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8  Chapter 1 

Most eukaryotes propagate via sexual reproduction, involving the reduction of 
chromosome copies during meiosis and the restoration of ploidy level during 
fertilization (Mercier et al., 2015). Meiosis is a cellular mechanism essential for 
halving the number of chromosomes and shuffling genetic  information to produce 
progenies with unique allele and chromosome combinations. In particular, meiotic 
recombination involves the physical exchange of DNA between parental 
chromosomes. The concept of recombination was first formulated with the theory 
of gene linkage and crossing-over of Hunt Morgan (1913) and first experimentally 
demonstrated by Harriet Creighton and Barbara McClintock (1931) by correlating 
cytological and genetic exchanges in maize. The recombination process is conserved 
among animals, plants, and fungi but there are also distinct variations between 
species (Gerton and Hawley, 2005; Ramesh et al., 2005). 

Next to random mutations, transposon activity, whole genome duplication, 
chromosomal breaks and horizontal gene transfer, the shuffling of genetic materials 
during meiosis provides organisms a way to increase genetic diversity. 
Recombination ensures the generation of offspring that are distinct from the 
parents. This biological process has become integral in understanding many living 
organisms, specifically their reproduction and inheritance. The ability to generate 
genetic diversity also makes meiotic recombination a tool to breed different animals 
and plants. Breeders rely on recombination to produce favorable gene 
combinations, conferring better traits to progenies such as to overcome threats and 
diseases. Here, we focus on plants because of the urgency of improving breeding 
practices for many crops. With the steady increase of the human population and 
global warming that intensify food insecurity and reduce crop yield (Seck et al., 
2012; Ray et al., 2013; Zhao et al., 2017), finding new and better ways to develop 
novel crop varieties has become a serious research endeavor. Plant breeding 
involves the generation of elite varieties with higher yield, better fruits, disease 
resistance and durability in changing environments. To improve plants, favorable 
traits from the parents are combined through crossbreeding and multiple rounds of 
selection. Traditionally, breeders generate a large offspring population and select 
the progeny exhibiting the set of desired traits from the parents. This shuffling of 
traits from the parents is mediated by meiotic recombination. Many of the 
processes and components of meiotic recombination are shared among plants and 
some are unique from other organisms, making plants an excellent system for 
studying conservation and diversity in the process of meiosis (Wang and 
Copenhaver, 2018). Tinkering with the recombination mechanism has been a 
subject of much research for years because of its potential to revolutionize 
breeding. This makes it important to uncover the nature of meiotic recombination 
and the factors contributing to its frequency and localization in the genome.  
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1.1 The mechanism of recombination 
Meiosis involves two rounds of nuclear division. Homologous chromosomes 
separate during meiosis I and sister chromatids separate during meiosis II, resulting 
in four daughter cells. In animals, these cells can differentiate directly into gametes; 
in plants, these cells undergo postmeiotic mitotic divisions to produce 
gametophytes (Wang and Copenhaver, 2018). The female gametophyte, or embryo 
sac, contains the egg cell while the male gametophyte, or pollen grain, contains the 
sperm cell. During meiosis I, specifically in the prophase I stage (Figure 1.1), 
homologous chromosomes are paired and connected by the synaptonemal complex 
(SC) (Mercier et al., 2015; Wang et al., 2021). Afterwards, reciprocal exchange or 
crossover (CO) occurs between the chromosome pairs, forming bivalents. An 
obligatory CO per bivalent ensures that chromosomes segregate equally to opposite 
poles during the first meiotic division. Disruption in crossover may lead to 
imbalanced disjoining of chromosomes (aneuploidy), which may yield unviable 
gametes or defects in offspring. 

The process of recombination is initiated after the introduction of DNA double 
strand breaks (DSBs) along the chromosomes. DSBs and the corresponding protein, 
SPO11, implicated for their formation, were discovered in budding yeast 
Saccharomyces cerevisiae (de Massy et al., 1995; Keeney and Kleckner, 1995; 
Keeney et al., 1997). In plants, DSB formation is catalyzed by the SPO11-containing 
complex at about 100-500 genomic sites (Pawlowski et al., 2003; Sanchez-Moran et 
al., 2007), but only 1 to 2 DSBs are repaired into COs per chromosome pair, 
suggesting that the number of DSB does not limit CO formation. For example, among 
the ~500 DSBs in maize, only about 20 form COs (Franklin et al., 1999). During 
meiosis, DSB-containing DNA is processed to invade either the intact sister 
chromatid or one of the homologous chromatids to form a displacement loop 
structure (D-loop) (Mercier et al., 2015). This intermediate can be processed to form 
a CO through two homologous recombination (HR) pathways conserved in most 
eukaryotes. These pathways facilitate use of homolog as template for repair, 
resulting in reciprocal exchanges between non-sister chromatids. One of the 
pathways relies on a group of proteins collectively called ZMMs (named after the S. 
cerevisiae proteins Zip1-4, Mer3, Msh4, and Msh5) to form a double-Holliday 
junction (dHJ) and produce class I COs, which exhibit interference or the reduced 
likelihood of CO occurring in adjacent intervals (Mercier et al., 2015; Lambing et al., 
2017a; Wang and Copenhaver, 2018). This interference disperses class I COs along 
the chromosome. The other pathway is ZMM-independent and results in class II COs 
that are independently distributed, showing no interference. Class II COs rely on 
MUS81 for their formation and its mutation reduces COs by 10% (Berchowitz et al., 
2007; Higgins et al., 2008). Most COs are class I, only 5-30% are class II (Anderson et 
al., 2014; Mercier et al., 2015). 

Intermediates may also be resolved into noncrossovers (NCOs) through 
mechanisms like synthesis-dependent strand annealing (SDSA) and dHJ dissolution. 
Anti-crossover proteins such as FANCM, RECQ4 and FIGL1 negatively regulate the 



10  Chapter 1 

frequency of CO by directing DSBs into NCOs pathways (Crismani et al., 2012; 
Fernandes et al., 2018; Girard et al., 2014; Girard et al., 2015; Seguela-Arnaud et al., 
2015). Even though many DSBs are resolved into NCOs, detection and 
characterization of NCOs in plants is still extremely difficult. One reason for the low 
detection rate of NCOs is the lack of genetic evidence left, as DSBs may be repaired 
using sister chromatids or there may be insufficient polymorphisms between 
parental chromosomes. If an NCO overlaps a polymorphism, it can be discovered as 
a gene conversion (GC). However, detecting GCs is hard since they span less than 1 
kbps and they mostly overlap one polymorphism only (Drouaud et al., 2013; Wijnker 
et al., 2013; Si et al., 2015; Xu et al., 2008).   

 
1.2 The role of recombination in evolution 
 
1.2.1 Speciation and domestication 
Recombination generates genetic diversity upon which natural selection can 
operate, but it can also break favorable combinations of alleles, possibly resulting in 
reduced fitness (Otto, 2009; Ortiz-Barrientos et al., 2016). Changes to 
recombination distributions may consequently affect not just the genetic diversity 
of an organism but its survival and adaptation. It is then important to understand 
any changes to the recombination landscape, i.e. the genome-wide CO distribution. 
The dynamics of these recombination landscapes have been explored through the 
comparison of recombination events between and within species. Recombination 
rates in different genomic regions may be estimated for a population and be used 
to account for changes relative to other populations. There are genomic regions 
with conserved recombination rates within species or between closely related 
species, but there are also highly variable patterns (local distributions) of rates of 
recombination (Smukowski and Noor, 2011).  

The observed changes in recombination patterns between related species 
raises the question whether these changes influenced the evolution of these 
organisms. It was reported that variations in recombination rates play a major role 
in adaptation and speciation (Ortiz-Barrientos et al., 2016). Selection in regions with 
low recombination rates resulted in a heterogeneous landscape of differentiation 
and diversity (Burri et al., 2015; Ortiz-Barrientos and James, 2017; Dumont, 2020). 
If a genomic region has a low recombination rate, selection on one site reduces 
genetic diversity in linked sites through hitchhiking of neighboring alleles. The 
selection of adaptive alleles may allow other alleles, unfavorable for the organism 
to thrive in different environments, to hitchhike along. On the other hand, regions 
with higher levels of recombination are expected to exhibit less evidence of linked 
selection, occurring in populations where selected alleles interfere with each other 
(Roze and Barton, 2006), or a certain genetic background hinders allele fixation 
(Keightley and Otto, 2006). This implies that changes in recombination may 
influence the patterns of diversity and divergence. 
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Figure 1.1. Stages of meiosis. After replication, the chromosomes arrange into long thin 
strands. This is followed by the synapsis of homologous chromosomes in zygotene, facilitated 
by the synaptonemal complex (SC). Meiotic crossover occurs in pachytene, then the SC 
disassembles in diplotene with visible chiasma. In the last stage of prophase I (diakinesis), 
chromosomes become condensed and are recognized as bivalents. This is followed by the 
movement of bivalents to opposite poles and the reduction of chromosome numbers in the 
first division in telophase I. Further reduction occurs in meiosis II which forms four haploid 
gametes. This figure was created with BioRender.com. 
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Aside from natural selection, differences in recombination patterns and rates were 
observed between wild and domesticated species, suggesting that domestication 
was accompanied by modification in recombination patterns. Domestication is a 
process of human-directed evolution, selecting favorable traits to create forms 
suitable for human needs (Doebley et al., 2006; Yang et al., 2019). High 
recombination rates are found in the distal and interstitial chromosome regions of 
domesticated barley and a wild relative, respectively (Dreissig et al., 2019). Another 
example is the higher recombination rate in the domesticated population of cacao 
compared to that in wild populations (Schwarzkopf et al., 2020) and the higher 
recombination rate in genes associated with agronomic traits such as fiber quality 
in domesticated cotton (Shen et al., 2019). Domestication is accompanied by 
significant loss of genetic diversity, which makes recombination less effective 
(Moyers et al., 2018): if homologous chromosomes contain identical sequences or 
limited heterozygosity, recombination produces no changes in the resulting 
gametes. In contrast to effective recombination, actual recombination measures 
the total number of COs regardless of whether they resulted in a new haplotype or 
not. It was estimated that domestication resulted in an average of ~40% loss in 
diversity in fruit crops, which consequently affects recombination (Miller and Gross, 
2011).   
 
1.2.2 Adaptation and changing climate 
In evolution,  recombination mechanisms respond to selective pressures or external 
stressors, demonstrated by shifts in recombination rates. A study on two natural 
populations of Drosophila pseudoobscura revealed that changes in CO rates have 
been driven by adaptive evolution (Samuk et al., 2020). Moreover, exposure to 
pathogens increased the recombination rate in Arabidopsis and tobacco and shifted 
chiasmata toward the interstitial regions in tomato and barley (Kovalchuk et al., 
2003; Boyko et al., 2007; Andronic, 2012). Recombination hotspots, i.e. genomic 
regions with high recombination rates, are enriched with resistance (R) genes. This 
is favorable for rapid diversification to combat new or highly variable pathogens 
(Nieri et al., 2017). In rice, increased recombination rates are found in genes 
involved in stress response and environmental stimuli (Si et al., 2015), which 
suggests that recombination may play a role in adaptive evolution. Similar to biotic 
stresses, increase in temperature has also been reported to change the frequency 
and pattern of recombination in varying degrees in most eukaryotes (Dowrick, 1957; 
Higgins et al., 2012; Phillips et al., 2015; Morgan et al., 2017). Elevated temperature 
increases recombination frequency in Arabidopsis thaliana and rice (Francis et al., 
2007; Si et al., 2015) and reduces recombination rates in Endymion nonscriptus, 
Rhoeo spathacea, and barley (Lin, 1982; Higgins et al., 2012; Wilson, 2004). 
Alteration of CO frequency in regions with normally low frequency, such as the 
interstitial regions, could bring about phenotypic changes, breaking adaptive 
linkages or introducing new haplotypes that could confer survival in higher 
temperatures. In populations of barley, recombination rates were observed to be 
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influenced by environmental conditions such as temperature and temperature 
oscillation (Dreissig et al., 2019). Extreme temperature changes may cause 
structural failure in the synaptonemal complex, which can lead to unsuccessful 
recombination or chromosome missegregation (Morgan et al., 2017). In fission 
yeast, changes in global CO frequency distribution in changing environments are 
found to be mediated by a DNA sequence motif, activating recombination hotspots 
through transcription factor binding (Protacio et al., 2022). However, such adaptive 
responses to various stressors or the ability to rapidly cope with environmental 
pressures are not found in every organism, which can result in damage, death or 
even species extinction. With the sensitivity of the meiotic recombination process 
to environmental perturbations, the changing climate may pose a threat to the 
reproductive systems of many species and the stability of major food crops.   
 
1.3 Recombination in plant breeding 
Recombination produces numerous allele combinations that breeders can utilize for 
developing new plant varieties, but the unpredictable occurrence across the 
genome slows down the breeding process (Wijnker and de Jong, 2008). 
Understanding the mechanisms and factors affecting meiotic recombination may 
provide ways to control it for breeding applications, specifically for characterizing 
and manipulating haplotypes associated with the desired phenotypes. A breeding 
strategy called introgressive hybridization allows the transfer of desirable traits like 
disease resistance from donor species/accessions to the recipient individual. It relies 
on the recombination mechanism to produce gametes, combining the donor locus 
with the recipient genome and performing successive backcrossing to remove 
unwanted alleles. Given the random nature of recombination, this requires 
screening large populations and multiple generations for an offspring possessing the 
desired allele combinations. During crop domestication, the pursuit of crop stability 
and agronomic traits led to a loss of genetic diversity, by selecting alleles that confer 
the desired observable phenotypes. This substantial reduction of diversity is 
nowadays reversed by the introgression of alleles from wild relatives into crops, but 
introgression is challenging for highly divergent species due to incompatibility or 
reproductive issues.  

Increased genetic linkage has been observed in domesticated species and its 
effect is exacerbated by the reduction of outcrossing or by increasing self-
fertilization. This switching of the mating system in many cultivated plants like 
barley, soybeans and rice allows agronomic and morphological consistency in the 
crop (Allard, 1999). However, linked selection in selfers is prone to fixate 
detrimental alleles linked with advantageous alleles (Cutter and Payseur, 2013). This 
linked selection is particularly evident in domesticated crops, which are selected for 
fruit and yield phenotypes at the expense of losing resistance to diseases. 
Inbreeding also increases homozygosity, which consequently reduces the effective 
recombination rate because crossovers result in gametes without appreciable 
exchange of alleles between the homologous chromosome, and thus do not 
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generate genetic diversity. In contrast, the actual recombination rate in many 
domesticated species is higher than their wild progenitors (Ross-Ibarra, 2004; 
Wilfert et al., 2007; Groenen et al., 2009). This increased inbreeding in many major 
crops further accentuates the contrasting patterns of genomic variation and 
effective recombination rate between wild and domesticated crops. 

Since breeding thus faces the stochastic nature of meiotic recombination, 
increasing CO frequency can produce more combinations of alleles in recombinant 
offspring, consequently accelerating the breeding processes. There are at least 80 
plant genes involved in meiosis (Mercier et al., 2015), some of which have been the 
subject of meticulous research to manipulate CO frequency and distribution. The 
average number of COs rarely exceeds three per bivalent, irrespective of the size of 
the chromosome (Mercier et al., 2015). It was demonstrated in Arabidopsis that 
mutations in anti-CO pathway genes RECQ4, FANCM and FIGL1 increased CO 
frequency by at most eight fold (Fernandes et al., 2018; Serra et al., 2018). FANCM 
was mutated in crops, Brassicas and rice, significantly raising the CO frequency 
(Blary and Jenczewski, 2019; Mieulet et al., 2018). Similarly, mutation in the anti-CO 
RECQ4 also increases CO frequency in different crops but is more problematic than 
mutating FANCM as it has multiple copies in some polyploid crops (Blary and 
Jenczewski, 2019). Another way to increase CO frequency is to increase the number 
of copies of HEI10, a ZMM protein, resulting in a more than two fold increase in 
Arabidopsis (Ziolkowski et al., 2017). Similar attempts to manipulate meiosis-
associated genes were performed in rice, pea and tomato to demonstrate 
application of enhanced recombination in crops (Mieulet et al., 2018). Despite these 
efforts, the CO frequency is never elevated uniformly along the genome, leaving 
regions with extremely low recombination rates (Mieulet et al., 2018; Serra et al., 
2018). It is thus important to understand the factors limiting recombination in 
specific genomic regions and promoting it in other regions. Increasing CO frequency 
may, however, disrupt gene combinations favorable to elite cultivars, indicating that 
it requires careful use. The elevated frequency may be more helpful in pre-breeding, 
such as in finding the desired trait or gene and introgressing it into a breeding line. 

Aside from efforts to increase COs in specific genomic regions, avoiding COs has 
also been explored. Some breeding applications may require fixation of certain 
alleles and chromosome combinations to produce stable breeding materials, 
requiring the prevention of recombination in certain genomic regions or 
chromosomes. Such prevention of recombination is in particular visible in 
domesticated crops, where genomic regions with reduced recombination rates are 
associated with favorable traits for farming (Allard, 1999; Morrell et al., 2003; 
Kovach et al., 2007; Lin et al., 2014). Fruit size and quality are important agronomic 
traits that have been selected for during domestication. Another breeding practice 
is to suppress recombination to preserve unique allele combinations in 
heterozygous F1 hybrids, which exhibit hybrid vigor and outperform their parents 
(Wijnker and de Jong, 2008). This may be done through reverse breeding or the 
formation of clonal seeds via apomixis (d'Erfurth et al., 2009; Wijnker et al., 2012; 
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Mieulet et al., 2016; Underwood et al., 2022; Underwood and Mercier, 2022). These 
technologies have been implemented in Arabidopsis and rice (d'Erfurth et al., 2009; 
Wijnker et al., 2012; Mieulet et al., 2016) but are not yet ready to substitute the 
current hybridization techniques due to governmental restrictions on engineered 
crops.  
 
1.4 Crossover profiling 
 
1.4.1 Early methods 
To characterize recombination and better understand the factors contributing to or 
influencing its occurrence, we first need to profile the recombination landscape or 
distribution across the genome. The earliest methods of detecting recombination 
events used microscopy or cytogenetic techniques, counting chiasmata during the 
pachytene stage and recombination nodules during diakinesis (Rahn and Solari, 
1986; Stack et al., 1989; Lawrie et al., 1995; Anderson et al., 2003). The two-
dimensional spread of synaptonemal complex (SC) in tomato allowed to more 
precisely locate recombination nodules than by inspecting chiasmata, enabling a 
comparison of CO distributions in euchromatin and heterochromatin (Sherman and 
Stack, 1995). A similar technique to identify recombination nodules was applied in 
maize to produce high-resolution CO maps (Anderson et al., 2003). To improve the 
throughput of CO detection, a visual assay was developed that enables the 
segregation of fluorescent alleles in thousands of pollen tetrads (Francis et al., 
2007). The most recent improvements to this visual assay are based on deep 
learning to analyze the pollen tetrads and avoid manual scoring (Lim et al., 2020). 
However, these cytological methods detect recombination sites at coarse 
resolutions and are relatively low throughput.  

Another widely-used method to profile recombination in the genome is the 
building of genetic maps based on a set of markers like SNPs, intronic polymorphic 
markers and simple sequence repeats. Earlier maps relied on markers detected 
using restriction fragment length polymorphism (RFLP) probes, expressed sequence 
tags (ESTs) and other polymerase chain reaction (PCR) based markers (Tanksley et 
al., 1992; Shirasawa et al., 2010; Robbins et al., 2011). However, such maps contain 
only a few hundred markers across the whole genome, limiting the resolution of 
genomic analyses. Another method relying on single-feature polymorphisms (SFPs) 
increased the number of markers compared to SNP-based markers, prioritizing 
quantity over quality of markers (Kim et al., 2006).  

 
1.4.2 Genomics methods 
With the advent of high-throughput genotyping and next generation sequencing 
(NGS), more genetic markers can now be used to build high-density linkage maps. 
In tomato and maize, arrays of several thousands of SNPs were used to generate 
linkage maps for offspring populations (Ganal et al., 2011; Sim et al., 2012b). The 
resulting maps, however, still have limited numbers of markers which prevents their 
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use for fine-scale genomics such as comparing recombination events with the 
occurrence of genome elements like genes, TEs and sequence motifs. Whole 
genome sequencing of offspring populations allowed construction of recombination 
maps in different species with even better resolution (Rowan et al., 2015; Si et al., 
2015; Pan et al., 2016; Demirci et al., 2017; Kianian et al., 2018; Rowan et al., 2019). 
In Arabidopsis and maize, recombination events were analyzed in meiotic tetrads, 
which allowed the detection of genomic exchanges among the four chromatids of 
the same tetrad such as COs and CO-associated gene conversion (Wijnker et al., 
2013; Li et al., 2015). The use of NGS and bioinformatics tools not only helped detect 
more COs but also enabled genomic analyses that require higher resolution CO 
regions. Moreover, high-density maps have been useful for breeding, specifically in 
trait discovery, population analyses and genome assembly. However, NGS-based 
methods rely on laborious screening and sequencing of offspring plants and cannot 
account for recombination that leads to or occurs in unviable gametes.  

Aside from detecting recombination in an offspring population of a selected 
cross, it is also possible to estimate recombination rates in a natural population 
(Auton and McVean, 2007; Chan et al., 2012). This method is linkage disequilibrium- 
(LD) or coalescence-based, and derives a population-scaled recombination rate 
from the association of alleles. This rate is an average between both sexes, 
integrated over many generations (Penalba and Wolf, 2020). Due to the long period 
of successive recombination events accounted for in this method, it can help answer 
questions relating to the evolution and plasticity of recombination in a species. It 

Figure 1.2. Crossover detection. An F1 plant is generated from a cross between two distinct 
parents. From this F1 plant, an F2 population can be produced. The F2 plants are sequenced 
and based on the informative markers in the parental genome, recombination sites can be 
detected. This figure was created with BioRender.com. 
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was found that historical recombination hotspots are drivers of evolutionary 
divergence in rice, showing association with lineage-specific variations and 
nucleotide diversity (Marand et al., 2019). LD-based methods helped elucidate the 
dynamics of recombination rates in wild and domestication populations in barley, 
cotton and cocoa (Dreissig et al., 2019; Shen et al., 2019; Schwarzkopf et al., 2020).   

NGS-based methods for CO detection rely on markers such as SNPs to infer 
reciprocal exchanges between homologous chromosomes, making them ideal for 
crosses with divergent parental genomes (Figure 1.2). However, detecting COs in 
inbreds or crosses of highly similar genomes is challenging due to the lack of 
segregating markers. Estimating the actual recombination in a population of 
domesticated accessions of a species faces the same problem, as it also relies on 
genetic polymorphisms. With low levels of polymorphism between homologous 
chromosomes or members of a natural population, CO detection or estimation of 
historical recombination rates using resequencing data cannot account for 
recombination that occurred in runs of homozygosity. Alternatively, counting 
chiasmata per bivalent or other cytogenetic methods may provide a more accurate 
estimate of the actual recombination rate in a highly homozygous genome. A recent 
study in Arabidopsis inbred lines utilized genetic markers introduced through 
mutagenesis to profile recombination (Lian et al., 2022), although the resolution of 
CO regions depends on the number of introduced mutations. 
 
