementing the sCSL panel with all possible polyploid CSLs. 
Monoploids can be created by crossing diploids to the genome elimination line and 
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triploids are obtained from crosses between di- and tetraploids. Evaluating a panel 
of lines with different ploidy levels and genotypes can be highly informative for 
research on polyploidy. Indeed, where the focus of this thesis has been on the use 
of CSLs in a diploid plant species many crops are not diploid. For these, polyploid 
panels can be used to create different parental chromosome dosages (e.g.
ABB and BBB for parental genotypes A and B in a triploid genome) and as such 
genome complexity can be studied one level at a time.

Additional applications of CSLs

Besides studying epistasis and heterosis other possibilities for studying genetic 
concepts with CSLs spring to mind, not the least the use of CSLs in analysing 

57, 58). 
GxE effects can be substantially large as was demonstrated for flowering time in 
Arabidopsis (59) and for the DH population in chapter 2. The study of GxE effects 
focusses on variation that occurs when identical genotypes are grown at different 
locations or in different conditions. Such a study can easily be performed with 
homozygous CSL panels which are small enough to be replicated to a high degree 
in multiple environments. 

The use of multiple parents to increase the allelic variation is another trend that 
can create added complexity to the genetic architecture of a mapping population 
(43, 60-63). Of course similar approaches to increase allelic (chromosomal) variation 
can be applied to a CSL population. One can imagine how the use of additional 
chromosomal variation in a population can lead to extra phenotypic variation that 
can be taken advantage of for the investigation of additional complex interactions.  



153

GENERAL DISCUSSION

6

CONCLUDING REMARKS

The practical use of CSLs in genetic mapping since the second half of the last century 
has gone through some high and low times (30) but since the beginning of this 
century CSLs have gained attention in different model species (64-66). From the 
first moment it was clear that these panels limited to genotypes with substitution 
of a single chromosome (sCSLs) in a single recurrent background could contribute 
to the detection of epistasis in complex traits (67). While small populations like 
these are informative of the existence of epistasis, the localisation of epistatic loci 
can only be investigated by substitution of multiple chromosomes simultaneously 
((68) and chapter 3 & 4 of this thesis). This suggests that other possible designs of 
substitution panels in which sCSLs are intercrossed could be informative as is also 
suggested in chapter 5. Still, such panels would suffer from the possibility that the 
detected effects are conditional to a specific recurrent genetic background (2, 3). My 
endeavours clearly indicate that the best solution to obtaining a complete picture of 

panel with all possible combinations of substitutions as is shown in chapter 3 (4). 
However, for practicality reasons in high chromosome number species, it needs to 
be considered how to apply CSLs and if smaller panels might be informative enough 
for the purpose of genetic mapping. These considerations should include the type 
of genetic effects one wants to identify and the genetics of the considered trait. 
Most importantly, CSLs are tools that provide additional information on the genetic 



CHAPTER 6

154

6

REFERENCES

1. M. Lynch, B. Walsh, .  (Sinauer Sunderland, MA, 1998), vol. 
1.

2. C. H. Chandler, S. Chari, I. Dworkin, Does your gene need a background check? How genetic 
background impacts the analysis of mutations, genes, and evolution.  29, 358-366 
(2013).

3. J. Hou, G. Tan, G. R. Fink, B. J. Andrews, C. Boone, Complex modifier landscape underlying genetic 
background effects.  116, 5045-5054 (2019).

4. C. L. Wijnen et al., A complete chromosome substitution mapping panel reveals genome-wide 
epistasis in Arabidopsis. bioRxiv,  (2018).

5. V. Calvo-Baltanas et al., Efficient reverse breeding by VIGS-mediated transient crossover reduction. 
bioRxiv, 459016 (2018).

6. M. Ravi, S. W. L. Chan, Haploid plants produced by centromere-mediated genome elimination. 
Nature 464, 615-618 (2010).

 et al., in  A. Touraev, B. P. Forster, S. M. 
Jain, Eds. (Springer Netherlands, Dordrecht, 2009), pp. 1-33.