1.4.3 Model crop system 
Many early studies on plant recombination have been performed in Arabidopsis 
thaliana, the most popular model plant with relatively small size and short 
generation time (Koornneef and Meinke, 2010). The first linkage groups for 
Arabidopsis were constructed in 1965, but it was only after 18 years that the 
complete genetic map was published, covering only 76 markers (Koornneef et al., 
1983; Koornneef and Meinke, 2010). Further developments helped to improve the 
maps in Arabidopsis (Chang et al., 1988) and to construct maps for other species 
such as lettuce, rice, barley, tomato, potato and maize (Landry et al., 1987; McCouch 
et al., 1988; Graner et al., 1991; Tanksley et al., 1992; Gardiner et al., 1993). From a 
few hundred markers to several thousand markers now, genetic maps have 
facilitated quantitative trait mapping, marker-assisted breeding and evolutionary 
studies in different crops. One of the well-studied crops for meiosis is tomato, based 
on cytological observations and several high-density genetic maps (Peters and 
Underwood, 2023). The availability of at least 12 wild relative species of tomato 
enabled the construction of several genetic maps for different interspecific crosses 
and the identification of many quantitative trait loci such as flowering time and seed 
infertility (Sim et al., 2012a; Moyle and Graham, 2005; Jimenez-Gomez et al., 2007). 
NGS-based detection of crossovers was also performed in 52 F6 recombinant inbred 
lines obtained from an interspecific tomato hybrid (Demirci et al., 2017). The 
application of genome editing to study meiotic genes and processes has been 
employed on tomato, such as the mutation in RECQ4 gene and FIGL1 (de Maagd et 
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al., 2020; Mieulet et al., 2018). As one of the most cultivated vegetable crops and 
the model system for genetic, developmental and physiological studies for fleshy 
fruits, tomato is proposed as a model system for studying meiosis in eudicot plants 
(Peters and Underwood, 2023; Giovannoni, 2004).  

Several projects led to the resequencing of at least 900 tomato accessions, 
mostly representing domesticated tomato Solanum lycopersicum and its wild 
progenitor Solanum pimpinellifolium (Aflitos et al., 2014; Lin et al., 2014; Tieman et 
al., 2017; Zhu et al., 2018; Razifard et al., 2020). These data were used to study the 
diversity of tomato, previous introgressions, fruit flavor and metabolome, and 
tomato domestication. More recently, 100 tomato accessions were sequenced and 
32 genomes were assembled to profile large genetic variations (Alonge et al., 2020; 
Zhou et al., 2022). These data are useful for the further study of recombination in 
tomato, particularly through genomics. Tomato has been the focus of many studies, 
but there is still much to learn on harnessing the recombination mechanism to 
accelerate tomato breeding.      

 
1.5 Patterns in the genome  
 
1.5.1 Chromosomal distribution  
CO occurrences are stochastic, but are found to cluster in hotspots within the 
subtelomeric regions (Lambing et al., 2017b; Wang and Copenhaver, 2018). 
Reported in many plant species, including tomato and maize (Li et al., 2015; Demirci 
et al., 2017), this skewed CO distribution toward the chromosome ends may be 
explained by the earlier synapsis and DSB formation in those regions compared to 
the interstitial segments (Anderson et al., 2014; Wang and Copenhaver, 2018; 
Osman et al., 2021). At a finer scale, the majority of COs cluster in hotspots and are 
confined to less than a quarter of the genome (Choi et al., 2013; Kianian et al., 2018), 
limiting the shuffling of alleles and reducing breeding efficiency in the proximal 
regions. Furthermore, conserved across eukaryotes, recombination is suppressed in 
centromeres to prevent missegregation and reproductive defects (Copenhaver et 
al., 1999; Rockmill et al., 2006; Salome et al., 2012; Si et al., 2015; Nambiar and 
Smith, 2016). Pericentromeric regions exhibit reduced recombination rates but are 
not completely devoid of it (Li et al., 2015; Demirci et al., 2017; Dreissig et al., 2020). 
In rice, mutations were introduced in specific anti-CO genes in an attempt to elevate 
CO frequency in the proximal regions of the genome. However, an increase in COs 
was found only in regions where wild-type COs already occur, not in coldspots 
(Mieulet et al., 2018). Further studies must be done to understand factors that limit 
recombination in the proximal genomic regions.  
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1.5.2 Genome features 
Chromatin structure also contributes to the recombination landscape. To access its 
DNA substrate, SPO11 requires open chromatin. CO regions are associated with 
different histone features such as H3K4me3 and H2A.Z, and AT-rich, poly-A and CTT-
repeat motifs (Pan et al., 2011; Choi et al., 2013; Wijnker et al., 2013; Demirci et al., 
2017; Wang and Copenhaver, 2018). Poly-A motifs are known to prevent 
nucleosomes from binding DNA, making a genomic region accessible for DSB 
formation (Field et al., 2008; Choi et al., 2013; Wijnker et al., 2013; Shilo et al., 2015). 
In Arabidopsis, loss of CG methylation redistributed CO in the distal regions while 
the disruption of H3K9me2 and non-CG methylation increased pericentromeric COs 
(Yelina et al., 2012; Underwood et al., 2018). Regulation by methylation is proposed 
as the underlying mechanism that facilitates changes in recombination patterns 
during exposure to pathogens or elevated temperature (Melamed-Bessudo and 
Levy, 2012; Yelina et al., 2012). Thus, exploring the connection between epigenetic 
profiles and CO localization may reveal ways to manipulate CO patterns by changing 
the epigenetic landscape.    

The preferential occurrence of COs in the distal chromosome is also associated 
with higher gene density in this genome region. Previous studies in different plant 
species reported that COs tend to localize in gene promoters and terminators (Pan 
et al., 2011; Choi et al., 2013; Wijnker et al., 2013; Demirci et al., 2017; Marand et 
al., 2017; Kianian et al., 2018). Both gene transcription start sites (TSSs) and 
termination sites (TTSs) are associated with chromatin marks that promote RNA 
polymerase II (Pol II) transcription and with hypomethylated DNA (Choi et al., 2013; 
Mercier et al., 2015). In Arabidopsis, the CO-associated motifs mentioned above are 
often flanking or overlapping TSSs, further corroborating the enrichment of COs in 
genic regions (Choi et al., 2013). The occurrence of COs in several different plant 
genomes could reasonably well be predicted using a machine learning model based 
on DNA sequence information, indicating the relevance of chromosomal features in 
determining CO positioning (Demirci et al., 2018).  

 
1.5.3 Transposable elements 
Apart from enrichment in genic regions, recombination is also associated with 
transposable elements (TEs), the mobile, repetitive DNA sequences occupying a 
large part of eukaryotic genomes. TEs are grouped into two classes depending on 
their transposition mechanism. Class I TEs transpose in a copy-and-paste manner via 
RNA intermediates, while class II TEs transpose in cut-and-paste via DNA 
intermediates (Wicker et al., 2007). DSB hotspots in plants have been reported to 
overlap class II TEs (DNA transposons), specifically miniature inverted-repeat 
transposable elements (MITEs) (Choi et al., 2018). Examination of COs at high 
resolution and of population-scaled recombination rates revealed enrichment of 
specific TE families like Stowaway, SINE and Helitrons in Arabidopsis, potato, rice 
and maize (Marand et al., 2017; Pan et al., 2017; Choi et al., 2018; Marand et al., 
2019). These TE families preferentially insert near genes and it was proposed that 
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they may act as meiotic recombination enhancers (Kent et al., 2017; Choi et al., 
2018). Conversely, class I TEs (retrotransposons), specifically Gypsy, Copia and L1, 
show negative association with global recombination rates and exhibit lower DSB 
levels than expected by chance (Tiley and Burleigh, 2015; Darrier et al., 2017; 
Marand et al., 2017; Choi et al., 2018). In contrast to class II TEs, retrotransposons 
are more abundant in the pericentromeric heterochromatin, which exhibit less 
recombination, and have higher levels of DNA methylation, H3K9me2 and 
nucleosome occupancy (Dworkin et al., 2017; Underwood et al., 2018; Quesneville, 
2020; Liu et al., 2021). CO suppression in these elements may be imposed by their 
inaccessible chromatin state or their tendency to induce ectopic recombination, 
resulting in deleterious genome rearrangements. Given this association with specific 
TE families, the difference in overall recombination landscape between Arabidopsis 
and other plant species like tomato and maize may be influenced by the distribution 
of TEs. The Arabidopsis genome has fewer TEs than other plants and they are mostly 
confined in the pericentromeric and centromeric regions. In contrast, other plant 
species have more extensive pericentromeric heterochromatin with high 
retrotransposon content, confining most of the COs to the distal chromosome 
regions.  

 
1.5.4 Genomic rearrangements 
Another feature that shapes the landscape of recombination is structural 
rearrangement or variation (SV). SV is defined as a change in copy number, 
orientation or chromosomal location of a genomic segment relative to a reference 
genome (Medvedev et al., 2009; Escaramís et al., 2015). In many species, SVs 
account for more base pairs than SNPs and have greater potential impact to gene 
structure, dosage and location (Alkan et al., 2011; Sudmant et al., 2015; Layer et al., 
2014; Fuentes et al., 2019; Alonge et al., 2020). Aside from being a source of genetic 
diversity, these genomic rearrangements have shown to directly contribute to the 
evolution of different plant species, particularly in rapid adaptation and 
domestication (Lye and Purugganan, 2019). Compared with wild relatives, 
domesticated species have reduced SV diversity, partly due to the fixation of 
adaptive alleles (Swanson-Wagner et al., 2010; Munoz-Amatriain et al., 2013). 

As early as 1921 it was proposed that rearrangements, such as inversions, in 
heterozygous state can suppress COs (Sturtevant, 1921). The excision site of a 70-
kb transposition and the 1.17Mb inversion in Arabidopsis indeed show suppressed 
recombination (Fransz et al., 2016; Alhajturki et al., 2018). Several explanations for 
this suppression of COs in SV regions have been suggested, such as the preferential 
repair of DSBs to NCOs, absence of repair template, higher DNA methylation, 
incomplete synapsis, and tendency to create inviable gametes, making them 
unobservable in progenies (Rowan et al., 2019). DSBs in regions with copy number 
variations cannot be resolved using the non-sister chromatid as template if no 
matching sequence is available in the homologous chromosome. On the other hand, 
if a template is available but with multiple copies, it can result in unequal crossovers 
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(illegitimate crossovers) where one of the resulting gametes loses copies, possibly 
causing a detrimental effect to the progenies. It was observed in Arabidopsis that 
induced structural changes resulted in recombination suppression in the affected 
region and redistribution of COs to other chromosomal regions (Ederveen et al., 
2015). Recently, reversal and introduction of inversion to restore or suppress CO, 
respectively, have been demonstrated using CRISPR/Cas mediated chromosome 
engineering, proving the direct role of SVs in CO positioning (Schmidt et al., 2020; 
Ronspies et al., 2022).  

SV regions may span so-called “supergenes”, i.e. tightly linked genes, which 
tend to be inherited as a single locus due to suppressed recombination. These 
supergenes are an important concern for breeders, because many are linked with 
local adaptation and reproductive isolation (Kirkpatrick, 2010; Thompson and 
Jiggins, 2014; Schwander et al., 2014). As modern breeding relies on hybridization 
to restore or introduce genetic diversity in domesticated crops from wild relatives, 
structural divergence causing heterozygosity and CO suppression between the 
parental genomes may result in linkage drag, preventing the recombination 
machinery from breaking undesirable combinations of alleles within SV regions. 
Rearrangements such as inversions alter the recombination landscape in hybrids, 
but when fixed between populations do not alter the recombination landscape 
(Ortiz-Barrientos and James, 2017). Examination of pachytene SC spreads from 
interspecific tomato hybrids revealed synaptic irregularities due to SVs (Anderson et 
al., 2010). However, there is still limited information on how rearrangements affect 
the local variability of recombination in interspecific hybrid crops, mainly because 
of the prohibitive cost of generating recombination data.    

Given the challenges and limitations in the existing methods, alternative 
methods for CO detection requiring less labor and cost must be implemented. There 
is a need for high-resolution CO maps that will allow comparisons with small 
genomic features and large rearrangements. Furthermore, it is crucial to know how 
the landscape of recombination evolves and consequently affects breeding. In this 
thesis, we investigated methods to detect CO and explore recombination patterns 
and their evolution. 
 
1.6 Contributions of this thesis 
The aim of this thesis is to probe meiotic recombination in natural and experimental 
populations of tomato, uncovering factors that influence recombination patterns 
and providing insights that can help accelerate breeding. I focus on tomato because 
of its economic and food security importance, and its properties as an excellent 
model crop for the study of plant meiosis. In Chapter 2, I propose a method based 
on linked read technology for high-throughput detection of CO events from a pool 
of pollen gametes. It profiles high-resolution maps of COs and gene conversions 
without the laborious and costly development and screening of a large offspring 
population, relying only on the germinated pollen from a single interspecific F1 
hybrid plant. I identify recombination hotspots and coldspots and uncover genomic 
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features associated with CO sites. With the development of other sequencing 
technologies, in Chapter 3 I explore the use of PacBio hi-fidelity (HiFi) long reads in 
detecting COs in pollen. This further improves the resolution of COs and 
demonstrates the extensibility of my method to other sequencing technologies. 
After profiling the recombination landscape in an experimental hybrid, in Chapter 4 
I explore historical recombination in natural populations of wild and domesticated 
tomato. I examine the role of domestication to that of evolution in terms of the 
recombination landscape and reveal the link between genetic changes and 
structural variants to recombination hotspot divergence during domestication. To 
further understand the dynamics of recombination and how it can affect breeding, 
I also compare the recombination landscape of five interspecific tomato hybrids in 
Chapter 5. I uncover the recombination barriers in hybrids and their association with 
metabolic processes and disease resistance. I also expound on the impact of CO 
coldspots on the development of better tomato varieties and the solutions to 
resolve recombination suppression in regions of interest. This chapter exhibits the 
benefit of the CO-detection method introduced in Chapter 2 in studying meiotic 
recombination in multiple crosses, which addresses the prohibitive cost of this type 
of comparative study. Finally, Chapter 6 describes the crucial importance of studying 
meiotic recombination to help accelerate breeding and the use of computational 
methods to decipher new insights on recombination-related processes. I also 
discuss future prospects and suggest research directions.  
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Abstract 
Genome wide screening of pooled pollen samples from a single interspecific F1 
hybrid obtained from a cross between tomato, Solanum lycopersicum and its wild 
relative, Solanum pimpinellifolium using linked read sequencing of the haploid nuclei, 
allowed profiling of the crossover (CO) and gene conversion (GC) landscape. We 
observed a striking overlap between cold regions of CO in the male gametes and our 
previously established F6 recombinant inbred lines (RILs) population. COs were 
overrepresented in non-coding regions in the gene promoter and 5’UTR regions of 
genes. Poly-A/T and AT rich motifs were found enriched in 1 kb promoter regions 
flanking the CO sites. Non-crossover associated allelic and ectopic GCs were detected 
in most chromosomes, confirming that besides CO, GC represents also a source for 
genetic diversity and genome plasticity in tomato. Furthermore, we identified 
processed break junctions pointing at the involvement of both homology directed 
and non-homology directed repair pathways, suggesting a recombination machinery 
in tomato that is more complex than currently anticipated. 
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2.1 Introduction 
Meiotic recombination is a key fundamental biological process that ensures balanced 
chromosome distribution and the reshuffling of parental alleles into new 
combinations. In the current model, meiotic recombination is initiated by the 
formation of double-stranded DNA breaks (DSBs) that are processed to single 
stranded DNA, followed by single strand invasion into the intact sister chromatid or 
one of its non-sister chromatids. Upon break repair on the non-sister chromatids, 
DSBs are resolved either into crossovers (COs) or non-crossovers (NCOs). The 
resolution involves homology directed repair (HDR) by the ZMM and non-ZMM 
pathways leading to class I and class II COs respectively, and alternative pathways 
such as synthesis-dependent strand annealing (SDSA), dissolution of double Holiday 
junction (dHJ) and other pathways leading to NCOs (Mercier et al., 2015). In general, 
CO involves reciprocal exchange of large DNA fragments, which can size up to whole 
chromosome arms. In contrast, a NCO usually comprises a small patch that is copied 
from the intact homologous chromosome (Mercier et al., 2015). When the sister 
chromatid template is used as donor, the repair machinery restores the duplex. 
When the non-sister chromatid template is used as a donor, sequence divergence at 
the site of strand invasion may give rise to heteroduplex formation. The mismatch 
repair machinery recognizes and corrects meiotic heteroduplex DNA (Borts et al., 
2000), leading to a non-reciprocal exchange of genetic information or gene 
conversion (GC). Gene conversion can occur between donor and acceptor alleles of 
the same gene (allelic GC) or between different repetitive loci, the latter known as 
ectopic gene conversion (non-allelic GC) (Puchta, 2005; Duret and Galtier, 2009; 
Wijnker et al., 2013; Trombetta et al., 2016).  

In plant breeding, the allelic reshuffling and gene conversion via meiotic 
recombination is a source of genetic diversity exploited by breeders that seek out 
new allele combinations for trait selection and crop improvement. As assorted alleles 
determine the inherent properties in progeny, it is important to precisely introgress 
chromosomal regions of interest, maintaining favorable genes yet preventing other 
regions harboring undesirable alleles to be recombined. Detection of genetic 
differences and monitoring of specific characters in segregating populations to assist 
trait selection is therefore crucial to successful breeding. Efficient detection and 
precise delineation of recombined alleles has seen many strategies. Microscopic 
analysis of meiotic events in tomato has provided valuable information on 
chromosome configurations (Moens, 1964; Havekes et al., 1994; Anderson et al., 
2010), but the reduced throughput and low resolution limits genome wide and 
accurate measurements of recombined alleles. Currently, prevailing technologies to 
profile segregating alleles in populations include molecular marker-based 
screenings. In combination with high-throughput genome sequencing, such 
technologies are extremely powerful to delineate recombined alleles. Furthermore, 
such screenings provide valuable information on recombination frequency and 
genetic distances, which is used for genetic linkage map construction and marker 
assisted breeding. Previously, we profiled recombination events in a RIL population 
from a cross between tomato and its close relative S. pimpinellifolium, using genome 
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wide SNP analysis. The analysis provided insight into ‘hot’ and ‘cold’ regions of 
recombination, and genomic features involved in crossover recombination (Aflitos et 
al., 2014; Demirci et al., 2017; Demirci et al., 2018). However, these methods require 
the production of offspring populations involving several generations and 
subsequent genetic marker screening for a large number of progeny plants (Paran et 
al., 2004; van Os et al., 2006; Ganal et al., 2011; Baurens et al., 2019). Often marker 
coverage is limited, causing low genetic resolution, and when integrated with 
physical maps, allows detection of crossovers in the kilo base range at best. Markers 
may even be absent leaving substantial genome portions uncovered and thus 
opaque to further genetic profiling. Furthermore, the accurate detection of COs and 
GCs by NGS technologies has long been hampered by short read length limitations, 
a relatively high base call error rate for long reads, and/or inadequate bioinformatics 
solutions. Therefore, more affordable quantitative methods to study CO and GC 
distributions are desired. 

Here we present a method for profiling meiotic recombination in pollen nuclei 
from a single F1 interspecific hybrid between tomato and the closely related S. 
pimpinellifolium. The identification of polymorphisms marking COs and GCs is greatly 
improved by high-throughput long read sequencing with high base call accuracy, 
facilitating unambiguous read mapping and accurate identification of haplotype 
phases. We pinpoint COs and GCs at the SNP resolution level, using 10X Genomics 
linked read sequencing of gDNA from F1 pollen nuclei and subsequent detection of 
phase shifts in large gDNA molecules, providing further insight into gross similarities 
of recombination. Our sequence based approach can be applied to reliably profile 
meiotic recombination in a wide variety of crop species without the laborious and 
time-consuming production and screening of offspring populations, greatly 
benefitting introgression hybridization and precision breeding. 
 
2.2 Experimental procedures 
 
2.2.1 Selection of tomato accessions 
An F1 plant was produced from an interspecific cross between S. lycopersicum cv. 
Heinz 1706 and S. pimpinellifolium CGN14498, which was used as the male and 
female parent respectively as described in Aflitos et al. (2014). The F1 plant was 
grown to flowering in a greenhouse under normal day night light (16h/8h) conditions 
at 24˚C. 
 
2.2.2 High molecular weight DNA isolation from pollen 
Mature pollen was released from flowers using a handheld milk frother device and 
collected in a 1.5 mL tube. Pollen were then stored at 4˚C at a relative humidity of 
32% or immediately germinated after harvesting according to the protocol described 
by Lu et al. (2015) with modifications. Approximately 2-10 mg pollen were covered 
with a small gauze and positioned in a small petri dish containing saturated NA2HPO4 
for 4-8 h at 25˚C without bringing the pollen into direct contact with the solution. 
The hydrated pollen were then incubated in 2.5 mL germination medium (20 mM 
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MES, 3mM Ca(NO3)2.4H2O, 1 mM KCl, 0.8mM MgSO4.7H2O), 1.6 mM Boric acid 
(H3BO3), 24% (w/v) PEG4000, 2.5% (w/v) sucrose at pH 6.0 for 1.5 h at 25˚C, shaking at 
90 rpm in the dark. Germination was monitored by assessing small samples with a 
light microscope at 20X magnification and was terminated when pollen tubes 
reached approximately 2X the diameter of the pollen grain. Germinated pollen were 
isolated from the medium with a 20 µM cell strainer (pluriStrainer, pluriSelect Life 
Sciences), collecting the flow through in a 50 mL tube by washing with 1 mL nuclei 
isolation buffer (0.3 M sucrose, 10 mM NaCl, 10 mM 2-(N-morpholine)-
ethanesulphonic acid, 5 mM ethylenediamine-tetraacetic acid, 0.2 mM spermine, 0.5 
mM spermidine, 0.2 mM phenylmethylsulphonyl fluoride, 5 mM dithiothreitol, and 
0.2% (v/v) Triton-X-100, adjusted to pH 7.4 with 2 M NaOH). Nuclei were 
subsequently isolated from pollen according to Gao et al. (2015) with modifications. 
Subsequently,  nuclei were collected by placing the 20 µM pluriStrainer with a 
connector ring on top of a 10 µM pluriStrainer and then put on top of a clean 50 mL 
tube. The 20 µM cell strainer was used to isolate the released nuclei and the non-
germinated pollen from the germinated pollen, while the 10 µM cell strainer was 
used to separate the released nuclei from the non-germinated pollen. Next 1 mL 
nuclei isolation buffer was added to the pollen sample and nuclei were subsequently 
released by gentle homogenisation of the pollen tubes using a pestle for cell strainer 
(Sigma-Aldrich) at 60-100 rpm for 1 minute. Nuclei were rinsed from the 10 µM 
pluriStrainer and collected in a 50mL tube and centrifuged three times at 500g for 5 
min to pellet the nuclei. The nuclei were then embedded in 2% liquid low melting 
point agar kept at 45˚C. The pellet was suspended in 10 µL nuclei isolation buffer, 
raising the temperature gently to 45˚C before adding 20 µL of 2% Low Melting Point 
(LMP) agarose at 45 ˚C and casting the solution into a mould. Plugs containing the 
nuclei can either be stored in TE buffer at 4°C, or directly be used for high molecular 
weight DNA isolation from the plugs according to the BioNano Genomics extraction 
protocol ‘IrysPrep Plug Lysis Long DNA isolation’ (30026D) as described by the 
manufacturer. The DNA concentration and molecule length was determined with a 
Qubit (Thermo Fisher Scientific) and a DNA Fragment Analyzer (Agilent). 
 