8. D. K. Seymour et al.
mapping.  109, 4227-4232 (2012).

9. E. Wijnker et al., Hybrid recreation by reverse breeding in Arabidopsis thaliana.  9, 
761-772 (2014).

10. J. A. Birchler, Engineered minichromosomes in plants. Current Opinion in Plant Biology 19, 76-80 
(2014).

11. M. Ravi et al., A haploid genetics toolbox for Arabidopsis thaliana.  5, 5334 
(2014).

12. K. Kalinowska et al., State-of-the-art and novel developments of in vivo haploid technologies. 
,  (2018).

13. J. Ren et al., Novel technologies in doubled haploid line development.  
15, 1361-1370 (2017).

14. T. Ishii, R. Karimi-Ashtiyani, A. Houben, Haploidization via Chromosome Elimination: Means and 
Mechanisms. Annual Review of Plant Biology 67, 421-438 (2016).

15. T. Kelliher et al., Maternal Haploids Are Preferentially Induced by CENH3-tailswap Transgenic 
Complementation in Maize.  7,  (2016).

16. M. Sanei, R. Pickering, K. Kumke, S. Nasuda, A. Houben, Loss of centromeric histone H3 (CENH3) 
from centromeres precedes uniparental chromosome elimination in interspecific barley hybrids. 

 108, E498-E505 (2011).
17. C. M. P. Van Dun, C. L. C. Lelivelt, S. Movahedi. (Rijk zwaan zaadteelt en zaadhandel B.V. (Burgemeester 

Crezeelaan 40, 2678 KX De Lier, 2678 KX, NL), 2017).
18. R. H. M. O. Den Camp, P. J. Van Dijk, A. Gallard. (Keygene N.V., 2019).
19. A. B. Britt, S. Kuppu, Cenh3: An Emerging Player in Haploid Induction Technology. Frontiers in Plant 

 7,  (2016).
20. E. Wijnker et al., Reverse breeding in Arabidopsis thaliana generates homozygous parental lines from 

a heterozygous plant.  44, 467-470 (2012).
21. T. Kelliher et al., One-step genome editing of elite crop germplasm during haploid induction. Nature 

 37, 287-292 (2019).

maps.  121, 185-199 (1989).
23. J. H. Nadeau, W. N. Frankel, The roads from phenotypic variation to gene discovery: mutagenesis 

 25, 381 (2000).

plants: an updated synthesis. Current Opinion in Plant Biology 18, 37-43 (2014).
25. W. Bateson, E. Saunders, R. Punnett, C. Hurst, Reports to the Evolution Committee of the Royal 

Society, Report II. London. UK: Harrison and Sons,  (1905).
26. H. C. Rowe, B. G. Hansen, B. A. Halkier, D. J. Kliebenstein, Biochemical networks and epistasis shape 

the arabidopsis thaliana metabolome. The Plant Cell 20, 1199-1216 (2008).



155

GENERAL DISCUSSION

6

27. R. V. L. Joosen et al., Visualizing the genetic landscape of arabidopsis seed performance. Plant 
Physiology 158, 570-589 (2012).

28. B. Méndez-Vigo, J. M. Martínez-Zapater, C. Alonso-Blanco, The Flowering Repressor SVP Underlies a 
 9, e1003289 

(2013).
29. S. F. Undurraga et al., Background-dependent effects of polyglutamine variation in the Arabidopsis 

thaliana gene ELF3.  109, 19363-19367 (2012).
30. E. R. Sears, The aneuploids of common wheat. ,  (1954).
31. J. L. Lush, Animal breeding plans. Animal breeding plans.,  (1943).
32. S. Eberhart, Factors effecting efficiencies of breeding methods.  15, 655-680 (1970).
33. T. H. E. Meuwissen, B. J. Hayes, M. E. Goddard, Prediction of Total Genetic Value Using Genome-Wide 

Dense Marker Maps.  157, 1819-1829 (2001).
34. Y. Jiang, J. C. Reif, Modeling Epistasis in Genomic Selection.  201, 759-768 (2015).
35. Y. Zhao, M. F. Mette, J. C. Reif, Genomic selection in hybrid breeding. Plant Breeding 134, 1-10 (2015).
36. J. W. Dudley, G. R. Johnson, Epistatic Models Improve Prediction of Performance in Corn. Crop 

 49, 763-770 (2009).
37. J. Spindel et al., Genomic Selection and Association Mapping in Rice (Oryza sativa): Effect of Trait 

Genetic Architecture, Training Population Composition, Marker Number and Statistical Model on 
Accuracy of Rice Genomic Selection in Elite, Tropical Rice Breeding Lines.  11, e1004982 
(2015).