2.2.3 10X Genomics library preparation and sequencing 
The 10X Genomics libraries were constructed with the Chromium™ Genome Reagent 
Kits v2 (10X Genomics®) according to the Chromium™ Genome v2 Protocol 
(CG00043) as described by the manufacturer. Sequencing was carried out using 
Illumina HiSeq 2500 with 2 x 150bp paired-end reads to a genome coverage of 
approximately 100X. The LONG RANGER pipeline from 10X Genomics was used to 
process the sequencing output and align the reads to the tomato reference genome 
(The Tomato Genome Consortium, , 2012). The LOUPE genome browser summary 
view from 10X Genomics was used to retrieve the metrics on input DNA, sequencing, 
molecule length, coverage and gel beads in emulsion (GEM) performance. The 
number of F1 hybrid genome copies that were assessed was calculated using Lander-
Waterman statistics (Lander and Waterman, 1988). 
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2.2.4 Sequence alignment and data processing 
Illumina PE sequences from RIL parent S. pimpinellifolium CGN 14498 and from S. 
lycopersicum cv. Heinz from the 150 Tomato Genome Project (Aflitos et al., 2014; 
Demirci et al., 2017) were aligned to the S. lycopersicum cv. Heinz reference genome 
v3.0 using the read mapper tool from CLC Genomics workbench v11.0.1 
(https://www.qiagenbioinformatics.com/). Reads were subsequently realigned to 
adjust for local mapping inconsistencies near insertions and deletions using the local 
read mapping alignment tool from CLC and the indel realignment GATK toolkit v.4. 
Homozygous and heterozygous single nucleotide variants (SNPs and indels) where 
then called using GATK UNIFIEDGENOTYPER and the fixed ploidy level variant detection 
algorithm from CLC separately. For GATK we used recommended parameter settings 
as described 
(https://software.broadinstitute.org/gatk/documentation/article.php?id=3225), 
whereas for the CLC fixed ploidy detection algorithm we used the following settings: 
Ploidy = 2; Required variant probability (%) = 80.0; Ignore positions with coverage 
above = 100,000; Ignore broken pairs = Yes; Minimum coverage = 8; Minimum count 
= 2; Minimum frequency (%) = 20.0; Neighborhood radius = 5; Minimum central 
quality = 20; Minimum neighborhood quality = 15; Relative read direction filter = Yes; 
Significance (%) = 1.0. Homozygous S. pimpinellifolium SNPs predicted by both GATK 
and CLC were then intersected and selected as segregating markers, excluding all 
positions found to be polymorphic between the tomato parent and the reference 
genome. Chromium barcoded sequences from the pollen sample were processed 
and aligned to the S. lycopersicum cv. Heinz v3.0 reference genome 
(https://solgenomics.net/organism/Solanum_lycopersicum/genome) using the LONG 
RANGER pipeline with default parameter settings. The output was processed by 
SAMTOOLS v1.3 calmd to generate the MD tags and then filtered per chromosome. 
Paired end (PE) reads without barcodes and molecule IDs, having a mapping quality 
below 60, showing an abnormal template length larger than 2 kb, or discordantly 
aligned to multiple chromosomes, were removed. The resulting alignment file was 
intersected with the list of S. pimpinellifolium homozygous SNPs to retrieve reads 
relevant to the phase shift detection. Reads having identical barcode (BX), molecule 
identifier (MI) and alignment start position were marked as clonal reads and 
discarded. Both CIGAR and MD tags of non-clonal reads were then parsed to assign 
the parental origin of the polymorphism that matched a segregating marker. The 
haplotype for each linked read molecule was determined using the pipeline 
illustrated in Supplementary Figure 2.1. Briefly, putative haploblock shifts were 
assigned to a linked read molecule if two adjacent SNP blocks, consisting of at least 
three uninterrupted and contiguous SNP markers, were assigned to different 
parents, i.e. ‘aaabbb’ or ‘bbbaaa’. CO recombination sites were then called taking 
the midpoint position between the two SNP markers flanking the phase shift. 
Molecules with candidate COs were subsequently filtered against tomato repeats 
(ITAG3.2_RepeatModeler_repeats), chloroplast insertions in the tomato nuclear 
genome, and tomato retrotransposons (tomato_retrotransposons_PRI_v2) 
retrieved  from 
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ftp://ftp.solgenomics.net/genomes/Solanum_lycopersicum/repeats. To avoid 
aberrant haplotype shifts due to misalignment of tandem repeats aligned molecules 
overlapping at least 10% in length with repeats or candidate CO regions having a read 
coverage of flanking markers higher than 95% of all marker coverages across the 
genome were discarded (Supplementary Figure 2.2). To focus on the unambiguous 
occurrences of GC, molecules with multiple haplotype shifts were excluded. A block 
of at least two SNPs with the same parental origin flanked by SNPs from the other 
parent were identified as gene conversion, i.e. ‘aaabbaaa’ or ‘bbbaabbb’. Molecules 
with phased regions flanked by two phase shifts were selected as candidate gene 
conversions (GCs). Candidate GCs were retained if (i) they were at most 400 bp long, 
supported by SNPs having a high base quality score (Phred-score > 30) matching with 
either parental allele, (ii) the supporting reads were not soft/hard-clipped, (iii) and 
did not overlap parental indel markers (to avoid false positives from aberrant indel 
marker calls). Remaining GCs containing indels that were not present in either 
homologous parental allele, but with supporting SNPs located within 3 bp distance 
of the indel, or GCs containing indels within homopolymeric regions of at least 4 bp 
were reported separately as they may have arisen from non-homologous directed 
repair mechanisms. Read alignments were visualized in the Intergrative Genome 
Browser (IGV) (Robinson et al., 2011) and used to manually examine the linked read 
support for randomly selected COs and GCs, including a check on consistent BX and 
MI identifiers, and a verification of the SNP identity with a Phred score 30 or higher 
matching to either parental allele.  
 
2.2.5 Sequence motif discovery and gene feature distribution 
Sequences of 1kb, flanking both sides of the midpoint of high resolution (< 1 kb) CO 
regions (n=283) were selected for motif discovery with the MEME suite using default 
settings (Bailey et al., 2009). Only overrepresented motifs at least 6 bp long, 
occurring in at least 50 CO regions, were reported. To find possibly enriched gene 
ontology terms, motifs with significant E-value < 0.05 were submitted to GOMO 
(Buske et al., 2010). 
 
2.2.6 Identification of hot and cold regions (CO-dense and CO-poor regions) 
Using the R-package function ‘density’, we estimated the CO density using a Gaussian 
kernel (bandwidth = 20,000 nt) for every 1000 nt. Euchromatic and heterochromatic 
regions were delimited as previously described (Demirci et al., 2017). We then 
computed the p-value for local maxima and minima detected by the R function 
‘turnpoints’ based on density estimates in random recombination region sets 
generated by shuffling the observed euchromatic crossovers in each chromosome 
10,000 times. Significant p-values of density peaks or hot regions were adjusted for 
multiple testing using a Bonferroni correction with a 0.05 cut-off threshold. For 
density pits or cold regions, we apply the p-value cut-off of 0.05 without Bonferroni 
correction and merged consecutive pits that are at most 10 kb apart. Only cold 
regions covering at least 100 kb were reported.  
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2.2.7 Genetic marker order 
Sequences from linked reads containing haplotype shifts, marking a potential 
crossover recombination, were compared against marker sequences from the 
Tomato-EXPEN-2000.v1 genetic map (https://solgenomics.net) using BLASTN and 
then filtered using an identity threshold of 98%. Positional marker orders between 
the linked read genetic map and the tomato genetic maps were compared to assess 
marker collinearity.  
 
2.3 Results 
 
2.3.1 Detection of haplotype shifts and CO designation 
Our aim was to localize recombination events at SNP resolution, taking advantage of 
linked-read sequencing of an F1 hybrid pollen grain population and the high density 
of informative polymorphisms between S. lycopersicum Heinz 1707 and S. 
pimpinellifolium CGN14498 parental genomes, allowing a detailed analysis of 
genomic sequences involved in CO recombination. To this end we constructed a 
linked read sequencing library from ~0.70 ng input gDNA and produced 781.3x106 
paired end (PE) linked reads. With a median insert size of 391 bp, the data 
represented a mapped genome coverage of about 68X. Approximately 60% and 18% 
of the input gDNA molecules was longer than 20 kb and 100 kb, respectively, with a 
mean molecule length of 25.5 kb. We obtained 1.61 x 106 gel beads in emulsion 
(GEMS) with a mean DNA molecule length per GEM of 285 kbp, and an N50 linked 
reads per molecule (LPM) of 12. Given these GEM performance statistics, the 
molecule coverage for each genome copy was approximately 86%. Using the LONG 
RANGER pipeline from 10X Genomics, approximately 95.7% of the reads was 
successfully mapped to the tomato reference genome, leaving less than 0.14% of the 
reference bases uncovered. We detected polymorphisms in S. pimpinellifolium and 
S. lycopersicum PE reads that were aligned to the tomato SL3.0 reference genome, 
using SNP callers from CLC and GATK (McKenna et al., 2010). Approximately 4.65 
x106 CLC and 4.90 x106 GATK S. pimpinellifolium homozygous SNP calls were 
intersected, based on their corresponding genomic position, rendering 4.05 x106 
high quality homozygous SNPs (Supplementary Figure 2.3). To remove possible base 
call errors and individual-specific sequence differences, approximately 210,000 SNPs 
between the tomato parent and the reference genome were excluded, leaving 3.84 
x106 homozygous SNPs at a SNP density level of 1 per 210 bp. These SNP levels are 
in agreement with the SNP density level of 0.58% (~3.89 x106 SNPs) as previously 
determined in genetic diversity study for the same parental lines (Aflitos et al., 2014). 

The SNP profiles in the genomic DNA molecules enabled us to assign COs 
according to the observed haplotype phase shifts. We first filtered ambiguous 
mappings, discarding discordant reads and molecules significantly overlapping with 
tomato genome repeats. Additionally, we removed  recombinant molecules 
containing phase shifts with a skewed read coverage, that may have arisen from 
unknown repeat elements or copy number variation. Furthermore, we rejected 
multiple haplotype shifts, thereby avoiding cases where multiple putative COs or GCs 
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occurred in the same molecule. These filtering constraints rendered a total of 5,126 
recombinant molecules on 12 chromosomes. We also anticipated on the occurrence 
of possible non-crossover associated (NCO-GC) and CO-associated gene conversions 
(CO-GCs) as possible products of recombination events. Indeed, a previous study on 
targeted recombination analysis in tomato reported on a single discontinuous GC of 
5-6kb. This GC however, was observed in somatic tissue with artificially induced 
double stranded breaks (DSBs) by Cas9 (Filler Hayut et al., 2017). In rice the average 
length of a gene conversion was reported to be 130 bp (Xu et al., 2008). Considering 
that the observed average length of NCO-GCs and CO-GCs in A. thaliana ranges 
between 25 - 400 bp (Wijnker et al., 2013), the additional filtering for tomato GCs 
left 3,819 recombinant molecules representing candidate CO regions with 
haploblock sizes larger than 400 bp, a resolution (i.e. distance between markers 
flanking a CO) ranging from 2 bp to 213 kb, and spanning distance (i.e. between the 
first and last markers within a recombinant molecule) (Figure 2.1A) from 1.9 kb to 
297 kb (mean 55.9 kb, Figure 2.1B and S2.4A), respectively. The resolution of each 
molecule is negatively correlated with the coverage of reads overlapping a SNP 
marker (Pearson correlation coefficient r = -0.59, p-value < 2.2e-10) (Supplementary 
Figure 2.4B), suggesting that increasing the sequence coverage would likely further 
improve the resolution. 

A single homologous CO event results into two reciprocal recombinant 
molecules. When mapped against the reference genome, such a pair of overlapping 
recombinant molecules would display reciprocal haplotype profiles and point to the 
same phase shift position. However, currently we cannot precisely establish the 
actual total number of CO events from recombinant molecules. Sizes may differ 
between molecules because of random DNA breaks during library preparation and 
sequencing. Furthermore, molecules are randomly primed, and when sequenced, 
likely will differ in their read profiles. Also, recombinant molecules originating from 
multiple gametes and generated by multiple CO events, may still map to overlapping 
positions in the reference genome. In addition, we cannot identify the recombinant 
chromosome pairs that originate from a single gamete. These limitations prevented 
to link recombinant molecules with overlapping CO regions to a distinct number of 
CO events that generated them. Nonetheless, to determine the minimum number of 
CO, we screened 3,819 CO regions, and assigned sets of recombinant molecules with 
overlapping CO regions to individual  recombination events. This left a minimum of 
3,169 putative CO recombination events. We then manually checked phase shift 
blocks for inconsistencies in 50 randomly selected candidate CO regions. Taking 
advantage of the Integrative Genome Viewer (IGV) displaying barcode (BX) and 
molecule identifier (MI) annotation tags called by LONG RANGER, we found a false 
positive rate of 2%. Furthermore, the flanking sequences for all randomly selected 
CO regions showed an unambiguous BlastN hit to their corresponding position in the 
tomato reference genome. We therefore anticipated assigned COs resulting from 
ambiguous read mappings less likely. We also found a significant overlap between 
COs in pollen and in RILs (Demirci et al., 2017) (p-value = 8.44 x 10-23, Fisher exact 
test) using bedtools fisher. While our stringent filtering method greatly improved 
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accurate detection, it likely decreased sensitivity though. Given the input gDNA, 
representing about 625 recombined F1 genome copies, and the previously reported 
average recombination rate in tomato of 1.8 per chromosome pair (Sherman and 
Stack, 1995), the theoretical number of COs in our pollen sample would be 13,500. 
The theoretical maximum number of COs, when compared to 3,169 detected COs in 
our pollen sample, suggests a considerable number of COs were left undetected. 

Figure 2.1. (A) Schematic representation of crossovers and gene conversions detected from 
haplotype shifts. Each molecule (m) consists of linked reads displayed as arrowed blocks 
connected by a horizontal line indicating their linkage. The red and green markers indicate the 
parental origin of the allele. Molecule m1 represents a recombinant molecule showing phase 
shift marking a crossover. The resolution (res) of the crossover is defined as the length 
between two consecutive phase shifting markers, while spanning distance is the distance 
between the first and the last marker in the molecule. Molecule m2 contains a gene 
conversion with two supporting markers with a minimal and maximal tract length denoted by 
x and y, respectively. For GC detection the maximum track length (x) was set to 400 bp. 
Molecule m3 is non-recombinant, while in molecule m4 the putative CO is discarded because 
its block length is shorter than 400 bp and displays only one phase shift. (B) Spanning distance 
versus crossover resolution with a CO represented either by a green or blue dot. Blue dots 
mark COs that were used to find correlations with sequence features. The dashed line 
represents the mean spanning distance of 55.9 kb. 

(A) 

(B) 
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However, considering that interspecies CO rates (i.e between the homeologous 
chromosomes of tomato and pimpinellifolium) can decrease to less than 20% 
compared to intraspecies recombination frequency (Canady et al., 2006; Demirci et 
al., 2017; Demirci et al., 2018), the actual total number of COs in the F1 hybrid pollen 
presumably was lower. In the case of an interspecific hybrid, homoeologous 
chromosomes will to some extent be different in terms of genomic (repeat 
differences), and cytogenetic (heterozygosity for smaller structural chromosome 
variants) differences. Previously, chromosome structural differences have been 
revealed between S. lycopersicum and S. pimpinellifolium, including mismatched 
kinetochores foldbacks and other irregularities (Anderson et al., 2010). Such 
differences between homeologous chromosomes lead to disturbances in the 
synapsis of the homoeologues, and hence may dramatically decrease formation of 
CO events. Depending on the species in the tomato clade used, genetic lengths of 
individual chromosomes have been found to vary substantially (Bernacchi and 
Tanksley, 1997). In addition, strong variation in recombination frequency has been 
shown dependent on the sex identity of the gametes. In plants, male and female 
meiosis differ considerably. Less recombination for male gametes was found in an F1 
plant from a backcross to both the S. lycopersicum and S. pennellii parents (de 
Vicente and Tanksley, 1991). In contrast, Drouaud et al. (2007) found an elevated 
recombination frequency in male gametes from Arabidopsis, whereas Phillips et al. 
(2015) reported on a higher recombination frequency for female gametes of barley 
and showed recombination rates are temperature dependent. Thus, caution should 
be taken when comparing recombination frequencies and genetic map lengths such 
as for species in the tomato clade and for plants in general. Although the average 
frequency of ~0.42 COs per recombined F1 pollen chromosome represents 23% of 
the interspecies CO frequency, it nevertheless falls within the range as previously 
determined for an F6 RIL population (Demirci et al., 2017).  

 
2.3.2 Variation in CO frequencies 
The frequency of COs between haploid nuclei can directly be compared since all 
genome copies originated from one F1 plant, eliminating a possible bias in 
recombination that would be due to differences in genetic background. To 
determine distributions, we assigned COs to 50 kb bins ordered along each of the 12 
tomato chromosomes. We made a distinction between euchromatin and 
heterochromatin positions as previously established (Sherman and Stack, 1995; 
Demirci et al., 2017). As expected, COs were not uniformly distributed. In all 
chromosomes a higher frequency was clearly observed for euchromatin portions, 
while pericentromeric heterochromatin regions were mostly devoid of COs (Figure 
2.2A, 2.2B). As previously suggested, the low number of COs in pericentromere 
domains probably occurred within small euchromatin islands harbouring actively 
transcribed genes (Peters et al., 2009; The Tomato Genome Consortium, , 2012). To 
further measure the propensities of the F1 pollen chromosomes toward COs, we 
compared sequences of 283 high-resolution CO regions (<1kb) against the tomato 
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bacterial artificial chromosome (BAC) fingerprint map. These high resolution COs do 
not share overlapping flanking markers and thus were likely generated by 
independent recombination events. The sequence comparison yielded 167 CO 
regions overlapping with tomato BACs anchored to the tomato EXPEN2000 genetic 
map. The order for 91 out 95 genetic markers associated with the anchored BACs 
coincided with the mapping order of all high-resolution COs to the tomato reference 
genome, indicating it is unlikely that these COs were called from aberrantly mapped 

Figure 2.2. (A) Distributions of crossovers in the chromosome arms of pollen gametes. 
Positions of centromeres for division of chromosomes into long and short arms and 
euchromatin and heterochromatin sections were taken from Demirci et al. (2017). (B) 
Distribution of CO in pollen chromosome 1 in 100 kb bins. A schematic representation for 
tomato chromosome 1 is shown above the graph with euchromatin (dark blue) and 
heterochromatin (light grey), and centromere (dark grey). 

(A) 

(B) 
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reads (Table S1). As expected, the frequency of COs in the heterochromatic regions 
is lower than in eurochromatic regions (Figure 2.2A, 2.2B). Furthermore, we 
observed a higher CO frequency for euchromatin regions toward the distal 
chromosome ends, except for chromosome 2 which showed a higher frequency 
towards the end of the long arm. These CO profiles in the F1 hybrid are in line with 
previously observed recombination profiles in tomato (Peters et al., 2009; Peters et 
al., 2012; Aflitos et al., 2014; Demirci et al., 2017; Demirci et al., 2018).  
 
2.3.3 Correlation with primary sequence and gene features and hot and cold CO 
regions 
To obtain a detailed recombination profile, we assessed the sequence divergence 
and distribution of a subset of 400 CO regions (Figure 2.1B). In order to retrieve a 
sufficient number of datapoints, we relaxed the resolution threshold to 1500 bp, 
which was 500bp lower compared to the threshold for genomic sequence feature 

(A) 

(B) 

Figure 2.3. (A) Frequency distribution of COs observed in genic features. The observed and 
expected CO frequency per class is represented by blue and orange bars respectively. (B) 
Enriched sequence motifs in CO regions as discovered with MEME.  
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enrichment detection. These COs regions are not overlapping and thus were also 
likely generated by independent recombination events. When comparing CO regions 
to the annotated reference genome, a permutation test showed a significantly 
higher rate of COs (p-value = 1.0 x 10-6) in gene promoter regions (Figure 2.3A). This 
is in line with earlier results, reporting on COs biased toward regions upstream of 
transcription start sites (TSS) in tomato (Demirci et al., 2017), rice (Wu et al., 2003; 
Si et al., 2015; Demirci et al., 2018), maize (Rodgers-Melnick et al., 2015), and A. 
thaliana (Wijnker et al., 2013; Choi et al., 2018). To check whether the enrichment 
in the 5’-UTR is an artefact of skewed SNP density causing the CO regions to extend 
from the promoter to the 5‘-UTR, we focused on a subset COs, overlapping either a 
promoter or 5’-UTR and excluded COs spanning both regions. The additional 
permutation test on this subset confirmed the enrichment of COs in the promoter 
(z-score = 2.29, p-value = 0.0126) and 5’-UTR (z-score = 2.04, p-value = 0.0202) 
(Supplementary Figure 2.5). Moreover, using the MEME suite (Bailey et al., 2009), 
we identified significantly overrepresented sequence motifs in 283 high resolution 
(below 1kb) CO regions. The motifs were composed of poly-AG, poly-T and poly(AT) 
sequences, occurring in 282 (E = 6.2 x 10-24), 266 (E = 2.1 x 10-20) and 280 (E = 9.0 x 
10-10) CO regions, respectively (Figure 2.3B). Poly-T and poly(AT) signatures are 
typically found at non-coding and promoter regions, and often at transcription factor 
(TF) binding sites (O'Malley et al., 2016; Cherenkov et al., 2018) and have been found 
associated with crossovers for example in Arabidopsis (Choi et al., 2013; Wijnker et 
al., 2013; Shilo et al., 2015) and tomato (Demirci et al., 2017; Demirci et al., 2018). 
Previously, we also found a weak correlation with AG dinucleotides (Demirci et al., 
2017; Demirci et al., 2018), further in line our observation of high CO incidence in 
gene promoter regions.     