38. Z. Hu et al.  
12, 15 (2011).

39. G. De Los Campos, D. Gianola, G. J. M. Rosa, K. A. Weigel, J. Crossa, Semi-parametric genomic-
enabled prediction of genetic values using reproducing kernel Hilbert spaces methods. 

 92, 295-308 (2010).
40. D. Müller, P. Schopp, A. E. Melchinger, Selection on expected maximum haploid breeding values 

can increase genetic gain in recurrent genomic selection.  8, 1173-1181 
(2018).

41. O. Carlborg, C. S. Haley, Epistasis: Too often neglected in complex trait studies? Nature Review 
 5, 618-625 (2004).

Trends in 
 10, 297-304 (2005).

43. J. Cockram, I. Mackay, in  R. K. Varshney, M. K. Pandey, A. 
Chitikineni, Eds. (Springer International Publishing, Cham, 2018), pp. 109-138.

trait loci for inflorescence development in Arabidopsis thaliana.  160, 1133-1151 (2002).
45. R. Mercier, C. Mezard, E. Jenczewski, N. Macaisne, M. Grelon, The molecular biology of meiosis in 

plants. Annu Rev Plant Biol 66, 297-327 (2015).
46. S. Volis, I. Shulgina, M. Zaretsky, O. Koren, Epistasis in natural populations of a predominantly selfing 

plant. Heredity 106, 300 (2010).
47. J. B. Holland, in Plant Breeding Reviews. (2001).
48. P. S. Schnable, N. M. Springer, Progress Toward Understanding Heterosis in Crop Plants. Annual 

Review of Plant Biology 64, 71-88 (2013).
49. J. Kuspira, J. Unrau, Genetic analyses of certain characters in common wheat using whole chromosome 

substitution lines.  37, 300-326 (1957).
50. J. B. Singer et al., Genetic dissection of complex traits with chromosome substitution strains of mice. 

 304, 445-448 (2004).
51. L. Wang et al., Hybrid mimics and hybrid vigor in Arabidopsis. 

 112, E4959-E4967 (2015).
52. E. M. East, Heterosis.  21, 375-397 (1936).
53. Z. J. Chen, Genomic and epigenetic insights into the molecular bases of heterosis. Nature Reviews 

 14, 471 (2013).
54. A. Fort et al., Disaggregating polyploidy, parental genome dosage and hybridity contributions to 

heterosis in Arabidopsis thaliana. New Phytol 209, 590-599 (2016).
55. P. J. Flood et al., Reciprocal cybrids reveal how organellar genomes affect plant phenotypes. bioRxiv, 



CHAPTER 6

156

6

477687 (2018).
56. D. W.-K. Ng et al., A Role for CHH Methylation in the Parent-of-Origin Effect on Altered Circadian 

Rhythms and Biomass Heterosis in <em>Arabidopsis</em> Intraspecific Hybrids. The Plant Cell 26, 
2430-2440 (2014).

57. M. P. Boer et al.

Maize.  177, 1801-1813 (2007).

traits in multiple environments. Current Opinion in Plant Biology 13, 193-205 (2010).

flowering time in multiple populations of Arabidopsis thaliana. Plant, Cell & Environment 30, 1465-
1479 (2007).

60. M. M. Monir, J. Zhu, Dominance and Epistasis Interactions Revealed as Important Variants for Leaf 
Traits of Maize NAM Population.  9, 627 (2018).

61. B. E. Huang et al., A multiparent advanced generation inter-cross population for genetic analysis in 
wheat.  10, 826-839 (2012).

62. X. Huang et al., Analysis of natural allelic variation in Arabidopsis using a multiparent recombinant 
inbred line population.  108, 4488-4493 (2011).

63. P. X. Kover et al.
Arabidopsis thaliana.  5,  (2009).

64. J. H. Nadeau, J. B. Singer, A. Matin, E. S. Lander, Analysing complex genetic traits with chromosome 
substitution strains.  24, 221-225 (2000).

function discovery. The Journal of Physiology 554, 46-55 (2004).
66. R. Koumproglou et al., STAIRS: a new genetic resource for functional genomic studies of Arabidopsis. 

Plant J 31, 355-364 (2002).
67. H. Shao et al., Genetic architecture of complex traits: Large phenotypic effects and pervasive epistasis. 

 105, 19910-19914 (2008).
68. A. Chen, Y. Liu, S. M. Williams, N. Morris, D. A. Buchner, Widespread epistasis regulates glucose 

homeostasis and gene expression.  13, e1007025 (2017).



157

GENERAL DISCUSSION

6



The Road Not Taken

Two roads diverged in a yellow wood, 
 

And be one traveler, long I stood 
 

To where it bent in the undergrowth; 
 
Then took the other, as just as fair, 

 
 

Though as for that the passing there 
Had worn them really about the same, 
 
And both that morning equally lay 

 
 

Yet knowing how way leads on to way, 
 

 
I shall be telling this with a sigh 

 
Two roads diverged in a wood, and I— 
I took the one less traveled by, 

Robert Frost
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SUMMARY

SUMMARY 

During meiosis, i.e. the production of the reproductive cells, the number of 
chromosomes in the cells is halved to ensure that after fertilization the typical 

in this process that serves a dual function. On the one hand crossovers ensure the 
proper segregation of homologous chromosomes and thus ensure the reduction 
in chromosome number. In addition, crossovers result in the exchange of genetic 

happens at multiple locations and chromosomes simultaneously it can also obscure 

Arabidopsis thaliana. As opposed to more traditional mapping populations like 
recombinant inbred lines, these doubled haploids show lower numbers of crossover 
events since a doubled haploid experienced only one round of meiosis. In this 

which they have reduced crossover recombination, or show the complete absence 
of crossovers. DH derived from a hybrid without crossover recombination are so-
called chromosome substitution lines (CSLs). In multiple other species, CSLs are 

Additionally, combinations of CSLs can be used to detect genetic interactions. In 

of CSLs and doubled haploids with reduced crossover recombination. Chapter 1 

(haploid) plants that then give rise to doubled haploids. In Chapter 2 monoploids and 

response of the genotypes to the change in ploidy, which was hypothesized to be a 
response to the sterility of the monoploids. The DH population itself was also used 

vernalized conditions. This resulted in the detection of genotype-by-environment 
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haploids) does not per se
measures were taken to repress the number of crossover recombinations.

In 2014 reverse breeding was presented as a method in which the parental lines of 
an F1 hybrid could be recreated by the combined use of complete suppression of 
crossover recombination through a stable knock-down of the meiotic recombinase 
DMC1 followed by the generation of doubled haploid plants from F1 hybrid. 
In Chapter 3
recombination to collect all possible CSL genotypes of a biparental cross. Additionally 
backcross populations of single chromosome substitution lines (sCSL) with their 
respective recurrent parent were created. Each of these populations represent a 
family of lines that segregate for a single chromosome. While the CSLs serve to 

combinations of CSL genotypes, one can also look for genetic interactions between 

of an individual in which two independent loci are substituted cannot be predicted 
Chapter 3 such interaction 

genetic interactions using such CSL populations. 

The experiment to detect epistasis (i.e. genetic interactions) using a panel of all 
possible CSL genotypes in Chapter 3 was limited to only two phenotypes. This 

was in part answered in Chapter 4, where a shotgun-proteomics approach was 

abundance of proteins. Especially a small but genetically diverse panel of CSLs 

which illustrates that a limited set of fourteen genotypes with single and double 

dependent on the presence of a combination of two chromosomes (i.e. an interaction 
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detected when a limited number of CSLs are used.

Chapter 5 addresses 

to advance plant breeding practice. Because proper homolog segregation is 
compromised in the absence of crossover recombination, plants produce high 
numbers of non-viable spores and have a very low fertility. In Chapter 5 
is studied of the knock down of MSH5 instead of DMC1. With a dysfunctional MSH5 
crossover recombination is not completely absent but suppressed to retain still a 
few crossovers per meiosis. Therefore, proper homolog segregation occurs more 
often, and plants remain more fertile. Additionally, instead of stable suppression 
via transformation of a parental line, virus-induced-gene-silencing (VIGS) is used to 
transiently downregulate the gene MSH5 in the meiosis of a hybrid directly. Both 
revisions together ensure transgene-free progeny in only three generations with 

complementary for most of the genome to produce hybrids with small homozygous 

original hybrids with only few exceptions. This suggests that one could improve 

In Chapter 6 a discussion follows on the previous chapters. Also new and additional 

chapters. It is argued that a complete CSL panel with all possible CSL genotypes 

of CSLs might be informative enough for the purpose of genetic mapping in high 
chromosome number species, and practical considerations should include the type 

reduced crossover recombination can additional advantages on the analysis of 
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