In addition, the observed distributions of recombinant sites along chromosomes 
suggested ‘hot and cold regions’. Using CO density estimates, such regions with CO 
frequencies significantly deviating from the average were observed (Figure 2.4). We 
identified 23 hot regions in euchromatin portions except for chromosomes 3 and 6. 
Furthermore, using a bedtools fisher test a significant number (p-value=4.77 x 10-05, 
Fisher exact test) of 15 out of 91 cold regions with a minimum length of 100kb 
significantly overlapped with previously reported cold regions in F6 RILs (Demirci et 
al., 2017), further suggesting that profiles in pollen gametes are representative for 
CO profiles observed in plants. 
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Figure 2.4. Distribution of recombination sites in F1 tomato hybrid chromosomes. 
Heterochromatin, euchromatin, and centromeres are depicted as dark and light grey 
horizontal bars, and dark grey circles respectively. CO density graphs are superimposed on 
each chromosome. Crossover-dense (hot) and crossover-depleted (cold) regions in F1 hybrid 
pollen are shown as red and blue dots along each chromosome, respectively. Chromosome 
positions for NCO-GCs are indicated by pink triangles.   
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2.3.4 Gene Conversion designation 
Evidence has been presented for NCO-GC and CO-GCs in the animal and plant 
kingdom (Parniske et al., 1997; Xu et al., 2008; Duret and Galtier, 2009; Wijnker et 
al., 2013; Trombetta et al., 2016). When polymorphisms between alleles are 
involved, GCs in offspring alleles will be marked by SNPs, denoting the parental 
origin. We expected GCs also to occur during gametogenesis in our F1 tomato hybrid, 
though as far as we know a comprehensive genome wide analysis of GCs in 
interspecific tomato hybrids has not been presented until now. Both CO-GC and 
NCO-GC would consist of a small segment, containing a few SNPs marking a phase 
shift. Indeed, GCs observed in other plants have been reported in the 25-400bp range 
(Xu et al., 2008; Wijnker et al., 2013). However, without knowing the recombinant 
pairs of chromosomes, our screening method currently can only detect NCO-GCs, 
occurring in small phase blocks less than 400 bp (Supplementary Figure 2.6). After 
selecting candidate GCs < 400 bp and subsequent manual validation of supporting 
linked reads, we indeed detected 44 gene conversions within tracts between 35 to 
369 bp. These 44 NCO-GCs do not share overlapping regions and thus were likely 
generated by independent recombination events. We prioritized on accuracy rather 
than sensitivity, by screening for small domains containing exactly one GC and at 
least 2 SNPs whose identity could be traced to the homologous donor allele. It is 
likely that the full chromosome complement is subject to GC and we indeed found 
footprints in all chromosomes. However, our stringent filtering did not leave GCs for 
chromosomes 2 and 11. We found read mappings at 3 GC sites showing high quality 
SNPs (Phred-score > 30) in addition to the expected polymorphisms that were 
detected between the parental homologous tomato and pimpinellifolium alleles. As 
these additional SNPs, occurring in a single read, could not be traced back to the 
parental alleles, we refer to them as ‘non-parental’ SNPs. The other linked reads 
generated from the same molecule flanking these non-parental SNPs mapped 
unambiguously to their homologous position. Using BLAST, we found for example a 
read with non-parental SNPs at a GC in chromosome 1, consisting of a segment 
specific for the target allele and another segment mapping to a nearby paralogous 
region in a reversed orientation approximately 250 bp downstream of the conversion 
(Supplementary Figure 2.7A,B). Considering that such clustered non-parental SNPs 
occurred in small segments identical to a parental paralogous allele, ectopic GC is the 
most parsimonious explanation. In addition, a separate set of 25 conversions that 
were reported as candidate GCs included insertions or deletions in a homopolymeric 
region. These indels, however, were not detected in the homologous or a paralogous 
allele. Currently, we cannot explain these indels by GC. We speculate they may have 
arisen as a result of illegitimate recombination such as non-homologous end-joining, 
or by polymerase slippage during replication, although sequencing errors of the 
homopolymeric region cannot be excluded. 
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2.4 Discussion 
Here we present an  algorithm that faithfully detects phase shifts marking both 
meiotic crossovers and non-crossover associated allelic and ectopic gene 
conversions in haploid male gametes of a S. lycopersicum x S. pimpinellifolium hybrid, 
based on 10X Genomics linked read sequencing data. The algorithm identifies the 
parental origin of homozygous SNPs from linked reads of pollen gametes that have 
been mapped to the SL3.0 Heinz reference genome. The previously established high 
quality reference genomes of the S. lycopersicum cv. Heinz and S. pimpinellifolium 
parental lines (Aflitos et al., 2014) facilitated stringent filtering of false positives 
resulting from base calling or read mapping errors, and allowed for accurate CO and 
GC calls from phase shifts as presented here. Although, we couldn’t establish the 
precise number of COs, because pairs of overlapping recombinant molecules do not 
have the same read profile and size, obscuring the identity of recombinant pairs in 
linked read data, we related non-overlapping recombinant molecules to a minimum 
number of CO events that generated them. Our analyses showed CO enrichment in 
promoter regions and the occurrence of specific sequence motifs consistent with 
previous results (Demirci et al., 2017; Demirci et al., 2018). In addition, we now also 
show an elevated CO frequency in the 5’-UTR regions. Homologous meiotic 
recombination has been shown to occur around the transcription start sites and 
nucleosome-depleted regions, suggesting that open chromatin is accessible to 
diverse cellular machineries (Pan et al., 2011; Choi et al., 2013; Wijnker et al., 2013; 
Shilo et al., 2015; Demirci et al., 2017; Demirci et al., 2018). A diversity analysis of 
529 Arabidopsis TF-binding motifs showed that 25% have at least 4 consecutive A/T 
stretches (O'Malley et al., 2016). These A/T rich motifs have been found 
overrepresented for example in TF-binding sites related to auxin response in 
Arabidopsis (Cherenkov et al., 2018). A relationship between transcribed genes and 
the proximity to recombination hotspots was reported for yeast (Mancera et al., 
2008). Furthermore, AT-rich domains appear to disfavour nucleosome occupancy 
and recently have been shown to be involved in the formation of DSB and hotspots 
of recombination in Arabidopsis (Choi et al., 2018). The enhanced recombination in 
both promoter and 5’–UTR regions might thus be explained by the local structural 
conformation of the DNA that is accessible for replication, recombination, and DNA 
transcription complexes as previously suggested (Gottipati and Helleday, 2009; 
Demirci et al., 2017; Demirci et al., 2018). The CO preference at promoter regions 
and  CO hot and cold spots significantly overlapping with the regions of elevated and 
repressed CO in F6 RIL plants, further suggests that we faithfully detected COs and 
GCs in pollen gametes. It is possible that we have missed COs, especially in regions 
devoid of SNPs or with low coverage. However, since the observed recombination 
frequency in haploid spores was in the same range as previously observed for tomato 
hybrids (Demirci et al., 2017), we speculate that the number of missed COs is 
relatively low. Nevertheless, approximately 5 x106 heterozygous SNPs and 4.7 x 105 
indels have not been taken into consideration as potential CO markers yet, and may 
serve to further improve the resolution and sensitivity of CO and GC detection from 
linked read data. Additional adjustments, such as increased read coverage, and 
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allowing for multiple phase shifts per molecule, also might improve the sensitivity. 
Although, we currently do not consider recombination events from multiple phase 
shifts, molecules with complex phase patterns in ranges between 30 to 100kb were 
detected. We do not rule out complex GC in tomato, rather these observations hint 
at a tomato recombination machinery that is more complex than currently 
anticipated. Indeed, high-resolution mapping of meiotic crossovers and non-
crossovers for example in yeast showed conversion tracts exhibiting complex 
patterns of genotype change, probably resulting from repair of multiple patches of 
heteroduplex, or alternatively, mismatch repair switching between conversion and 
restoration (Mancera et al., 2008; Lesecque et al., 2013). Furthermore, the 
involvement of tomato transposable elements as drivers of meiotic recombination 
cannot be ruled out, since we observed putative GC in recombinant molecules 
overlapping with repeats and transposon copies. Previously, meiotic recombination 
and GC induced by the Mutator (Mu) transposon in maize, resulted in deletions 
affecting gene function of the knotted 1 gene (Mathern and Hake, 1997). A study on 
the trans-acting regulatory MuDR transposon revealed increasing GC and intragenic 
meiotic recombination in the vicinity of a nonautonomous Mu transposon (Yandeau-
Nelson et al., 2005). Furthermore, maize centromeres consisting of an abundant 
class Ty3/Gypsy like transposable elements, known as centomeric retroelements, 
apparently exhibited widespread GC (Shi et al., 2010). We nevertheless currently 
prioritize on accuracy rather than sensitivity, excluding molecules overlapping with 
repeat and transposon copies to avoid aberrant recombination events called from 
misaligned recombinant molecules. This limitation could be overcome by lowering 
the molecule per GEM ratio and increasing the average length per molecule, 
sustaining faithful molecule mappings at a higher SNP levels, which then could shed 
more light on a possible role of transposons in meiotic CO recombination and CO 
associated and NCO associated GC in tomato. 

Recombination profiling in plants has seen many techniques and approaches 
(Lambing and Heckmann, 2018). Among them are profiling strategies for male 
gametophytes which have relied on amplification of randomly amplified 
polymorphic DNA and single sequence repeat markers (Chen et al., 2008), tetrad 
analysis of Arabidopsis qrt mutants (Copenhaver et al., 2000; Wijnker et al., 2013), 
whole genome amplification (WGA) of DNA of male spores (Aziz and Sauve, 2008) in 
combination with FACS sorting and KASP genotyping (Dreissig et al., 2015), and 
recently also linked read sequencing of Arabidopsis Col X Ler F1 gametes (Sun et al., 
2019) and gametes from mouse and stickleback (Dreau et al., 2019). While linked-
read sequencing of pollen gametes and sperm cells enabled high-throughput 
profiling of COs, NCO related recombination events were not reported (Dreau et al., 
2019; Sun et al., 2019). The genome coverages in these linked-read based profiling 
studies were considerably higher (~170X) compared to our genome coverage of 
approximately 100X. We could not retrieve information on the map-based coverages 
in the aforementioned studies, which prevented further comparison to our map-
based coverage of 68X.  



49  Chapter 2 

The strategy described in this study has both fundamental and applied research 
implications. Its high throughput enables profiling of pooled recombination events, 
without the need to screen an offspring population. Our screening requires a pollen 
sample from a single F1 offspring plant, which makes the technology applicable for 
screening many parental breeding line combinations. Such screenings could for 
example provide guidance for selection of compatible donor and recipient genomes 
to overcome linkage drag problems. Since our method requires a single generation, 
it also becomes practical to profile recombination in crops with relatively long 
generation periods. Crossover recombination can now be assessed relatively fast and 
cheap with unsurpassed precision down to a resolution of 2 bp as we have shown 
here. It thus becomes possible to assess the effects of genetic background, genome 
structure, and environmental conditions on recombination in greater detail and at a 
higher response level. This technology can thus boost breeding of advanced crops 
aimed at maintaining food security and safety, which is urgently needed in the face 
of the socio-economic and environmental challenges that traditional plant breeding 
currently faces. Furthermore, recombination profiles from genetically diverse panels 
that are tested under variable environmental conditions can be used in a machine 
learning approach to improve our current CO prediction models (Demirci et al., 
2018), providing further insight into gross similarities between species and species-
specific aspects of recombination.  

The current understanding of the recombination machinery in tomato is still 
incomplete as suggested by the complex patterns of exchanges that we detected. 
For example, besides 41 allelic GCs observed in both euchromatin and 
heterochromatin portions of the chromosomes, we detected 2 ectopic GCs in 
chromosome 1 and one in chromosome 3 in a reversed configuration relative to a 
nearby paralogous allele. We currently cannot explain the reversed configuration, 
but speculate that small inversions, as shown in mouse and Solanum hybrids, may 
cause local inversion loops in synapsed chromosomes (Borodin et al., 1991; Sherman 
and Stack, 1995; Anderson et al., 2010). A DSB in such inversion loops may perhaps 
be resolved into a gene conversion with an inverted orientation relative to the donor 
allele. Interestingly, a number of studies report on intrachromosomal DSB repairs in 
plants which, depending on a direct-repeat or inverted-repeat configuration of the 
involved locus, were thought to have been processed via the single strand annealing 
(SSA) or synthesis-dependent strand-annealing (SDSA) pathway, resulting either in a 
deletion or a gene conversion respectively (reviewed in Puchta, , 2005; Morrical, 
2015). Furthermore, we observed 25 conversion tracts that cannot be explained by 
homologous CO or GC only. Careful breakpoint analysis showed that these 
recombinants contain indels that were not observed in the parental homologous or 
paralogous alleles. Our current analyses remain indecisive to the origin of these 
additional indels. These polymorphisms could have arisen for example by 
polymerase slippage during sequencing. Alternatively, these polymorphisms may 
have been introduced via alternative repair pathways such as non-homologous end 
joining (NHEJ) (Puchta, 2005). Indeed, micro-homology studies in human, have 
pointed at NHEJ and template-switching mechanisms generating small additional 
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indels at repaired breaks (Kidd et al., 2010; Abyzov et al., 2015). Interestingly, 
interrupted GC was shown to generate truncated Mu elements in maize. The 
interruption was proposed to result from hybridizing direct repeats, upon which the 
gap resolution would lead to a deletion (Mathern and Hake, 1997). In our data we 
occasionally detected GCs associated with small deletions in recombinant molecules 
overlapping transposon related repeats. Whether transposon related repeats 
around these putative recombination events in tomato mediated deletions at 
repaired breaks, currently remains speculative though. Furthermore, NHEJ has been 
reported in yeast, mammals, and Drosophila to repair double stranded breaks by 
direct re-joining without extensive processing, frequently introducing unequal 
sequence exchanges such as indels (Caridi et al., 2017). The recruitment of the HR or 
NHEJ pathway seems to be dependent on the chromatin compaction as has been 
observed in human where DSB in heterochromatin appears more prone to NHEJ than 
HR mediated repair (Caridi et al., 2017; Nisa et al., 2019). NHEJ might partly explain 
the conversions that we observed in the pericentromeric heterochromatin of F1 
tomato hybrid chromosomes. Moreover, combinations of HR and NHEJ mediated 
repairs have been reported to contribute to a complex mosaic of exchanges at 
repaired breaks (Puchta, 2005). Recently, it was demonstrated that DSB in repetitive 
45S rDNA loci from Arabidopsis, during meiosis are shielded from HR and 
preferentially repaired via NHEJ (Sims et al., 2019). Whether the occurrence of such 
additional indel markers can be attributed to aforementioned NHEJ mediated repair 
mechanism during meiotic recombination in tomato, currently remain speculative 
and will be subject to further study. 
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2.7 Supplementary figures 
 

 
Supplementary Figure 2.1. Schematic representation of the crossover and gene conversion 
discovery pipeline. The pipeline includes the detection of segregating markers and the 
haplotyping of the 10x Genomics barcoded reads. Data sets used in this study are indicated in 
parallelograms, processing steps in rectangles and the data flow is indicated by connecting 
arrows. Annotation of repeat regions and sequences of retrotransposons and chloroplast are 
used to improve the detection accuracy. The final output consists of genomics coordinates of 
crossovers and gene conversions from the pooled pollen gametes.  
 

 
 
Supplementary Figure 2.2. Distribution of marker coverage and counts. Markers coverage was 
computed using SAMTOOLS as described. A coverage threshold is indicated by a dashed vertical 
line and used to remove markers in regions with read coverage higher than 95%.  
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Supplementary Figure 2.3. Variant classes of S. pimpinellifolium compared to S. lycopersicum 
parental genomes. Both single nucleotide polymorphisms and indels were detected but only 
the number of homozygous variant calls are reported in the graph. The intersection indicates 
the number of polymorphisms shared between CLC and GATK-UG detected variants.   
    
 

Supplementary Figure 2.4. (A) Spanning distance versus crossover resolution with CO 
represented by a green dot. The top graph shows distribution of spanning distance (blue) as 
defined in Figure 1. The dashed line represents the mean spanning distance of 55.9 kb. The 
right graph shows distribution of CO resolutions (orange). (B) Correlation of molecule coverage 
and resolution. The coverage of reads overlapping a marker is plotted against the resolution 
of each recombinant molecule (Pearson correlation coefficient r= -0.597; p-value < 2.2e-10). 
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Supplementary Figure 2.5. Enrichment of COs in promoter and 5’-UTR regions.  

Supplementary Figure 2.6. Schematic representation of recombinant chromosomes with COs 
and GCs. The green and red colors indicate the parental origin of genome segments while the 
oval shows the centromere. This figure shows recombinant chromosomes and both crossover-
associated (CO-GC) and non-crossover-associated (NCO-GC) gene conversions in the enlarged 
sections. Phase shifts are positioned at block edges with alternating red and green colours. 
NCO-GCs can be detected in genomic regions smaller than 400bp flanked by phase shifts. The 
CO-GC is merged and positioned at the edge of a CO. The CO-GC and NCO-GC show a 3:1 
segregation, while the flanking sections show a 2:2 segregation. Note that the segregation 
currently cannot be detected from linked read data. Currently, CO positions between pairs of 
recombinant chromosomes cannot be distinguished, preventing the detection of CO-GCs in 
linked reads. 
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Supplementary Figure 2.7. (A) Possible configurations involved in an ectopic gene conversion 
in chromosome 1. SNPs within a sections ch01:89352182-89352227 and ch01:89352395-
89352460 from S. lycopersicum cv Heinz and S. pimpinellifolium are represented by red 
horizontal lines. The cis configuration (left side graph) shows a hairpin section with an inverted 
paralogous gene approximately 200 bp downstream in the same chromosome. The trans 
configuration shows inverted paralogous genes on homologous chromosomes (right side 
graph). The transfer of the paralogous section from the same chromosome (cis) or between 
homologous chromosomes (trans) would lead to an inverted segment in the ectopic GC. 
Currently we cannot determine whether a cis or trans configuration was used by the repair 
mechanism due to insufficient coverage of flanking markers. (B) Sequence alignment of a 
linked read to repetitive alleles marking an ectopic GC in chromosome 1. In the upper part the 
linked read consists of domain 1 identical to a homologous tomato allele (highlighted in 
yellow), and domain 2 containing SNPs (highlighted in light blue). In the lower part domain 2 
of the linked read matches to a downstream paralogous allele. The asterisk at position 
89352429 marks a heterozygous SNP (CCC/CGC) in the tomato parental genome. Note that 
the alignment for domain 2 to the paralogous allele is inverted.    
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Abstract 
Meiotic recombination has been widely studied in plant breeding, as it generates 
genetic diversity and enables the generation of new haplotypes with desired 
phenotypes. Computational methods have been developed to profile 
recombination events and the resulting crossovers (COs) and gene conversions from 
offspring populations. We previously developed a pipeline to detect COs and gene 
conversions in linked reads generated from a pool of gametes and applied this to 
study recombination in an F1 interspecific tomato hybrid. Building on this, we now 
report the use of PacBio high-fidelity (HiFi) long reads as an alternative sequencing 
technology. We sequenced pollen gametes from a cross between S. lycopersicum 
and S. pimpinellifolium and found a significant increase in the resolution of COs 
compared to the previous version using linked reads, allowing a more precise 
characterization of recombination regions. However, sequencing errors in 
homopolymeric and microsatellite tracts produce false haplotype shift signals, 
limiting the performance for detecting gene conversions. Overall, we present an 
alternative solution to identify recombination events from F1 gametes.   
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3.1 Introduction 
Ongoing advances in plant breeding techniques to address issues in food security 
and climate change have been accompanied by an increasing interest in 
understanding and manipulating meiotic recombination, a biological process that 
facilitates the reciprocal exchange of genetic material between homologous non-
sister chromatids (Mercier et al., 2015). During meiosis, double strand breaks (DSBs) 
are introduced in the genome which may be repaired to crossovers (COs), or to non-
crossovers (NCO) such as gene conversions (GCs) depending on the repair template 
used (Mercier et al., 2015). This process generates diversity through new 
combinations of parental alleles in progenies, potentially conferring novel 
phenotypes. To examine genomic recombination, earlier studies have used 
cytogenetic techniques such as counting bivalents or chiasmata (Stack et al., 1989) 
and have produced genetic maps for different species (Anderson et al., 2003; Francis 
et al., 2007). With the advent of next generation sequencing, finer-scale CO events 
were profiled from offspring populations, allowing more extensive exploration of 
the factors influencing recombination (Huang et al., 2009; Qi et al., 2009; Wijnker et 
al., 2013; Demirci et al., 2017). However, such methods are laborious and costly. 
Recently, we and others implemented new methods to detect crossovers in linked 
reads generated from pools of gametes, uncovering high-resolution patterns of 
recombination in various organisms with less cost and labor (Dreau et al., 2019; Sun 
et al., 2019; Campoy et al., 2020; Fuentes et al., 2020). Linked read technologies 
produce groups of short reads that are sequenced from a long DNA fragment and 
tagged with a unique barcode. By comparing the alleles in the linked reads to the 
parental genomes, recombinant haplotypes can be detected. Cataloging 
recombination events in gamete pools in this way is cost-effective and efficient, as 
these contain numerous genomes with hundreds of DSBs that may have produced 
COs or GCs.  

The method we developed to detect COs from pollen allowed us to analyze the 
landscape of recombination in tomato and identify CO-associated genome features 
(Fuentes et al., 2020). The high throughput and accuracy of this method enable the 
characterization of local CO pattern with resolution comparable to the sequencing 
of large offspring population. Unfortunately, the 10X Genomics linked read 
technology that was used is no longer commercially available, requiring an 
alternative sequencing technology to phase long DNA molecules. In this study, we 
explore the use of PacBio high-fidelity (HiFi) long reads for the detection of COs and 
GCs in a pool of pollen gametes from an interspecific tomato hybrid. We improved 
our data analysis pipeline, allowing detection of COs associated with transposable 
elements and other repeats. Using this new pipeline, we investigate whether use of 
long reads produces better detection of COs and GCs than linked reads. We also 
analyze sequencing errors of HiFi reads in homopolymeric and microsatellite tracts 
that cause detection issues for both COs and GCs. 
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3.2 Results 
 
3.2.1 HiFi reads yield high SNP density 
As proposed in Fuentes et al. (2020), polymorphisms between parental genomes 
can be used as markers to detect meiotic recombination events in a pool of pollen 
gametes (Figure 3.1). That study used 10X Genomics linked reads; here, we explore 
PacBio HiFi (Wenger et al., 2019) as an alternative sequencing technology for the 
detection of meiotic recombination events. We sequenced the parental genomes S. 
lycopersicum (SLL) and S. pimpinellifolium (SP) using HiFi and aligned the resulting 
reads against the SL4.0 (S. lycopersicum) reference genome (Hosmani et al., 2019). 
This yielded a coverage of 37x and 32x, respectively, and allowed to detect 3.2 
million single nucleotide polymorphisms (SNPs) segregating the parental genomes, 
using the filtering criteria as previously reported (Fuentes et al., 2020). In 
comparison with the 10X-based SNP calls, we found fewer SNPs in repeat and 
transposable element (TE) regions, suggesting that HiFi reads may yield fewer false 

Figure 3.1. CO detection using HiFi reads. An F1 plant was produced from a cross between 
tomato (P1) and its wild relative (P2). From the F1 plant, a pool of pollen was collected and 
germinated to extract high-molecular weight DNA. The DNA was then sequenced using 
PacBio HiFi. Long reads were phased based on a set of segregating markers (black and white 
circles) between the parental genomes. Reads r1 and r2 illustrate CO and GC patterns, 
respectively, while r3 and r4 shows no recombination. This figure was created with 
BioRender.com. 
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positive calls than short Illumina reads.  The lower number of false SNPs may have 
resulted from less ambiguous mappings of long reads. 

We then sequenced a pool of pollen gametes from an interspecific F1 cross 
between SLL and SP with HiFi and aligned the resulting reads against the reference 
genome. We retrieved reads that overlap markers and inferred the parental origin 
of the markers in each read. To examine whether  markers  for CO detection differ 
between the sequencing technologies, we compared the lengths and segregating 
SNP counts of HiFi reads and 10X linked reads. As shown in Figure 3.2A, HiFi reads 
have an average length of 7.5kb, shorter than linked read molecules. Furthermore, 
HiFi reads have a median density of 4.3 SNPs/kb compared to 1.5 SNPs/kb in the far 
more sparsely sequenced linked reads (Figure 3.2B, 3.2C). Both the density of 
markers between the parental genomes and of SNPs overlapped by reads directly 
influence the resolution of crossovers detected by our method. We defined 
resolution as the inverse of the distance between the SNPs immediately flanking a 
CO region. By using longer reads that can fully cover a region, resolution is 
maximized and only limited by the distance between the available markers flanking 
the crossover (CO) site.   

(A) (B) 

(C) 

Figure 3.2. HiFi and 10X Genomics linked reads. a) Length and SNP counts. b) SNP density of 
HiFi and linked reads. c) Phasing of reads using the SNP markers. The black and white circles 
represent the parental origin. The broken line indicates the DNA molecule from which the 
short linked reads are sampled. 
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We modified our linked read-based pipeline to allow long read input and we 
subsequently phased the HiFi reads based on the parental origins of the marker 
alleles (Figure 3.1). Afterwards, we checked the reads with a mix of alleles from the 
two parents to determine whether recombination took place. Depending on the 
haplotype shifts, we discard artifacts due to misalignments and random mutations 
and subsequently differentiate COs from GCs. One crucial characteristic of HiFi reads 
that severely complicates this is the higher number of sequencing errors w.r.t. linked 
reads (Illumina sequencing), mostly single-base insertions (Wenger et al., 2019). 
These are mostly located in homopolymers and microsatellites and result in 
misleading phasing signals. Since our method relies on single, individual HiFi reads 
to infer a haplotype shift, such signals cannot be corrected by taking multiple reads 
into account and thus may lead to inaccurate results in certain regions. To address 
this, we masked genomic regions with homopolymers and short repeats before 

(A) (B) 

(C) 

Figure 3.3. Higher crossover resolution when using HiFi reads. a) Resolution of COs detected 
using 10X and HiFi reads. The asterisk indicates the significant difference in resolution (P < 2.2 
x 10-16) b) Distance between neighboring SNPs across the whole genome. The blue region 
marks the distances larger than the average read length in our HiFi data. c) Distances of 
known CO-associated motifs from COs detected using HiFi reads. 
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finding reads with CO signals. However, this exclusion of regions reduces the 
number of markers, consequently affecting the sensitivity of detecting COs, 
especially in low-complexity regions. 

 
3.2.2 Crossovers can be detected at high resolution 
After phasing the reads, we found 229 COs in the pollen data, demonstrating that 
our method can be adapted to new sequencing technologies. Similar to previous 
observations (de Haas et al., 2017; Demirci et al., 2017; Fuentes et al., 2020), the 
majority of COs are located near or within genes (Fisher’s exact test; P = 9.5 x 10-42). 
COs detected based on HiFi reads also show significant overlap with COs detected 
with 10X linked reads (Fisher’s exact test; P = 6.0 x 10-3), COs found using Illumina 
short reads sequenced from recombinant inbred lines (RILs) (P = 2.5 x 10-7), and with 
historical recombination hotspots (P = 1.9 x 10-2), implying that PacBio HiFi 
sequencing provides a viable alternative means of pollen-based profiling of meiotic 
recombination (Demirci et al., 2017; Fuentes et al., 2020). The median resolution of 
COs detected using HiFi is 2.0 x 10-3, which is a 4-fold improvement from 4.8 x 10-4 
for COs detected using linked reads (Figure 3.3A). However, the shorter length of 
HiFi reads (<10kb) and the high sequencing error compared to 10X linked reads 
reduces sensitivity. We indeed find genomic regions that may contain CO but are 
not discoverable in our approach, because the distances between markers are larger 
than the average HiFi read length, which is limited due to the need for amplification 
in library preparation (Figure 3.3B).  

Despite the effect of limited read lengths, the improved resolution offered by 
HiFi reads allows for more accurate comparison of CO occurrences with occurrences 
of genomic elements linked with CO localization such as genes, TEs, motifs etc. The 
locations of specific sequence motifs relative to CO regions (Figure 3.3C) are 
consistent with our earlier findings (Demirci et al., 2017). We observe peaks of CTT-
repeats flanking the CO sites; while this motif was previously linked with meiotic 
recombination (Choi et al., 2013; Wijnker et al., 2013; Shilo et al., 2015; Demirci et 
al., 2017), we here find it located near, but not within the CO region. This illustrates 
the benefit of high resolution CO data in precise examination of recombination sites.  
 
3.2.3 Gene conversions are hard to detect 
We next explored the use of HiFi reads to detect gene conversion (GC) events. GCs 
are difficult to detect in sparse linked read data of pooled gametes. Similar to CO 
detection, we examined reads for a short span of markers with different parental 
origin compared to the flanking regions (Fuentes et al., 2020). While we detected 
some GC events (Figure 3.4), we also found many false positives caused by 
sequencing errors in HiFi reads (Supplementary Figure 3.1). Although masking 
homopolymers helps to reduce the issue, some regions are worsened by the 
misalignment of false insertion to the regions flanking the homopolymeric tracts, 
further extending the problematic regions. Excluding these error-prone regions 
reduces the number of SNPs available to detect GCs, which mostly span only a few 
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consecutive markers. In conclusion, given the relatively high sequencing error rate 
(compared to Illumina), HiFi reads are not well suited for GC detection. 
 
3.3 Discussion 
We demonstrated that we are able to detect COs with high resolution using HiFi 
reads derived from a pool of pollen gametes. The significant improvement of 
resolution shows that PacBio HiFi can serve as an alternative technology for gamete-
based CO profiling and may even provide better data for analyses such as 
characterization of recombination regions. Both the sequencing protocol and the 
analysis algorithm can still be optimized further to increase sensitivity. First, we 
should avoid the amplification step that limits the size of DNA molecules to 10kb. 
Longer molecules potentially will increase the number of markers supporting the 
phase shifts, allowing detection of longer CO regions and increasing sensitivity. 
Second, optimizing the number of input genome copies or pollen gametes can also 
increase the coverage per genome, and thus the chance of sequencing the CO 
regions in each gamete. Furthermore, our current DNA isolation method requires 
the germination of pollen, which relies on the efficiency of germination and misses 
recombination events in non-germinating gametes, introducing a bias. Developing 
a protocol for DNA isolation that does not rely on germination may help us study 

Figure 3.4. Example gene conversion in HiFi read. The top two track layers show the HiFi 
reads from the S. lycopersicum and S. pimpinellifolium parents, the third layer show reads 
from the pool of pollen from the an interspecific hybrid plant. The purple tracks show the 
mapping coverage and the colored markers indicate polymorphisms relative to the SL4.0 
reference genome. The GC is detected in a 10kb read with orange color. 
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recombination events that reduce fertility or increase detrimental rearrangements 
and copy losses. 

Another application that needs further research is the detection of gene 
conversions (GCs). Sequencing errors hamper accurate identification of GC signals 
in individual reads. Although we found a few GCs by manual inspection of results, 
we did not manage to accurately filter out false positives automatically without 
losing real GCs, i.e. introducing false negatives. If sequencing error rates do not 
decrease, resolving the errors in homopolymeric regions and microsatellites will 
require novel computational solutions that address the complications both in 
alignment and variant calling.  

Despite these challenges, the high accuracy and improved resolution of COs 
detected using HiFi reads support it as an alternative sequencing platform to detect 
COs from pooled pollen gametes. This allows us to continue exploring meiotic 
recombination without the need to generate, screen and sequence an offspring 
population, saving time and cost.   
 
3.4 Methods 
 
3.4.1 Sequencing HiFi reads 
Pacbio HiFi libraries were produced from ~5ng of gDNA isolated from germinated 
pollen as described in Fuentes et al. (2020). The pollen were collected from an F1 
hybrid cross between S. lycopersicum and S. pimpinellifolium. We also isolated DNA 
from the inbreds of the parental genomes. Sample amplification of the target gDNA 
with a shear size of 10kb was carried out with the SMRTbell gDNA amplification kit 
followed by library construction using the SMRTbell Express TPK2.0 according to the 
manufacturers ultra-low DNA input protocol (Ultra-Low DNA Input Library 
Preparation Using SMRTbell Express Template Prep Kit 2.0, https://pacb.com/). HiFi 
reads of up to 10kb were generated by Circular Consensus Sequencing, using SMRT 
cells. Subsequent consensus calling was done using the pbccs v5.0.0 command line 
utility. HiFi reads were defined as CCS reads having at least 3 passes and a mean 
read quality score >20. 
 
3.4.2 Crossover detection 
We modified the method we previously developed to detect COs in 10X Genomics 
linked reads (Fuentes et al., 2020) to enable the use of HiFi sequences as alternative 
input. The first step in the pipeline is to select genomic markers that can help 
distinguish the parental origin of reads, allowing the inference of a possible 
reciprocal recombination between homologous chromosomes. We identified such 
segregating markers between the parental genomes by aligning the S.lycopersicum 
(SLL) and S.pimpinellifolium (SP) HiFi reads against the SL4.0 (S.lycopersicum) 
reference genome (Hosmani et al., 2019) using minimap2 (Li, 2018), followed by SNP 
calling using GATK HaplotypeCaller and hard-filtering (Poplin et al., 2017). Only 
homozygous SNPs in SP that do not overlap with a SNP in SLL were selected, avoiding 
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inaccuracies in assigning parental origin when the SNP is heterozygous or when the 
SLL parent shows differences against the reference (which is of the same accession). 
In contrast to linked reads, which rely on Illumina sequencing, HiFi reads contain 
sequencing errors more frequently in homopolymers and microsatellites, causing 
false recombination signals due to incorrect alignment around some markers. 
Similarly, indels occurring in either of the parental genomes may lead to the 
detection of incorrect SNPs. To resolve these issues, we excluded SNPs in 
problematic regions, i.e. inside or within 15bp distance of homopolymers, 
microsatellites or indels.     

Next, we used the selected segregating markers to detect changes in haplotype 
from one parent to another in a single HiFi read, potentially indicating a CO or GC 
event. For each marker, the identity of the corresponding base in the reads should 
match the expected alleles from either of the parents and their Phred quality score 
should be higher than 31, to avoid spurious haplotype shift detection caused by 
random mutations, sequencing errors and Mendelian errors. After assigning the 
parental origin of the markers in a read, we recovered the reads showing patterns 
of either a CO or GC. Compared to the previous version of the pipeline (Fuentes et 
al., 2020), we deprecated the filtering of recombinant molecules overlapping 
transposable elements, to allow detection of COs enriched in specific TE 
superfamilies. We also computed for each putative recombinant molecule the CO 
resolution, which is the inverse of the distance between the SNPs immediately 
flanking a CO region. Only COs with a resolution above 2 x 10-4 , similar to the limit 
we previously used (Fuentes et al., 2020), were reported.   
 
3.4.3 Validation 
Using bedtools (Quinlan and Hall, 2010), we compared the COs detected using HiFi 
reads against those detected from 10X linked reads (Fuentes et al., 2020), offspring 
populations (Demirci et al., 2017), and historical recombination (Chapter 4) and 
determined whether overlap is higher than expected by chance (Fisher’s exact test). 
We used the same test for comparing CO and genic regions. 
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3.6 Supplementary figure 

 

 

 

 

Supplementary Figure 3.1. An example of a false GC due to sequencing errors. The purple 
marker indicates the presence of a 1bp insertion in a homopolymeric region, causing a false 
GC signal. The extra ‘T’ insertion was aligned as a SNP while the expected marker ‘G’ was 
reported as an insertion.  
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Abstract 
Meiotic recombination is a biological process of key importance in breeding, to 
generate genetic diversity and develop novel or agronomically relevant haplotypes. 
In crop tomato, recombination is curtailed as manifested by linkage disequilibrium 
decay over a longer distance and reduced diversity compared to wild relatives. Here 
we compare domesticated and wild populations of tomato and find an overall 
conserved recombination landscape, with local changes in effective recombination 
rate in specific genomic regions. We also study the dynamics of recombination 
hotspots resulting from domestication and found that loss of such hotspots is 
associated with selective sweeps, most notably in the pericentromeric 
heterochromatin. We found footprints of genetic changes and structural variants, 
among them associated with transposable elements, linked with hotspot divergence 
during domestication, likely causing fine-scale alterations to recombination patterns 
and resulting in linkage drag.  
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4.1 Introduction 
Generation of genetic diversity through meiotic recombination has been an integral 
subject of breeding and genome research following Mendel’s work on patterns of 
inheritance and Morgan’s theory of gene linkage and crossing-over (Hunter, 2015). 
Studies on meiotic recombination have indicated that one crossover (CO) per 
chromosome is obligatory and essential for proper chromosome segregation during 
prophase I (Jones and Franklin, 2006). COs are non-uniformly distributed across 
plant genomes, mostly located in distal chromosome regions and clustering in 
hotspots (Mercier et al., 2015; Lambing et al., 2017; Wang and Copenhaver, 2018). 
Characterizing the pattern of recombination has both practical and fundamental 
relevance, as it enables identification of informative markers, building of genetic 
maps and genome assemblies, reconstruction of evolutionary histories, association 
studies on important alleles and profiling linkage drags (Cardon and Abecasis, 2003; 
Wang et al., 2010; Yang et al., 2011; Fransz et al., 2016; Dutta et al., 2017; Marand 
et al., 2019).   

Different methods have been developed to detect recombination events 
between specific parents, such as chiasmata and recombination nodule counting  
(Stack et al., 1989; Anderson et al., 2003), pollen genotyping (Drouaud et al., 2013), 
SNP-array-based profiling or sequencing of recombinant inbred line (RIL) 
populations (Huang et al., 2009; Qi et al., 2009; Wijnker et al., 2013; Demirci et al., 
2017), and image analysis of meiotic tetrads (Francis et al., 2007; Lim et al., 2020). 
These approaches revealed useful information about the recombination landscape 
of gametes and offspring populations. Still, detection of recombination between all 
members of a population is impractical and often infeasible, especially for long-
generation species. However, analysis of resequencing data of natural populations 
allows detection of historical recombination rates and associated genomic features, 
revealing their evolutionary histories. Here, historical recombination refers to the 
reciprocal exchange of chromosomal segments that has successively occurred 
between ancestral individuals over multiple generations, in various environments 
and under changing selective pressures and genetic backgrounds. Recombination 
rate landscapes and historical crossover hotspots in populations of different plants 
(Choi et al., 2013; Dreissig et al., 2019; Marand et al., 2019; Schwarzkopf et al., 
2020), fungi (Stukenbrock and Dutheil, 2018), insects (Chan et al., 2012) and 
mammals (Brunschwig et al., 2012; Stevison et al., 2016; Guo et al., 2018) have 
previously been subjected to coalescent-based analysis of genetic variation. 

Studying historical recombination can help to explain the changes that 
domestication enforced on recombination patterns. Domestication is a process of 
human-imposed evolution by selection of favorable phenotypes, resulting in genetic 
modification of wild progenitors to create new forms that meet human needs 
(Doebley et al., 2006; Yang et al., 2019). In this process, an initial stage of cultivating 
wild species with desirable traits is followed by a second stage of improvement, 
further targeting specific traits through selective breeding (Gross and Olsen, 2010; 
Meyer and Purugganan, 2013). Strong selection during domestication is 
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accompanied by increased recombination rate in many species (Ross-Ibarra, 2004; 
Moyers et al., 2018). For example, the domesticated population of cacao was 
reported to have a higher recombination rate compared to wild populations 
(Schwarzkopf et al., 2020). In addition, the recombination landscape in barley is 
highly conserved throughout domestication, with fine-scale changes in 
recombination rate that have been linked to different environmental conditions and 
with defense response genes (Dreissig et al., 2019). However, currently, for most 
plants information on how domestication shaped the recombination landscape is 
still scarce. 

Given that several genomic features like promoter regions, repeat motifs, 
nucleosome occupancy, chromatin accessibility, structural variations (SVs), 
transposable elements (TEs) and nucleotide diversity have been found linked to 
crossover incidence, changes to their patterns due to evolution of a species may 
have influenced the recombination profiles (Petes, 2001; Choi and Henderson, 2015; 
Termolino et al., 2016; Lambing et al., 2017; Dluzewska et al., 2018). Population-
level patterns of recombination in different species revealed substantial divergence 
of hotspots across populations of the same species. Distinct crossovers hotspots, 
associated with lineage-specific variation in SV and TE profiles, have been implicated 
as major drivers in population dynamics (Marand et al., 2019). In rice, potato and 
Arabidopsis thaliana, specific superfamilies of DNA transposons are abundantly 
located in recombination-prone regions, which may be explained by nucleosome 
depletion in DNA transposons (Marand et al., 2017; Choi et al., 2018; Marand et al., 
2019).  

Domesticated in South America, wild tomato species S. pimpinellifolium (SP) 
gave rise to the cherry tomato (S. lycopersicum var. cerasiforme; SLC), which was 
later improved into the big-fruited tomato (S. lycopersicum var. lycopersicum; SLL) 
in Mesoamerica (Blanca et al., 2015; Razifard et al., 2020; Lin et al., 2014). Due to 
domestication and continued selection, current tomato cultivars have lost 95% of 
the genetic diversity of their wild relatives, pushing breeders to introgress alleles 
from compatible wild relatives underlying disease resistance, stress tolerance, 
adaptation to diverse environments, higher yield and fruit quality (Bai and Lindhout, 
2007). However, there are some reproductive barriers such as SVs (Soyk et al., 2019) 
that limit the applications of introgressive hybridization breeding. It was observed 
that linkage disequilibrium decays over a longer distance in domesticated tomato 
compared to its wild relatives, implying changes into the recombination patterns 
(Lin et al., 2014; Zhu et al., 2018). In this study, we address how domestication 
shaped the recombination patterns specifically for tomato and its related wild 
species. We investigate crossover profiles in tomato populations and its wild relative 
S. pimpinellifolium, using resequencing data assigned into three taxonomic groups: 
wild tomato (SP), early domesticated types (SLC),  and vintage or heirloom cultivars 
(SLL). We generated recombination landscapes, identified recombination hotspots 
and analyzed genomic features that are associated with the differing recombination 
patterns between the populations. This provided insights into the factors that 
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contributed to or are associated with the changes in local recombination patterns 
during tomato domestication, revealing how domestication has severely 
constrained the ability of recombination to generate diversity, both for inbred and 
hybrid crosses. This new data may help the selection of targets for inducing meiotic 
recombination, cross checking hotspots in hybrids, identifying tightly-linked genes, 
and defining recombination barriers in hybridization. 
 
4.2 Results 
 
4.2.1 Conserved recombination landscape between wild and vintage tomato 
After the domestication of tomato from its wild progenitor, its genetic diversity has 
dramatically reduced and linkage disequilibrium decay over a longer distance, 
indicating changes in recombination patterns (Aflitos et al., 2014; Razifard et al., 
2020; Tieman et al., 2017; Lin et al., 2014).  Furthermore, there are structural 
rearrangements between wild and domesticated plants that hamper 
recombination, manifested by the phenomenon of co-segregation of specific alleles 
linked to a desired trait (linkage drag). To get more insight into how domestication 
influences recombination patterns, we profiled the recombination landscape of 
tomato and wild relatives based on existing resequencing data of 75 accessions from 
each of the wild (SP), early-domesticated (SLC) and vintage (SLL) populations (Figure 
4.1A; Supplementary Figure 4.1; Supplementary Table 1).  

Consistent with available crossover data from recombinant-inbred lines 
(referred to from here on as COD1; Demirci et al., 2017) and pollen gametes of an 
interspecific cross (COD2; Fuentes et al., 2020) in tomato, and data from other 
species (Wijnker et al., 2013; Kianian et al., 2018), the majority of historical 
recombination in both wild and domesticated tomato occurred in the distal gene-
rich euchromatic regions of the chromosomes. More in detail, the recombination 
landscape of each population correlates with both COD1 (Spearman’s rank 
correlation; euchromatin, ρ = 0.32 - 0.44; P < 2.2 x 10-11; heterochromatin, ρ = 0.64 
- 0.67; P < 2.2 x 10-16)  and COD2 (Spearman’s rank correlation; euchromatin, ρ = 
0.31 - 0.55; P < 2.2 x 10-10; heterochromatin, ρ = 0.38 - 0.51; P < 2.2 x 10-16). To further 
verify the consistency of the recombination rates with available data, the 
population-scaled recombination rate computed using LDhat was converted from 
ρ/kb to cM/Mb, and compared against the EXPIM2012 genetic map generated from 
a cross between S. lycopersicum and S. pimpinellifolium (Sim et al., 2012). The 
correlation between the genetic map and recombination rate estimates of each 
population is approximately 0.9 (Spearman’s rank correlation; P < 2.2 x 10-16), 
supporting the concordance of population-scaled recombination rates with the 
genetic map.  

To compare the recombination landscapes of the three populations in our 
study, we    calculated multi-scale correlations, i.e. in varying window sizes 
(Supplementary Figure 4.2), and selected a 1-Mb window size. We found 
correlations in the range 0.6 - 0.7, indicating conservation of the genome-wide 
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recombination landscape despite the differing selection and domestication 
processes (Spearman’s rank correlation; P <  2.2 x 10-16, Supplementary Figure 4.3). 
The higher correlation coefficient between genetic distances and population-scaled 
recombination rate is influenced by the low marker density in the genetic map, 
limiting the comparison to the overall landscape. On the other hand, the use of 
shorter windows when comparing rates between populations or against  COD1 and 
COD2 accounts for local changes in the recombination rates (Supplementary Figure 
4.2). 
 

Figure 4.1. Recombination landscape and transformation from wild to domesticated 
tomato. (A) Recombination landscape in chromosome 1 of wild (SP), early-domesticated 
(SLC), and vintage (SLL) tomato. This ρ/kb landscape is intended to show overall landscape 
only; re is used to compare populations in other analyses. Gray vertical lines mark 
heterochromatin boundaries. (B) Effective recombination rate (re) in 1-Mb windows of both 
wild and domesticated tomato. (C) Change in effective recombination rate in 50-kb regions 
during domestication (SLC re – SP re) and improvement (SLL re – SLC re). (D) Resulting change 
in re for chromosome 1 after the domestication process or between the wild and  vintage 
population. Gray vertical lines mark the heterochromatin boundaries and the colors 
correspond to the colors in (C). 
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4.2.2 Local increase of recombination rate in early-domesticated tomato 
Although the general landscape of recombination is conserved, there are also clear 
local changes between populations (Supplementary Figure 4.1). Using the ρ value 
calculated by LDhat, we computed the effective recombination rate (re) to account 
for the difference in effective population size (Ne) of the three groups. We found 
that the median recombination rate in the SLC population (re = 9.3 x 10-10) is higher 
than the median in both SP (re = 5.6 x 10-10) and SLL (re = 6.8 x 10-11). Given that the 
heterochromatin regions have a low recombination rate, we separately analyzed re 
for euchromatic and heterochromatic regions. We determined the borders between 
euchromatin and heterochromatin by computing the euchromatin length (μm) from 
the average length of pachytene chromosome, multiplying it by the euchromatin 
DNA density (1.54 Mb/μm), and using the length of each euchromatin to identify 
the heterochromatin boundary. In euchromatin, SP has a significantly higher re of 
1.8 x 10-8 compared to 9.4 x 10-9 for SLC and 2.6 x 10-9 for SLL. But in the 
heterochromatin, SLC has a higher median re of 6.3 x 10-10 compared to 3.5 x 10-10 
and 4.8 x 10-11 of SP and SLL, respectively (Figure 4.1B; Supplementary Table 2). 

We plotted the change in re during the domestication (from SP to SLC) and 
improvement (from SLC to SP) stages to detect localized changes of recombination 
rates (Figure 4.1C). In the majority of cases where there is an increase of re through 
domestication (SLC re – SP re > 0) across the whole genome, they are followed by a 
proportional decrease in re during improvement  (SLL re – SLC re < 0). The reduction 
of re through domestication is confined mostly to the euchromatic region (Figure 
4.1D; Supplementary Figure 4.4). Although 65% of euchromatin regions have 
reduced re during domestication, over the entire genome more regions (54%) have 
an increased rate. On the other hand, during the improvement stage the effective 
recombination rate in 76% of the genome was reduced, in both euchromatin and 
heterochromatin.  

The local increase of re from SP to SLC is consistent with the fact that 
domestication increases the actual recombination rate in many species, as was 
demonstrated previously by counting chiasmata per bivalent (Ross-Ibarra, 2004; 
Moyers et al., 2018). This increased recombination is favored during periods of rapid 
evolutionary change and specifically during domestication (Ross-Ibarra, 2004; Rees 
and Dale, 1974; Burt and Bell, 1987; Otto and Barton, 1997). On the other hand, the 
significant reduction of effective recombination rate during improvement may be 
explained by increased inbreeding and homozygosity in the vintage accessions 
(Moyers et al., 2018); SP and SLC are known to have higher outcrossing rates than 
SLL (Rick et al., 1978; Rick and Holle, 1990). As previously reported, inbreeding 
results in reduced heterozygosity and effective population size, and longer distance 
for linkage-disequilibrium decay (Allard, 1999; Morrell et al., 2003; Kovach et al., 
2007). The estimated effective recombination rate may be reduced in inbred species 
if the homologous chromosomes are identical and no appreciable exchange of 
alleles is observed after recombination (Moyers et al., 2018). The decreased 
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effective recombination rate has actually been observed in maize improved lines, 
with an estimated 82.3% reduction compared to the wild progenitors (Hufford et 
al., 2012).  

To check for the genetic diversity in each population, we first computed the 
number of single nucleotide polymorphisms (SNPs). The average SNP count per 
kilobase for SP, SLC and SLL accessions was 0.097, 0.075 and 0.021, respectively, 
which indicates a reduction of genetic diversity from wild to heirloom tomato 
(pairwise Wilcoxon rank sum test; P < 8.5 x 10-3; Supplementary Figure 4.5). At the 
individual sample level SP accessions have more SNPs than SLC accessions, but SLC 
has more unique SNP sites in the overall whole population. The mean nucleotide 
diversity measured for SLL (4.4 x 10-4) and SLC (2.2 x 10-3) populations is lower than 
for SP (3.8 x 10-3), which is typically associated with domestication syndrome, the 
distinguishing characteristics between domesticated crop and wild ancestors 
(Sauvage et al., 2017; Doebley et al., 2006; Bai and Lindhout, 2007). Both increased 
homozygosity and inbreeding contributed to the reduced effectiveness of 
recombination in the vintage population. 
 
4.2.3 Divergent hotspots between populations 
Visual inspection of the landscape (Supplementary Figure 4.1, Figure 4.1A) reveals 
local peaks of recombination rates throughout the genome of each population. To 
further investigate this, we detected historical recombination hotspots for each 
population using sequenceLDhot, reporting 1,784, 2,899 and 667 hotspots for SP, 
SLC and SLL, respectively (Figure 4.2A; Supplementary Table 2 & 3) and a total of 
5,082 unique hotspots with a median size of 2 kb. Pairs of the three populations 
have 4-10% of hotspots in common, significantly higher than expected by chance 
(pairwise Fisher’s exact test; P < 1.9 x 10-5; Figure 4.2B). However, of 181 hotspots 
shared between SP and SLC, only 4 are retained in SLL. This low overlap in hotspots 
between populations of the same or closely related species was also reported in rice 
and cocoa (Marand et al., 2019; Schwarzkopf et al., 2020). SLC has 62.5% more 
unique hotspots than SP, in concordance with its increased recombination rate. Out 
of all the identified hotspots, 84 (1.6%) and 96 (1.8%) overlapped with empirical 
crossovers in COD1 (Fisher’s exact test; P = 6.3 x 10-24) and COD2 (Fisher’s exact test; 
P = 1.2 x 10-26;), respectively. Furthermore, 3 of the 23 reported hotspots in Fuentes 
et al. (2020) match hotspots in SP and SLC. The limited overlap between historical 
hotspots and crossovers found in these previous studies is in line with the relatively 
modest correlation between the population-scaled recombination rate and 
crossovers from COD1 and COD2 reported above. These observations may be 
explained by the inclusion of different genotypes in the different dataset, by the 
possibly differing crossover patterns between the RIL/pollen populations and the 
natural tomato population, or by the inability of experimental studies to 
exhaustively sample possible recombination sites. The hotspots mentioned in the 
succeeding sections refers to recombination hotspots, except for those that 
explicitly refer to hotspots from previous studies.  
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4.2.4 Recombination in the pericentromeric heterochromatin 
Aside from divergent hotspots, another distinct difference between the 
recombination landscapes of wild and domesticated tomato is the presence of 
hotspots in the pericentromeric regions. Previous studies in plants mostly report 
suppression of recombination in pericentromeric regions, which is largely 
heterochromatic, and high recombination rates in the distal chromosome regions. 
However, we observed that hotspots are not confined to the terminal chromosome 
ends, but also are  scattered over the pericentrome. Compared with both SP (51.8%) 
and SLC (61.5%), only 32.7% of the genome-wide hotspots in vintage tomato (SLL) 
are located in the pericentromeric regions, which covers 75% of the genome. This 
rate is comparable to the 39.1% of hotspots distributed in the pericentromere of 
maize (Pan et al., 2017). Sherman and Stack (1995) actually reported cases of 
recombination nodules in the pericentromeric heterochromatin of tomato, but 
these are 20-50x less frequent per unit length of the synaptonemal complex than in 
euchromatin. This frequency, though, may be different for historical hotspots. 
Additionally, hotspots in the heterochromatin have generally lower recombination 
rates than those located in the euchromatin (Wilcoxon rank sum test; SP, P < 2 x 10-

Figure 4.2. Historical recombination hotspots. (A) Number of hotspots in each chromosome 
of the wild and domesticated populations. (B) Small but significant numbers of hotspots are 
shared between populations. (C) Effective recombination rates of hotspots in euchromatic 
and heterochromatic regions. (D) Recombination hotspots in the upper heterochromatic arm 
of chromosome 2. Gray lines mark the heterochromatin boundaries. 
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16; SLC, P < 2 x 10-16; SLL, P = 6.2 x 10-12; Figure 4.2C). To determine whether the 
observed recombination rates in the heterochromatin are due to the use of a 
domesticated tomato as reference genome for wild accessions which contains 
genomic rearrangements, we recomputed recombination rates for the wild 
population using the S. pimpinellifolium genome assembly (Wang et al., 2020) as 
reference. As shown in Supplementary Figure 4.6, the pericentromeres still exhibits 
presence of historical crossovers. It is also important to emphasize that SNPs located 
in the repeat or TE regions were excluded in the estimation of recombination rates 
to avoid issues due to misaligned reads or false positive SNPs.   

To give an example of recombination occurring in the pericentromeric 
heterochromatin, we show the landscape for chromosome 2 in Figure 4.2D, where 
both SP and SLC show presence of historical recombination in the heterochromatin. 
However, the same region is almost devoid of recombination in SLL; hotspots are 
clustering mostly at the ends of the chromosome, consistent with population data, 
the genetic map (Sim et al., 2012), RILs (Demirci et al., 2017) and pollen gametes 
from interspecific crosses (Fuentes et al., 2020). Around 55% and 42% of SP and SLC 
hotspots in chromosome 2, respectively, are located in the pericentromeric regions, 
in contrast to 9% of SLL, but the number of hotspots per megabase of euchromatin 
is still higher than in heterochromatin for both SP and SLC. We further examined 
these heterochromatic hotspots and found that they are close to or within genes 
(Fisher’s exact test; P = 4.9  x 10-12), which suggests that these hotspots may be 
located in euchromatin islands or accessible regions in the heterochromatin.   

 
4.2.5 Crossover hotspots in selective sweep genes 
The results above confirm that historical crossovers are non-uniformly distributed 
over the genome and occur mostly in the distal part of the chromosome. This raises 
the question how the changing patterns of recombination hotspots may be linked 
to specific genomic features that evolve during domestication. To test the 
association of recombination hotspots with gene features, for each population, a 
permutation test of crossover hotspots with sizes below 5 kb was applied. This 
shows a significant enrichment in promoter regions, defined as 1-kb regions 
upstream of the transcriptional start sites (TSS), and in gene bodies. Moreover, 
hotspots are depleted in intergenic regions, further supporting previous reports of 
recombination mostly occurring near genes. To account for the significant 
difference of crossover distribution in the euchromatin and heterochromatin, we 
performed enrichment analysis for euchromatin regions only and still found an 
excess in promoters and gene bodies (Figure 4.3A). The promoter regions exhibit a 
3 to 13-fold increase in crossovers over the background, which was computed based 
on a set of 10,000 permutations. Despite the reduction of hotspots in vintage 
tomato (Supplementary Table 2), the enrichment in both gene bodies and 
promoters persists.  An excess of crossovers in promoter and UTR regions of tomato 
was previously reported in RILs and pollen data (de Haas et al., 2017; Demirci et al., 
2017; Fuentes et al., 2020) and is consistent with observations in other species 
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(Wijnker et al., 2013; Marand et al., 2017; Choi et al., 2018; Demirci et al., 2018; 
Kianian et al., 2018; Pan et al., 2017). The overrepresentation in the 5’ and 3’ UTRs 
may be related to epigenetic modifications such as DNA and histone methylation, 
contrasting open chromatin that may be accessible for the recombination 
machinery (Pan et al., 2017; Eichten et al., 2011). With the preference of crossovers 
to occur near genes, the significant reduction of genes in domesticated tomatoes 
compared to wild relatives consequently limits the possible sites for recombination 
(Gao et al., 2019).  

Knowing that crossovers preferentially occur near genes and that specific genes 
are affected by domestication, we examined the relation between recombination 
hotspots and genes. In detecting association, we included the 2-kb regions flanking 
both sides of the genes. First, we compared hotspots against R genes, which are 
known to reside in recombination hotspots (Nieri et al., 2017; Andolfo et al., 2021), 
and observed a significant overlap (Fisher’s exact test, P = 3.38 x 10-17). Afterwards, 

Figure 4.3. Recombination hotspots in genes. (A) Enrichment of euchromatin hotspots in 
UTRs and promoter regions (1-kb upstream of genes) in all three populations. (B) 
Recombination rates of domestication (DSG) and non-domestication (nDSG) sweep genes 
overlapping and not overlapping S. pimpinellifolium hotspots. h and nh mean hotspots and 
non-hotspots, respectively. (C-D) Recombination rate upstream (<1kb) of genes with excised 
promoters due to (C) domestication and (D) improvement. 
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we computed the overlap between hotspots and the selective sweeps or regions 
with reduced nucleotide diversity previously reported by Lin et al. (2014). We refer 
to genes in these selective sweeps as domestication (DSG) and improvement (ISG) 
sweep genes. For heterochromatic DSGs/ISGs, a significant enrichment in both SP 
and SLC hotspots is observed, while there is no association with SLL hotspots 
(Supplementary Table 4). Conversely, in the euchromatin, there is a difference 
between DSGs and ISGs. Euchromatic SP hotspots significantly overlap with both 
DSGs and ISGs, while euchromatic SLC hotspots only show enrichment in ISGs, which 
implies that many DSGs have lost hotspots after domestication. Lastly, SLL hotspots 
in the euchromatin overlapped DSGs and ISGs significantly less than expected by 
chance, indicating that most SLL hotspots are outside selective sweeps.   

Many of the hotspots in SP and SLC sweep genes are lost in the SLL population. 
Nevertheless, it might be that sweep genes still undergo recombination even after 
hotspots are lost during domestication. To investigate this, we examined the 
changes in recombination rates of both sweep and non-sweep genes across these 
three populations. We computed the effective recombination rates in DSG and ISG 
genes across the different populations and compared them against the remaining 
genes (Figure 4.3B; Supplementary Figure 4.7). Genes with hotspots clearly 
exhibited an elevated effective recombination rate, with even higher rates for 
sweep genes (DSGs/ISGs) than non-sweep genes. However, the loss of these 
hotspots during the domestication or improvement process resulted in re being 
reduced to almost the same level as the non-hotspot genes. Interestingly, sweep 
genes show more reduction in re than non-sweep genes, which may reflect how 
sweep genes were directly affected by tomato domestication. Altogether, 
Supplementary Figure 4.7 underlines the severity of the decrease in re between wild 
and domesticated tomato genes, which resulted in reduced genetic diversity and 
forces breeders to introgress alleles from the wild relatives to recover desired traits.   

Aside from increasing the frequency of alleles in specific genes, domestication 
of tomato also resulted in lost or negatively-selected promoters during both 
domestication and improvement stages (Gao et al., 2019). These promoters are 
considered unfavorable because of their significantly lower frequency in SLC than 
SP or in SLL than SLC. Given that above it was demonstrated that recombination is 
associated with promoters, the question is how the loss of these promoters 
influence recombination. We found that the upstream region (<1kb) of the genes 
with promoters under selection during domestication have reduced effective 
recombination rate in SLC compared to SP (Wilcoxon rank sum test, P < 2 x 10-16) 
(Figure 4.3C). Similarly, the upstream region of the genes with promoters under 
selection during improvement have reduced re in SLL compared to SLC (Wilcoxon 
rank sum test, P <2 x 10-16) (Figure 4.3D). This analysis reveals that loss of promoters 
due to domestication affected the recombination rate in the genomic regions from 
which these promoters were lost, highlighting a specific way in which domestication 
reduces recombination. 
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4.2.6 TE and SV-associated hotspots 
Domestication and improvement not only influence gene content but have a 
broader effect on genomic variants (Gao et al., 2019; Alonge et al., 2020). Hence, 
we finally analyzed the association between hotspots and transposable elements 
(TEs) as well as structural variants (SVs). Certain transposable element families show 
strong association with hotspots (Figure 4.4A).  Both hAT-Tip100 and Stowaway 
show enrichment while Tag1, L1, Copia and Gypsy show strong depletion, based on 
a permutation test. Most class I TE or retrotransposons are under-represented in 
hotspots, except for ERV1 in the SLL population and SINE in all three populations. 
Moreover, regions with low complexity and simple repeats have an excess of 
recombination hotspots. Similar to potato, rice and maize, Stowaway and SINE are 
significantly overrepresented, whereas Gypsy and Copia are depleted in hotspots 
(Marand et al., 2017; Marand et al., 2019; Pan et al., 2017). In Arabidopsis, DSBs 
overlapped Gypsy and Copia elements significantly less than expected by chance 
(Choi et al., 2018); however, in maize, most DSBs are formed in repetitive regions, 
predominantly Gypsy retrotransposons, but only genic DSBs contribute to crossover 
formation (He et al., 2017). Schwarzkopf et al. (2020) reported that hotspots shared 
by both domesticated and wild cocoa populations appear to be associated with DNA 
transposons. Furthermore, Marand et al. (2019) found that the presence of 
Stowaway and Harbinger elements in crossover hotspots is associated with 
increased recombination rates, augmented chromatin accessibility and reduced 
DNA methylation. Our result is also consistent with the findings on differentially 
accessible chromatin regions between meiotic cells and somatic cells of tomato 
(Chouaref J, Tark-Dame M, Koes R, Fransz P, Stam M, unpublished data), 
corroborating that TE families with an excess of hotspots are accessible in meiotic 
cells while those with depletion of hotspots are inaccessible. TE families enriched 
with hotspots are known to be preferentially located in genic regions, but the 
retrotransposon LTR/ERV1 is particularly interesting because it was also reported to 
be one of the most transcriptionally active TE families due to its abundance in exonic 
regions (Mehra et al., 2015). The insertion of retrotransposons in a promoter region 
or UTR can both regulate gene expression (Dominguez et al., 2020; Alonge et al., 
2020) and negatively affect the chance of crossover incidence. Similarly, the 
accumulation of certain DNA transposons that are known to be accessible in meiotic 
cells may provide new sites for DSBs that can resolve to crossovers. Our results 
suggest that TE activities during domestication also influenced the landscape of 
meiotic recombination (He et al., 2017; Choi et al., 2018; Underwood and Choi, 
2019; Kent et al., 2017).  

Alonge et al. (2020) reported that, compared to SLL and SLC, SP has significantly 
more SVs relative to the Heinz 1706 reference genome and that the majority of 
insertions and deletions are associated with Gypsy and Copia elements. To 
determine if SVs influence meiotic recombination, we compared the SVs between 
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S. pimpinellifolium and S. lycopersicum reported in Wang et al. (2020) against the 
effective recombination rate and hotspots. We found that the length of deletions 
correlates with recombination rate, specifically deletions longer than 500 bp (Figure 
4.4B), and that recombination hotspots are suppressed in long deletions in the wild 
population (Fisher’s exact test, P = 2.1 x 10-6). Hotspot suppression is less prominent 
in deletions with lower allele frequency (Supplementary Figure 4.8). As a specific 
example, we found a 4-fold reduction of SP hotspots in large deletions (> 500 bp) 
with allele frequency above 0.5 (Figure 4.4C). Interestingly, the same set of large 
deletions have low allele frequency and lack hotspot suppression in both SLC and 

Figure 4.4. Recombination and genomic variants. Using permutation tests, we identified (A) 
specific TE families with an excess or depletion of recombination hotspots. TE families are 
grouped into repeat elements (gray), retrotransposons (brown), and DNA transposons 
(yellow). (B) Scatter plots of effective recombination rate and deletion size (n=1255) per 
population. (C-D) Significance of overlap between (C) hotspots and deletions in SP and (D) 
empirical crossovers and deletions segregating between SP and SLL. The black and red vertical 
lines indicate the average number of overlaps found in 10,000 permutation sets and the 
number of overlaps at P = 0.05, respectively. The green vertical line indicates the observed 
number of overlaps. (E) Recombination rates (violin) and allele frequencies (red boxplot) of 
Gypsy, Copia and L1 elements. 
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SLL populations, which may be explained by the increased inbreeding and lower 
heterozygosity of SV regions in domesticated varieties compared to the wild 
relatives. Knowing the wild ancestral alleles, we can instead look at these regions of 
low frequency deletions (relative to Heinz reference) as insertion sites for alleles 
that fixated in the vintage accessions. Lye and Purugganan (2019) reported that SVs 
associated with domestication traits have an increased allele frequency in the 
population due to selection or have become fixated in the population. This suggests 
that in natural populations, suppression of recombination hotspots in SVs occurs 
more in outcrossing populations with a certain level of heterozygosity of SVs 
between compatible individuals (Wang and Copenhaver, 2018; Dluzewska et al., 
2018). To put this result in a broader perspective, we analyzed the crossovers 
detected from the interspecific hybrid between S.pimpinellifolium and 
S.lycopersium (COD2) and found crossover suppression in the large deletions 
segregating between SP and SLL populations  (Fisher’s exact test, P = 1.4 x 10-5; 
Figure 4.4D). This suppression of crossovers in deletions segregating between the 
parents of hybrid crosses is consistent with results obtained from the natural 
populations with high levels of outcrossing.       

Interestingly, the shorter deletions (< 500 bp) overlap recombination hotspots 
in each population significantly more than expected by chance (Fisher’s exact test, 
SP P = 1.1 x 10-6; SLC P = 4.9 x 10-12; SLL P = 6.4 x 10-13; Supplementary Figure 4.9). 
These regions with short deletions and hotspots have high homology and are 
enriched with simple repeats (z-score > 11.1) and hAT-Tip100 (z-score > 3.1) 
elements. These small deletions have significant allele frequency differences 
between the wild and domesticated populations based on Wang et al. (2020), 
mostly have low frequency in the vintage population.  Moreover, we found that the 
fixated SLL alleles in these deletion sites are causal mutations in domestication 
syndrome genes, like OVATE (Solyc02g085500), Lin5 (Solyc09g010080) and YABBY 
(Solyc11g071810) and other genes controlling horticulture traits in tomato (Wang 
et al., 2020).  

 As we reported above, we identified some TE families that associate with 
hotspots and we speculated that TE activities during domestication affects 
recombination patterns. Comparing TEs to deletions, we selected TE elements that 
show a significant difference in frequency between the wild and domesticated 
populations, mostly Gypsy, Copia and L1 elements. As shown in Figure 4.4E, the 
frequencies of these TE elements increased during domestication (fewer deletion 
alleles), while recombination rates in these elements significantly declined. This is 
consistent with the suppression of hotspots in these specific TE families that became 
fixed in the vintage population (Figure 4.4A). The result indicates that despite the 
lower deletion frequency or lower heterozygosity in a region, genomic content such 
as presence of specific TEs can influence whether recombination is suppressed or 
not.  
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4.3 Discussion 
Throughout domestication, the general recombination landscape of both wild and 
domesticated tomato remains conserved, consistent with the known phenomenon 
in tomato and other plant species that recombination rates are significantly higher 
in distal parts of chromosomes (Mercier et al., 2015; Lambing et al., 2017; Wang and 
Copenhaver, 2018). Effective recombination rates are in agreement with empirical 
crossover data derived from RILs and pollen gametes, and with genetic distances 
from the EXPIM2012 linkage map. Despite the conservation of the recombination 
landscape, we observed local increases in recombination rates across the 
chromosomes of early-domesticated tomato (SLC), which reflects the expected 
increase of recombination due to domestication (Ross-Ibarra, 2004; Moyers et al., 
2018). Concomitantly, some regions of the gene-rich euchromatin showed a 
reduction of recombination. After the domestication stage, further reduction of 
effective recombination rates is observed in vintage (SLL) tomato. This might either 
be due to low diversity in highly homozygous regions limiting the detection of actual 
recombination, or because the recombination has actually decreased during the 
improvement stage (Otto and Barton, 1997; Moyers et al., 2018). Nevertheless, the 
effective recombination rates reported here, allowed us to identify genomic regions 
that still recombine and generate diversity in vintage tomato.  

We also identified recombination hotspots and found a small but significant 
overlap between the three populations, representing conserved recombination 
sites apparently not affected by domestication. The number of hotspots in vintage 
tomato is four times less than in its progenitor, revealing genomic sites in 
domesticated tomato preferentially maintained with lower if not completely 
suppressed recombination. Previous studies have reported that the pericentromeric 
heterochromatin of tomato displays extremely low recombination compared to the 
distal chromosome regions (Demirci et al., 2017; Fuentes et al., 2020), but we 
identified historical recombination hotspots near or within genes located in the 
heterochromatin, hinting on their accessibility as possible euchromatin islands 
within heterochromatin. These heterochromatin hotspots have a lower 
recombination rate than those located in euchromatin, which could explain why it 
can be hard to observe them in previous studies. Furthermore, compared to SP and 
SLC, the majority of SLL hotspots are located in the euchromatin. Our results on the 
divergence of hotspots between tomato populations suggests highly dynamic 
recombination patterns, likely as a result of the intense selection in domestication 
(Otto and Barton, 1997; Schwarzkopf et al., 2020). Despite the use of interspecific 
tomato crosses in several studies, genetic shuffling through meiosis still remains 
strongly confined to the ends of the chromosomes (Demirci et al., 2017; Fuentes et 
al., 2020). Interestingly, Dreissig et al. (2019) reported an increase in 
pericentromeric crossovers, although they have been observed for crosses of 
domesticated and wild barley accessions. The low recombination rate in 75% of the 
tomato genome limits possibilities of generating diversity or breaking fixed 
haplotype blocks in either or both wild and domesticated tomato. However, despite 
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the very limited sites for recombination in the domesticated tomato, detecting 
recombination hotspots in the wild genomes may help reveal factors that led to 
their divergence  and ways to restore hotspots and genetic diversity in tomato.  

The recombination hotspots found in wild and domesticated tomatoes are 
enriched in gene bodies and promoter regions and depleted in intergenic regions, 
which agrees with previous reports on tomato crossovers (Demirci et al., 2017; 
Fuentes et al., 2020).  This implies that the reduction in the number of genes and 
promoters from wild to vintage tomato limits possible hotspot locations. Gao et al. 
(2019) reported hundreds of genes and promoters excised as a result of 
domestication and improvement, reducing recombination rate in specific genomic 
regions of vintage tomato and increasing the spans of haplotype blocks. The profile 
of recombination hotspots in the wild population reveals genomic regions that 
provide candidate targets for inducing meiotic recombination or loss-of-function 
mutations to domesticate wild plants or re-introduce desirable traits, or serve as 
guide for cross checking hotspots from experimental populations (Zsogon et al., 
2018; Li et al., 2018).  

Comparing with the known selective sweep genes, we discovered that they 
overlap with recombination hotspots in both the wild and early-domesticated 
tomato significantly more than expected by chance. The hotspot-associated 
selective sweep genes in the SLC population indicated selection for increased 
recombination rate during domestication, which was then followed by a loss of 
hotspots after subsequent improvement. Otto and Barton (1997) proposed that 
higher recombination rates during domestication were favored to elevate the 
fixation rate of adaptive or beneficial alleles. These manifested as reduced 
nucleotide diversity in sweep regions of the SLL population that historically 
comprised hotspots. The increased recombination rate and number of hotspots in 
SLC may also relate to adaptive evolution in response to changing environments 
during domestication. Similar observations have been made for rice genes that 
showed higher recombination in response to stresses (Si et al., 2015). In addition, 
Razifard et al. (2020) identified an overrepresentation of defense-response genes in 
the selective sweeps of an SLC population, which agrees with our observation of 
excess recombination hotspots in R genes. Unlike SP and SLC hotspots which 
significantly overlap selective sweeps, SLL hotspots are mostly located outside the 
sweeps, showing the divergence of SLL hotspots from regions under selection during 
tomato domestication and improvement. The reduced genetic diversity in sweep 
regions of the highly inbred SLL population could have resulted from the loss of 
hotspots or reduced recombination incidence. Alternatively, the low diversity, 
possibly due to a selection bottleneck, may have led to the low effectivity of 
recombination in these sweep regions. Our results support an evolution of effective 
recombination related to the fixation of alleles in selective sweeps genes.   

In all three populations, recombination hotspots were found to be positively 
(e.g. Stowaway, SINE) and negatively (e.g. Gypsy, Copia) associated with specific 
families of transposable elements. TE families with excess recombination hotspots 
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were preferentially located in genic regions (Mehra et al., 2015). During meiosis, 
these specific TEs probably are accessible to recombination complexes, whereas 
most retrotransposons have closed chromatin status (Chouaref J, Tark-Dame M, 
Koes R, Fransz P, Stam M, unpublished data). Aside from TEs, we also identified 
association of hotspots with structural variations. We showed that large deletions 
suppress recombination in SP populations, but this depends on the frequency of the 
deletion variant in the population. Since most large deletions have lower frequency 
in both SLC and SLL populations, we do not observe hotspot suppression by 
deletions in these populations. Reduced recombination in SVs combined with 
geographic isolation can lead to the development of alleles that are incompatible 
with distantly-related haplotypes (Jiao and Schneeberger, 2020; Bomblies and 
Weigel, 2007). As an example, crossover suppression is observed in a hybrid cross 
between SP and SLL parental accessions, implying that SVs can cause linkage drag 
that constrains introgression of specific alleles from the wild relatives while 
excluding unwanted alleles (Taagen et al., 2020). Rowan et al. (2019) provided 
several hypotheses as to why crossovers are suppressed in SV regions, such as 
absence of repair template, COs in SVs creating inviable gametes, DSB in SVs 
preferentially resolving to NCOs, constrained interaction with the central element 
and homologous chromosomes and lastly the DNA methylation in SVs. 

On the other hand, we found enrichment of hotspots in short deletions across 
all populations, which we hypothesize is not due to mutations inducing hotspots but 
more likely due to mutations formed by non-allelic homologous recombination in 
the hotspot regions with tracts of homology (Balachandran and Beck, 2020; 
Escaramís et al., 2015). These small causal mutations, that are located in many 
horticulture trait genes, may have originated from the wild progenitor and may 
confer adaptive domestication traits that promote their fixation in the vintage 
population (Lye and Purugganan, 2019). Previous studies already reported recurrent 
SVs in regions with high recombination rate (McVean, 2010; Liu et al., 2012; Rowan 
et al., 2019; Badet et al., 2021), although there are other mechanisms that generate 
more SVs (Escaramís et al., 2015). SVs are reported to have key roles in the evolution 
of domesticated species and are associated with post-domestication traits (Lye and 
Purugganan, 2019). Thus, the divergence of TEs and SVs, both associated with 
recombination rates and hotspots, also contributes to the differing patterns of 
recombination during domestication. Identifying these divergent sequences 
between populations can allow us to determine genomic regions that are unlikely 
to recombine, or alleles that remain tightly linked in the hybrid crosses. Our results 
further confirm that domestication influenced local genomic contents, which in turn 
affected the recombination patterns in tomato. 
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4.4 Methods 
 
4.4.1 Computing recombination rates and detecting hotspots 
We collected resequencing data from previous studies under accession numbers 
PRJEB5235 (Aflitos et al., 2014), PRJNA454805 (Razifard et al., 2020), PRJNA353161 
(Tieman et al., 2017) and PRJNA259308 (Lin et al., 2014) and based on previous 
population analyses (Tieman et al., 2017; Zhu et al., 2018; Gao et al., 2019; Alonge 
et al., 2020; Razifard et al., 2020) we selected accessions that were unanimously 
assigned to the S. pimpinellifolium (SP), S. lycopersicum var. cerasiforme (SLC) or S. 
lycopersicum var. lycopersicum (SLL) taxonomic groups. Most accessions were 
sequenced using Illumina HiSeq2000 except those from Razifard which utilized 
Illumina NextSeq. Modern processing cultivars and hybrids were excluded to avoid 
obscuring the recombination patterns in each of these three major groups. From 
the combined list of accessions, we selected 81 SPs, 140 SLCs, and 136 SLLs.  

Reads were trimmed using Trimmomatic (Bolger et al., 2014) and aligned 
against the tomato Heinz 1706 (SL4.0) reference genome (Hosmani et al., 2019) 
using bwa mem (Li, 2013). Accessions with read and physical coverage below 5x and 
70%, respectively, were discarded. Filtering left 75 SP, 122 SLC and 117 SLL samples. 
SNPs were identified per accession using GATK HaplotypeCaller (Poplin et al., 2017) 
with default parameters and then we randomly selected 75 accessions per 
population for GATK joint-genotyping and hard-filtering. Using bedtools (Quinlan 
and Hall, 2010) and bcftools (Danecek et al., 2011), we selected bi-allelic SNPs 
located outside repeat or transposable element regions, with a minimum allele 
frequency of 0.05, less than 10% missing data, and consisting of at most one 
heterozygous genotype. Heterozygous genotypes were then converted to missing 
data. All missing calls were imputed and phased using Beagle v. 5.1 (window = 5, 
overlap = 2, iterations = 30, err = 0.001, burnin = 10 ) (Browning et al., 2018).       

A widely used method to infer historical recombination rate is LDhat (Auton and 
McVean, 2007), which implements coalescent resampling with a Bayesian 
reversible-jump Markov Chain Monte Carlo (rjMCMC) algorithm to estimate 
population-scaled recombination rates (ρ = 4Nere) from pairs of SNPs. We estimated 
recombination rate using the LDhat v2.2 interval program per window of 5000 SNPs, 
overlapping by 500 SNPs. LDhat was run with 20 million iterations, sampling every 
2000 iterations, using a mutation rate of 0.001 and the first 2000 samples for burn-
in. We subsequently detected recombination hotspots using sequenceLDhot 
(Fearnhead, 2006) with non-overlapping 1-kb windows, a 500-bp step size, and 
background recombination rate set as the median rate in a 50-kb window centered 
at each 1-kb window. Hotspots with rates greater than 10 times and less than 200 
times the background and with likelihood ratio (LR) above the 95th percentile are 
reported. We merged hotspots within 500 bp of each other and used the highest LR 
and recombination rate for merged intervals. Only hotspots with at least a 10 times 
increase in recombination rate, based on the ratio of LDhat-computed ρ and the 
background ρ, were reported as the final set of crossover hotspots. 
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To compare recombination rates between populations and account for potential 
differences in effective population sizes (Ne), we first computed the nucleotide 
diversity (θw, Watterson’s theta), using LDhat convert and used the neutral mutation 
rate (µ) of 1 x 10-8 (Baer et al., 2007; Lin et al., 2014; Moyers et al., 2018) to estimate 
the 4Ne (4Ne = θw/µ). The estimated 4Ne was then used to calculate the effective 
recombination rate per generation (re = ρ/4Ne) for each population.   

 
4.4.2 Comparison with genetic maps 
For validating the recombination map, we compared median recombination rates 
against the crossover frequencies from tomato RILs (Demirci et al., 2017) and pollen 
gametes (Fuentes et al., 2020) using a 50-kb sliding window and performed 
Spearman’s rank correlation test. Further correlation testing was done by 
comparing against EXPIM2012 genetic map (Sim et al., 2012), using the method 
from Choi et al. (2013). Between every pair of adjacent SNPs in the genetic map, the 
population-scaled recombination rate (ρ/kb) was converted to cM/Mb. We also 
compared the recombination landscapes between populations using multi-scale 
correlations by calculating the average recombination rates in varying window sizes, 
by randomly sampling these windows 10,000 times, and subsequently calculating 
Spearman’s correlation coefficients.     
 
4.4.3 Compute euchromatin regions 
The border between euchromatin and heterochromatin in each chromosome was 
computed according to Stack et al. (2009) and Demirci et al. (2017). Using Table 1 of 
Sherman and Stack (1992), we calculated the average length and heterochromatin 
length (μm) of each pachytene chromosome. Euchromatin length was calculated by 
subtracting heterochromatin length from each arm length and multiplying by the 
euchromatin DNA density (1.54 Mb/μm). Then, we determined the euchromatin-
heterochromatin boundary based on the length of each euchromatic region. We 
also computed the heterochromatic region boundaries per chromosome relative to 
the Heinz 1706 (SL4.0) reference genome. 
 
4.5 Supplementary material 
Supplemental data and figures are available at Molecular Biology and Evolution 
online (https://doi.org/10.1093/molbev/msab287). Scripts are available at 
https://github.com/rrfuentes/histo-recom.git. 
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4.8 Supplementary figures 
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Supplementary Figure 4.1. Recombination landscape of different populations. (A) wild 
tomato (SP); (B) early-domesticated tomato (SLC); (C) vintage tomato (SLL). The colored, black 
and gray lines represent the recombination rate, SNP distribution and repeat content, 
respectively. 
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Supplementary Figure 4.2. Multi-scale correlation of recombination rates between 
different populations. Spearman’s rank correlation of recombination rates between SP and 
SLC (blue), SP and SLL (orange) and, SLC and SLL (green) with varying window sizes. For larger 
windows, the mean correlation increases but the standard deviation among the 10,000 sets 
of randomly sampled windows increases as well. 

 

 
 

 

 

 

 

 

 

 
 
 
 
Supplementary Figure 4.3. Correlations of population-
scaled recombination rates. The pairwise comparison of 
the rates in 1-Mb sliding window shows significant 
correlations between populations. 
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Supplementary Figure 4.4. Localized transformation of recombination rate in 
chromosome 1. Change in recombination rate in 50-kb regions during two-stage 
domestication of tomato where Domestication re = SLC re - SP re and Improvement re = SLL re - 
SLC re, respectively. The colors match the quadrants in Figure 1c. The blue dots represent 
mostly euchromatic regions with continuous re reduction in both stages while the violet dots 
are regions with increased re during domestication, followed by proportional reduction during 
improvement.  
 

 

Supplementary Figure 4.5. SNPs in wild and domesticated tomato. Across all chromosomes, 
SP accessions generally have more SNPs than SLC and SLL accessions. In total, there are 
454,326, 488,393, and 74,134 SNP sites for SP, SLC and SLL populations, respectively. 
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Supplementary Figure 4.6. Recombination landscape of SP population relative to the 
S.pimpinellifolium reference genome. The colored, black and gray lines represent the 
recombination rate, SNP distribution and repeat content, respectively. 
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Supplementary Figure 4.7. Recombination rate of selective sweep genes. Effective 
recombination rates per population of domestication (DSG) and non-domestication (nDSG) 
sweep genes overlapping and not overlapping hotspots. We also plotted recombination for 
the same plot but for improvement sweep genes (ISG). Each panel is the set of hotspots per 
population in which genes are compared against. h and nh mean hotspots and non-hotspots, 
respectively. 
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Supplementary Figure 4.8. Deletion frequency and hotspot suppression. (A) Allele 
frequency (AF) of the detected deletions in each population. The median AF of SP, SLC, and 
SLL are 0.57, 0.11 and 0.01, respectively. Data is taken from Wang et al., 2020. A permutation 
test was performed to examine the overlap between S. pimpinellifolium hotspots and 
deletions (> 500bp) for various thresholds on allele frequencies. (B) At a maximum allele 
frequency of 0.1 to 0.5, the difference between the observed overlap (green dot) and the 
expected overlap (red dot) is not significant. (C) When limiting minimum allele frequency, we 
observed that all groups show a significant difference between the observed and expected 
overlap. However, at a frequency of 0.5, the observed overlap starts decreasing. Deletions 
with lower allele frequencies tend to be associated with less suppression of hotspots in 
outcrossing populations. 
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Supplementary Figure 4.9. Excess hotspots in small deletions.  We computed the difference 
between the observed and expected overlap between deletions and historical recombination 
hotspots of (A) wild tomato (SP), (B) early-domesticated tomato (SLC) and (C) vintage tomato 
(SLL). The black and red vertical lines indicate the mean overlaps in 10,000 permutation sets 
and the number of overlaps at P = 0.05, respectively. The green vertical line indicates the 
observed number of overlaps.
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Abstract 
Increasing natural resistance and resilience in plants is key for ensuring 
food security within a changing climate. Breeders improve these traits by 
crossing cultivated tomatoes with their wild relatives and introgressing 
specific alleles through meiotic recombination. However, some genomic 
features seem to hamper recombination especially between divergent 
genomes. Here, we used pooled-pollen sequencing to reveal 
unprecedented details of recombination patterns in five interspecific 
tomato hybrids. We detected hybrid-specific recombination coldspots that 
underscore the influence of structural divergence in shaping recombination 
landscapes. Crossover regions and coldspots show strong association with 
specific TE superfamilies exhibiting differentially accessible chromatin 
between somatic and meiotic cells. We also found gene complexes 
associated with domestication syndrome traits and stress resistance, 
revealing undesired consequences of linkage drag. Finally, we demonstrate 
a way to overcome recombination barriers by finding alternative parental 
genomes. Overall, our results will allow breeders to make better informed 
decisions on generating new tomato varieties.  
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5.1 Introduction 
Crop breeding relies on the availability of genetic diversity to generate novel allele 
combinations that are agronomically valuable. However, long term selection by 
inbreeding often causes loss of essential allelic information. To reintroduce lost 
genetic variation, breeders have introgressed alien chromatin by crossing crops 
with wild relatives, followed by repeated backcrossing and selection. Among the 
most desirable traits to be incorporated into the breeding material are abiotic 
stress tolerance and disease resistance, higher yield, and fruit quality (Bailey-
Serres et al., 2019). The success of introgression breeding largely depends on the 
process of recombination to introduce genetic material from the donor into the 
recipient crop. Meiotic recombination generates genetic diversity, but may also 
break apart co-adapted allele combinations, resulting in fitness reduction (Ortiz-
Barrientos et al., 2016).  Moreover, low frequency or complete absence of 
recombination in a genomic region leads to linkage drag and limits the ability of 
breeders to develop novel allele combinations. Chromosome regions where 
recombination is suppressed are found in pericentromeres, including 
retrotransposons and other DNA-methylated regions (Mercier et al., 2015; 
Underwood and Choi, 2019). Furthermore, heterozygous structural variants (SVs) 
have been reported to limit pairing and crossovers (COs) or lead to lethal gametes, 
suggesting that genomic rearrangements affect recombination patterns, especially 
in hybrids (Seah et al., 2004; Rowan et al., 2019; Crow et al., 2020; Wang and 
Copenhaver, 2018). 

Genomic rearrangements may exist between related species and different 
genotypes of the same species. Characterization of these rearrangements has 
revealed recombination coldspots, some of which are associated with resistance 
genes or adaptive traits (Szinay et al., 2012; Jiao and Schneeberger, 2020). Due to 
absent or diminished COs in SV regions, clusters of tightly linked alleles known as 
supergenes are inherited together, contributing to local adaptation and 
reproductive isolation (Schwander et al., 2014; Thompson and Jiggins, 2014; 
Kirkpatrick, 2010). Suppression or absence of recombination has been found 
essential in speciation and domestication by allowing the fixation of alleles such as 
those within selective sweeps (Moyers et al., 2018; Fuentes et al., 2022). One of 
the best studied rearrangements in plants is the 1.17Mb paracentric inversion in 
Arabidopsis, which shows complete lack of recombination in the rearranged 
genomic segment linked with fecundity under drought (Fransz et al., 2016). It was 
reported that recombination is prevented by SVs in genomic regions causing self-
incompatibility in Brassicaceae plants (Casselman et al., 2000) and reproductive 
isolation in monkeyflower (Lowry and Willis, 2010). In the backcross descendants 
of a Solanum habrochaites introgression into cultivated tomato (S. lycopersicum), 
an inversion containing the Ty-2 resistance genes and at least 35 more genes 
causes linkage drag, rendering selection of appropriate agronomic trait 
combinations in the offspring impossible (Yang et al., 2014; Wolters et al., 2015). 
Another example is the lack of CO in the inverted region of a S. esculentum x S. 
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peruvianum cross, containing the nematode-resistance gene, Mi-1, and other 
genes conferring resistance to different pathogens and insects (Seah et al., 2004).  

Although previous studies addressed the role of SVs as recombination barriers 
in a limited number of genomic regions, a genome-wide analysis of decreased or 
absent COs related to SVs in tomato and multiple hybrid crosses is currently 
lacking, due to the absence of cost-effective and high-resolution crossover 
detection methods and accurate SV prediction. The effect of structural differences 
on chromosome pairing during meiosis has been studied using electron 
microscopy (Anderson et al., 2010), comparing spreads of synaptonemal 
complexes (SCs) from multiple F1 tomato hybrids. The synaptic configurations 
revealed mismatched kinetochores, inversion loops and translocation complexes, 
pointing to structural differences in the parental genomes that likely influence the 
recombination landscape. However, electron microscopic studies could not reveal 
the consequences of erratic recombination patterns between the parental 
partners. To analyze these patterns in higher resolution, Demirci et al. (2017) 
sequenced F6 recombinant inbred lines obtained from a cross between tomato (S. 
lycopersicum) and its wild relative S. pimpinellifolium, and computationally 
detected recombination sites. We subsequently developed a less laborious and 
costly method, involving pollen profiling. Using a pool of pollen from S. 
pimpinellifolium x S. lycopersicum F1 hybrids, we generated a recombination 
landscape at nucleotide resolution level (Fuentes et al., 2020), revealing significant 
reduction of COs in heterozygous deletions (Fuentes et al., 2022).        

To better understand occurrence and frequencies of CO events, we profiled 
here the recombination landscape in multiple crosses of tomato and wild relatives 
by sequencing pools of pollen gametes. We identified CO coldspots in each hybrid 
cross and examined recombination patterns and barriers. Our results suggest a 
major role for SVs and transposable elements in shaping the recombination 
landscape in hybrids, specifically in suppressing COs in gene complexes that relate 
to adaptation, speciation, and domestication. In addition, we present an example 
of syntenic and non-syntenic accessions for specific genomic regions, which may 
be considered in the selection of parental breeding lines as so called ‘bridge 
accessions’ to avoid or overcome introgression bottlenecks. 

 
5.2 Results 
 
5.2.1 Crossovers in multiple hybrid crosses 
In this study, we have generated hybrid crosses of S. lycopersicum Heinz1706 and 
its wild relatives S. pimpinellifolium (CGN14498; PM), S. neorickii (LA0735; NE), S. 
chmielewskii (LA2663; CH), S. habrochaites (LYC4; HB), and S. pennellii (LA0716; 
PN). Hereafter, we use these abbreviations and the species name when referring 
to the hybrids and the parental genome, respectively. The pool of pollen from each 
hybrid was sequenced using 10X Genomics kits (Supplementary Table 1) based on 
the protocol described in Fuentes et al. (2020). To detect crossover events (COs),  
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Table 1. Crossovers detected in multiple interspecific (with S. lycopersicum) hybrid 
populations 

Hybrid Cross Number  
of SNPs 

Number 
of COs 

Distance (kb; 
1/Resolution) 

Distal 
euchromatin 
genes (p-val) * 

Pericentric 
heterochromatin 

genes (p-val)* 
S. pimpinellifolium (PM) 4,742,049 1,040 2.3 ± 1.4 9.3 x 10-3 8.2 x 10-5 

S. neorickii (NE) 13,749,445 1,700 2.3 ± 1.5 2.1 x 10-107 4.3 x 10-20 

S. chmielewskii (CH) 13,770,207 1,618 2.2 ± 1.5 2.3 x 10-104 4.4 x 10-16 

S. habrochaites (HB) 14,909,955 832 1.9 ± 1.5 6.9 x 10-66 1.5 x 10-9 

S. pennellii (PN) 15,447,841 1,192 2.1 ± 1.6 1.2 x 10-86 7.8 x 10-30 

we first profiled single-nucleotide polymorphism (SNP) markers. We then filtered 
out regions prone to false positive COs, manifested by a high density of 
heterozygous SNPs and excessive sequence coverage (Supplementary Figure 5.1). 
S. pennellii and S. pimpinellifolium were the most distant and closest species to S. 
lycopersicum in this study, respectively, and have the highest and lowest number 
of SNPs with respect to the reference genome (S. lycopersicum; SL4.0), respectively 
(Table 1). Using the filtered SNPs, we were able to detect haplotype shifts, leading 
to identification of putative recombinant haplotypes. These were further screened 
as described in the Methods (Supplementary Figure 5.2). In each recombinant 
molecule, CO events or sites are reported based on the bounding SNP markers.  

We detected a total of 6,382 COs in all hybrids, mostly located in distal 
segments of chromosomes, which is consistent with previous reports in tomato 
and other plant species (Mercier et al., 2015; Wang and Copenhaver, 2018). For 
each hybrid, COs are confined to 6-12% of the distal euchromatin (DEU) and below 
1% of the pericentric heterochromatin (PCH). In total, CO regions account for only 
2% of the whole genome, consistent with other eukaryotic organisms where 
recombinations are concentrated in hotspots (Choi and Henderson, 2015; Mercier 
et al., 2015; Lambing et al., 2017; Wang and Copenhaver, 2018). Although tomato 
PCH regions are known to exhibit low recombination rates (Termolino et al., 2016; 
Yelina et al., 2015), we detected there a total of 710 COs (11.1%) in all hybrids, 
which most likely locate in euchromatin islands in the PCH. It was proposed that 
suppression of double-strand-breaks (DSBs), the precursor of COs, by 
heterochromatin on repetitive DNA helps safeguard against genome 
destabilization (Tock and Henderson, 2018; Yelina et al., 2015).  

*Enrichment of COs in genes based on permutation test   
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We validated the resulting recombination profile of PM by comparison to existing 
CO data. The COs in the pollen gametes significantly overlap with COs previously 
detected in a RIL population of the same parental cross (Fisher’s exact test; P = 5.8 
x 10-18) (Demirci et al., 2017). More in detail, the frequency of COs in sliding 
genomic windows in DEU or in PCH also revealed a significant correlation between 
the recombination landscapes generated from pollen and the RIL population 
sequence data (Spearman’s rank correlation; distal euchromatin, ρ = 0.33; P < 2.2 x 

Figure 5.1. Recombination landscapes. A) Distribution of crossover regions over gene 
features. Upstream and downstream covers 1 kb from the transcription start and 
termination sites, respectively. B) Fraction of shared CO sites and C) Correlation of the 
genome-wide CO landscape between hybrids. D) Distribution of COs per hybrid. The 
outermost track indicates gene density while the red innermost track marks the pericentric 
heterochromatin regions. E) Phylogenetic tree of the parental species based on Moyle 
(2008). F) Coverage and number of recombination coldspots in different crosses. 
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10-16; pericentric heterochromatin, ρ = 0.22; P < 2.2 x 10-16). Furthermore, 
comparison with historical recombination hotspots detected in natural populations 
of wild and domesticated tomato  (Fuentes et al., 2022) revealed that the COs in 
hybrids overlap with 294 (Fisher’s exact test; P = 2.0 x 10-13) and 36 (Fisher’s exact 
test; P = 3.8 x 10-11) historical hotspots in DEU and PCH, respectively. Previous 
observations and our results both confirm recombination sites in PCH, which thus 
far were rarely observed due to their low frequency and the limitations of other 
CO-detection methods. 

The vast majority (5,150) of COs are located within genes and their 1kb 
flanking regions, while another 471 are positioned between 1kb and 3kb from 
genes (Table 1; Figure 5.1A; Supplementary Figure 5.3). PM and NE have the 
lowest CO resolution, defined as the inverse of the distance between the SNP 
markers bounding the CO site (resolution = 1/distance). We consider a detected 
CO as high resolution if the distance between the markers flanking the CO site is 
below 1kb, i.e. if the resolution is above 0.001. The number of COs near or within 
genes, in both DEU and PCH regions, is significantly higher than expected by 
chance (Table 1). Although genic regions account for only 15.5% of tomato 
genome, the majority of COs overlap gene features (Figure 5.1A). S. 
pimpinellifolium COs apparently overlap more with intergenic regions than COs in 
other hybrids. One possible confounding factor could be that S. pimpinellifolium 
has fewer SNPs than the other species (Table 1), which may lead to a lower 
resolution of detected COs. To determine if this contributed to the higher overlap 
between gene features and COs in PM, COs with similarly distributed resolution for 
all hybrids were separately analyzed (Supplementary Figure 5.4A). However, the 
result still shows the same higher intergenic overlap of crossover events in PM 
(Supplementary Figure 5.4B).   

Aside from association with genes, sequence motifs are discovered at CO sites 
as well (Wijnker et al., 2013; Demirci et al., 2017; Shilo et al., 2015). We found that 
CTT-like repeats, poly-AT and A-rich motifs are actually enriched in regions flanking 
rather than within high- resolution COs (Supplementary Figure 5.5). These CO 
motifs have been previously identified in other plant species but, due to low 
resolution, it was not possible to determine whether they were actually located 
within or just near CO sites. However, their close proximity to CO sites hints that 
they may have a role in recruiting recombination-promoting factors as previously 
proposed (Choi et al., 2018) .  
 
5.2.2 Unique recombination patterns between hybrids 
All hybrids show similar recombination landscapes with COs mostly in distal, gene-
rich chromosome regions. Yet there are also unique, local patterns of COs, shown 
in Figure 5.1D. Comparisons of recombination profiles from different hybrids are 
essential to learn about variability and genomic factors contributing to CO 
patterns. To examine similarities between hybrids, we first identified overlapping 
COs and found a significantly higher fraction than expected by chance (Figure 
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5.1B). The highest overlap of COs is observed between hybrids with wild parents 
that are evolutionarily closely related to each other (NE and CH or HB and PN). On 
the contrary, CO sites in PM have more overlap with PN than with other closely 
related species, which does not reflect their evolutionary distance (Figure 5.1E). A 
low but significant overlap has also been observed when comparing recombination 
hotspots in natural populations of wild and domesticated rice, cocoa and tomato 
(Marand et al., 2019; Schwarzkopf et al., 2020; Fuentes et al., 2022). About 35% 
(1,161) of CO regions, containing a total of 3,996 CO events, are shared by at least 
two hybrids. CO regions per hybrid cover around 2% of the genome, whereas they 
cover 10% (77.6 Mbp) when combined, apparently not extensively overlapping, 
thus indicating divergent CO regions between the hybrids.  

Given the low rate of CO region overlap between hybrids, we decided to 
investigate whether the overall recombination landscapes across the genome are 
significantly correlated. Figure 5.1C shows that NE and CH have the most similar 
landscape. The low CO overlap (4%; Figure 5.1B) between CH and HB does not 
translate to a low landscape correlation (ρ = 0.64); similarly, despite the high 
overlap between PM and PN COs (7%), the correlation between their landscapes is 
one of the lowest (ρ = 0.52), consistent with their evolutionary distance. Although 
the number of overlapping COs is significant, it is far less than the number of non-
overlapping COs, that contribute more to shaping the overall recombination 
landscape. This result suggests that despite the similar overall landscape, the 
hybrids exhibit local differences in CO patterns.   

The patterns of genomic regions without recombination in the hybrids differ 
as well. To analyze these patterns, we identified CO coldspots of more than 1Mb 
and found that they cover 72-79% of the genomes, with the highest coverage in 
HB and PN. Grouping by genomic position and size, we assigned coldspots into 325 
unique and 101 shared clusters (Figure 5.1F), with 63.6% of the genome (6.4Mb 
euchromatic; 485Mb heterochromatic) lacking CO in all five hybrids, which we 
refer to here as conserved coldspots. PM has significantly shorter coldspots than 
the other hybrids (pairwise Wilcoxon rank-sum test; P < 1.4 x 10-2) and a large 
number of unique coldspot regions. These divergent patterns of CO regions and 
coldspots confirm that hybridization of tomato with different wild parents results 
in variable recombination bottlenecks, uncovering the additional complexity in 
breeding.    
 
5.2.3 Absence of COs in structural variant heterozygosity  
With the results above indicating clear variation in the occurrence of COs in the 
different hybrids, we speculated that large genomic rearrangements between 
species may underlie the varying patterns of recombination. To investigate this, we 
detected SVs between the parental species S. lycopersicum and the wild relatives. 
Furthermore, given that heterozygous SVs may exist in the wild species genomes, 
allowing the F1 hybrid to inherit an allele that is similar to the reference genome, 
we also genotyped SVs in the F1 hybrid pollen sequences and retained only the 
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heterozygous ones (Figure 5.2A). Combining all parental wild species genomes, we 
detected 59,265 SVs with size above 50bp. We found more deletions than 
inversions, which may be due to either the inherently low frequency of large 
inversions (Alonge et al., 2020) or the difficulty of detecting inversions compared 
to deletions (Figure 5.2B). Among the wild genomes, HB and PN have the highest 
number of SVs, which are also significantly longer than the other parental 
genomes (Supplementary Figure 5.6). To check the accuracy of the filtered SV set, 
we manually verified SVs from S. pennellii using dot plots between S. lycopercisum 
and S. pennellii assemblies (Supplementary Figure 5.7). 88% of 50 randomly 
selected deletions are supported, while an additional 10% belong to more complex 
translocation events and the remaining 2% are false positives. For inversions, we 
found 76.7% true positives.  

To further examine the relationship between SVs and recombination, we 
identified rearrangements and syntenic regions between S. lycopersicum and S. 
pennellii assemblies and compared them against PN COs. We found that 94% of PN 
COs are in syntenic segments in distal chromosomal regions (Fisher’s exact test; P 
<0.001; Supplementary Figure 5.8), which corresponds to the essential role of 
synteny in synapsis and crossing-over of homeologous chromosomes during 
meiosis (Jiao and Schneeberger, 2020; Shen et al., 2019). Using a permutation test, 
we indeed found strong reduction of recombination in SVs across all hybrids, 
specifically for SVs larger than 1kb (Figure 5.2H). Further analyses will only use SV 
larger than 1kb (Supplementary Figure 5.9). About 62-74% of SVs in the wild 
genomes overlap with coldspots, which may relate with the absence of 
recombination. Most SVs are located a few to tens of kilobases away from COs 
(Figure 5.2F), similar to findings in A. thaliana (Rowan et al., 2019), but SV size is 
not correlated to distance from the CO site (Supplementary Figure 5.10).    

Given that DEU and PCH in tomato have distinct genomic features, we 
examined their SV composition and found more SVs in DEU than in PCH regions, 
with an average ratio of 1.55 to 1. This agrees with previous observations that wild 
and domesticated tomato accessions have higher SV density in DEU than in PCH 
(Alonge et al., 2020; Wang et al., 2020). In addition, SVs in PCH are on average 
longer than those in DEU (Wilcoxon rank-sum test; P < 5.8 x 10-16; Supplementary 
Figure 5.11). We also observed that in PCH, higher genome coverage by SV regions 
comes with lower coverage by CO events (Figure 5.2C). PM has the largest total 
number of CO events in PCH, while PN has the lowest number. As these PM COs 
overlap with the SVs in the other wild genomes, it seems that the higher SV 
content in other wild genomes leaves less sites for recombination in hybrids. Given 
that there are other complex rearrangements and SV types that we cannot detect 
with our data, it is likely that more divergent CO sites are defined by the presence 
or absence of SVs.  
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Figure 5.2. Lack of crossover in structural variations. A) Selection of parental SVs causing 
heterozygosity in the F1 pollen genomes. B) Frequency of SVs per wild relative. Inversions 
only include events > 30 kb. C) Genome coverage of COs (blue) and SVs (orange) in the PCH 
(left y-axis). The gray squares show the number of PM COs that overlap with SV regions in the 
wild genome (right y-axis). D) Large inversion (orange block) and rearrangements within the 
PN coldspot (horizonal purple segment) of chromosome 7, short arm. CO density is indicated 
in grey at the top. E) Crossover density of selected PN chromosomes (gray peaks) plotted 
together with Marey map (green dots) of EXPEN2012 (Sin et al., 2012). The blue dots are 
genetic markers within coldspot regions (blue box). The yellow distribution line indicates the 
recombination rate obtained by taking the derivative of the Marey map. The gray horizontal 
segment in the middle of the chromosome marks the PCH. F) Distance of COs to the nearest 
SV compared to the 10,000 permutation sets represented by gray lines. The vertical lines 
marks the boundaries of COs. G) Rate of synteny in coldspot (C) and non-coldspot (NC) 
regions of PN (Wilcoxon rank-sum test; P < 2x10-16). H) Suppression of COs in SV regions 
based on permutation test. The negative z-score means the overlap of COs in SV regions is 
lower than expected by chance. 
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We identified large parts of the DEU in PN with prominent spots without CO. To 
validate whether these represent real coldspots, we compared them against the 
recombination coldspots in the EXPEN2012 linkage map (Sim et al., 2012). First, we 
identified large DEU coldspot regions in the linkage map by mapping the 
EXPEN2012 markers against the tomato reference genome, retrieving the physical 
position and subsequently plotting against the genetic position (Figure 5.2E). Then, 
we compared the EXPEN2012 coldspot against the PN coldspots. Large coldspots 
are observed in some chromosomes, spanning 0.14 to 7.64 Mb, and they match 
the coldspots we found in PN, demonstrating the accuracy of our method. Unlike 
the coarse-grained genetic map, the fine-scale recombination profile we generated 
allows comparison with genome features, aiding the elucidation of factors 
influencing recombination landscapes.    

Further inspection of these large PN coldspots revealed that they have 
significantly lower levels of synteny compared to non-coldspots (Figure 5.2G). 
These coldspots, however, may be specific to PN or may not fully overlap coldspots 
in other hybrids, as we have found 518 COs in the other hybrids. Among the PN 
coldspots, we found that at least two, specifically in the short arm of 
chromosomes 6 and 7, contain large inversions relative to the reference genome 
as previously validated using BAC-FISH (Szinay et al., 2012). They may also 
correspond to the inversion loops found at the distal chromosome ends and in the 
euchromatin-heterochromatin borders (Anderson et al., 2010). We were able to 
identify the exact location of an inversion in chromosome 7 (Figure 5.2D) by 
comparing genome assemblies and inspecting linked reads (Supplementary Figure 
5.12). Aside from the inversion, this 2.4 Mbp coldspot region also contains other 
rearrangements, like translocations, that could inhibit proper synapsis and 
recombination. Upon examining the other large coldspots, we similarly found 
complex rearrangements and large insertions and deletions. Across all hybrids, our 
results suggest that SVs contributed significantly to shaping the recombination 
patterns by inhibiting COs, which may have been vital in the fixation of specific 
alleles during domestication (Lye and Purugganan, 2019; Fuentes et al., 2022). 
Importantly, the SVs that have been implicated with domestication of tomato can 
cause heterozygosity during hybridization with wild relatives, which consequently 
suppresses recombination.    
 
5.2.4 Widespread coldspots in TE regions  
Aside from SVs, studies on other species also linked the presence of transposable 
elements (TEs) with CO incidence, specifically retrotransposons with COs 
suppression (Underwood and Choi, 2019). In tomato hybrids, most 
retrotransposons (Class I), except SINEs and RTE-BovBs, indeed show suppression 
of COs (Figure 5.3A). However, Stowaway and Tip100 (Class II), simple repeats and 
low complexity regions are enriched with COs. TEs associated with CO suppression 
are densely distributed in the PCH, whereas Stowaway and Tip100 are located 
mostly in the DEU (Figure 5.3C). Similarly, this association with TE superfamilies 
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was reported in historical recombination hotspots of wild and domesticated 
populations of tomato (Fuentes et al., 2022). As shown in Figure 5.3B, the 
presence of retrotransposons such as Gypsy, Copia and L1 in a genomic region 
correlates with CO suppression, consistent with reports in many other species (He 
et al., 2017; Kent et al., 2017; Choi et al., 2018; Marand et al., 2017; Pan et al., 
2017; Marand et al., 2019). In contrast, Stowaway and Tip100 show positive 
correlation with CO incidence (Supplementary Figure 5.13).   

The enrichment of COs correlates with lower nucleosome occupancy and 
reduced DNA methylation (Choi et al., 2018). To investigate the chromatin state of 

Figure 5.3. TE-associated crossovers. A) TE superfamilies and repeats showing enrichment 
of COs. Elements are clustered into DNA transposons (yellow), retrotransposons (brown) 
and other repeats (gray). B) Spearman’s rank correlation of crossover count and 
retrotransposons (Gypsy, Copia, L1) coverage in a sliding genome window. Each dot 
indicates a window. The red line is the local regression fitting. C) Recombination landscape 
of acrocentric chromosome 2 from multiple hybrids (colored peaks) with layers of density 
heatmaps representing different features, including class I (red) and II (blue) TEs, and 
meiotic ACRs (gray). The horizontal grey line represents the PCH. D) Normalized enrichment 
of ATAC-seq read coverage over repetitive elements of meiotic and somatic cells. E) Total 
coverage of ACR per region. F) Total ACR coverage per genome feature. Upstream and 
downstream covers 1 kb from the transcription start and termination sites, respectively. 
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TE elements with and without COs, we performed an ATAC-seq analysis of S. 
lycopersicum meiotic and somatic cells and found 52,802 and 25,101 accessible 
chromatin regions (ACRs), respectively. These ACRs have an average size of 733bp 
and represent accessible chromatin in the S. lycopersicum parent. Read 
distributions over the genome were highly correlated between biological 
replicates (Supplementary Figure 5.14). Based on a permutation test, we found 
significant overlap between COs and meiotic ACRs (z-score = 87.2), confirming 
reports that COs occur in regions accessible to recombination machinery. Figure 
5.3E shows that crossover regions have higher ACR coverage compared to random 
genomic regions. Upon comparing meiocyte ACRs with TEs, we found that TE 
superfamilies enriched with COs have an accessible chromatin segments, whereas 
retrotransposons like Gypsy, Copia and L1 are not associated with accessible 
chromatin (Figure 5.3D). This is similar to reports in A. thaliana of DNA 
transposons showing nucleosome depletion and higher SPO11-1-oligo levels (Choi 
et al., 2018). Moreover, retroelements like Gypsy, Copia and L1 have very few 
SPO11-1-oligos, and high DNA methylation and nucleosome occupancy. This 
association of CO with specific class I and class II TEs is also observable in the 
landscape in Figure 5.3C, where the former are densely distributed in the PCH 
while the latter are predominantly found in DEU. Furthermore, the chromatin 
accessibility of TE superfamilies flips between somatic and meiotic cells, hinting at 
a preference to keep specific superfamilies inaccessible during meiosis (Figure 
5.3D). The differential ACRs suggests that TE superfamilies may have different 
roles or activities in different tissue types and in relation to recombination. Our 
results emphasize the major role of chromatin structure in the suppression or 
enrichment of COs in TEs and the need to particularly analyze meiocytes to 
account for tissue-specific ACRs.  

Similar to the association of COs with proximal promoter regions (Fuentes et 
al., 2020), it was previously reported that ACRs are strongly associated with 
transcription start sites (TSSs) (Qiu et al., 2016). To evaluate this, we examined the 
average ATAQ-seq signal in genes and their flanking regions, and found the highest 
coverage at the TSS in both meiotic and somatic cells (Supplementary Figure 5.15). 
We also found that the majority of ACRs are located near or within genes (Figure 
5.3F; Fisher’s exact test; P < 0.05), similar to COs (Figure 5.1A). Normalized by the 
total genome coverage of the feature, the promoter regions and the UTRs 
(untranslated regions) have the highest ACR density.  
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Aside from the fact that many SVs are generated by Gypsy and Copia 
retrotransposons (Alonge et al., 2020), 67% of coldspots we detected are covered 
by these TE elements for at least 50%. About 98.6% of the conserved coldspots are 
in PCH where retrotransposon presence is dense (Choi et al., 2018). Furthermore, 
the retrotransposon families that are linked with CO suppression cover 450Mb 
(~52%) of the tomato genome, implying the wide span of suppression due to 
retrotransposons. This underscores the importance of transposable elements in 
shaping recombination patterns, both in hybrids and inbreeding materials and 
predominantly in regions with high retrotransposon density. 

Figure 5.4. Supergenes and inversions. A) Sizes of supergene clusters in CO coldspots. B). 
Gene ontology (GO) terms enriched (at least 2x) in coldspot and crossover regions. C) 
Recombination coldspots in chromosome 11 long arm. D) Phylogenetic tree of genic SNPs in 
an inversion region of wild and domesticated tomato accessions. E) SNPs w.r.t S. 
lycopersicum within the inversion region. 
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5.2.5 Supergenes and breeding bottlenecks 
COs tend to occur near genes but certain genomic elements prohibit the 
recombination between loci, causing co-segregation of these loci to the offspring. 
About 62% of genes are in CO coldspots of one or more of the hybrids and 484 of 
these coldspots contain at least 20 genes (Figure 5.4A). Gene complexes within 
coldspots are supergenes in a specific hybrid, but the same supergenes are not 
necessarily found in other hybrid tomato crosses. Although many supergenes are 
located in the conserved coldspots in PCH, other supergenes are located in the 81 
coldspots in gene-dense DEU. In a gene ontology (GO) enrichment analysis of 
crossover and coldspot regions (Figure 5.4B), we found that 45 biological 
processes, 14 molecular functions, and 48 cellular components are significantly 
enriched (false discovery rate < 0.05) and that overrepresented GO terms in 
coldspots are associated with basal housekeeping functions (e.g like transcription 
coregulator activity, transporter complex, rRNA processing, metabolic processes). 
A more detailed list of enriched GO terms is reported in Supplementary Figure 
5.16. Interestingly, we identified multiple metabolic processes enriched in the 
coldspots (Supplementary Figure 5.16A), which may reflect the evolutionary 
divergence between tomato and the wild species. Many of the coldspot genes are 
directly related to modification in metabolism, which is considered a prominent 
manifestation of the domestication process (Tieman et al., 2017; Alseekh et al., 
2021; Sauvage et al., 2017; Zhu et al., 2018). Supergenes, which are mostly 
generated by inversions or translocations, have actually been linked to metabolic 
pathways and alternative phenotypes in plants (Schwander et al., 2014; Alseekh et 
al., 2021).   

To further investigate links between coldspots and phenotypes, we 
characterized the supergenes residing in the large coldspots in PN (Figure 5.2E). 
These coldspots contain 2,736 genes, 877 of which have been identified as 
domestication syndrome genes (Lin et al., 2014). The coldspots in the short arms 
of chromosome 6 and 7, coinciding with the inversion as previously reported by 
Szinay et al. (2012), contain 130 and 295 genes, respectively, and are associated 
with responses to oxidative stress (P = 1.27 x 10-4) and specific catabolic and 
metabolic processes (9.66 x 10-8) (Supplementary Figure 5.16). Similarly, the 
coldspots in both arms of chromosome 1 contain genes involved in metabolic 
processes of organic substances (P = 2.26 x 10-5) and transcription coregulator 
activity (P = 6.06 x 10-5). This result does not simply imply association between 
metabolic processes and coldspots, but it underlines the highly constrained 
metabolic profile in hybrids or in tomato introgressed with these coldspot regions.  

Aside from the rewiring of the metabolome, we are interested whether 
domestication is associated with linkage drag in regions containing resistance (R) 
genes. Upon inspecting the coldspots in PN, we found that they are enriched with 
R genes (Fisher’s exact test; P = 5.1 x 10-4) and at least 29 coldspots (23 clusters) 
contain R-gene hotspots (Supplementary Figure 5.17). The coldspot in 
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chromosome 7 contains 295 genes, including R genes and chitinase genes. In this 
region, we found an enrichment of genes related to the chitin catabolic process 
(FDR = 1.49 x 10-4), chitin binding (FDR = 1.63 x 10-4) and chitinase activity (FDR = 
2.18 x 10-2), which are involved in plant defense responses against pathogens (Zhu 
et al., 1994; Shrestha et al., 2007; Herget et al., 1990). Our findings are consistent 
with observations in Arabidopsis, in which CO coldspots with many SVs contain 
clusters of R genes (Choi et al., 2016). Some R gene hotspots can become CO 
hotspots to overcome new pathogens through rapid diversification. In contrast, R 
genes conferring resistance to pathogens with low genetic plasticity are located in 
CO coldspots, possibly maintained by structural heterozygosity (Nieri et al., 2017; 
Hulbert et al., 2001). The association between resistance genes and some 
unfavorable alleles due to genetic linkage limits the introgression of resistance 
haplotypes into  breeding lines. A specific case of linkage drag involving the 
resistance to Fusarium wilt race 3, reduced fruit size and  increased sensitivity to 
bacterial spot, was broken by reducing the size of the introgression (Chitwood-
Brown et al., 2021). However, this shrinking of the introgressed region is feasible 
only because it is not induced by an inversion or other CO-suppressing type of SV, 
unlike the Ty-1 and Ty-2 introgressions which both are located within inversions 
(Wolters et al., 2015). Aside from R genes, the coldspot in chromosome 7 also 
contain the SUN locus, which is linked with variable fruit shape in the wild and 
cultivated tomato (van der Knaap et al., 2004; Rodriguez et al., 2011). The 
remaining coldspots in PN contain 17 genes with putative roles in fruit shape 
determination, further substantiating the association between coldspots and 
domestication syndrome traits (Huang et al., 2013).  

To break linkage drag in an SV region with no recombination, alternative 
crosses that do not result in coldspots are needed. For the coldspot in 
chromosome 7 of PN, the other wild relatives can serve as alternative parent as 
they all exhibit recombination in this region. Another set of examples are located 
in the chromosome 11 euchromatic long arm, where local patterns of 
recombination vary between hybrids (Figure 5.4C). One of the variable regions is 
colocalized with the known Ty-2 inversion (Wolters et al., 2015), showing complete 
absence of CO over the full length of the inversion in three hybrids. The other 
region overlaps with the known recombination-suppressed 294-kb inversion in the 
fasciated (fas) locus with breakpoints in the first intron of a YABBY transcription 
factor gene (SlYABBY2b) and 1 kb upstream of the SlCV3 start codon (Cong et al., 
2008; Huang and van der Knaap, 2011; Xu et al., 2015). This inversion contains 41 
genes, including 4 disease resistance genes, and confers a large fruit phenotype to 
domesticated tomato. All parental lines do not have the inversion, but S. 
pimpinellifolium has several smaller rearrangements that could have caused CO 
suppression. Furthermore, this inversion is more common in the domesticated 
tomato accession, which may impose a bottleneck in breeding. Given the 
resequencing data for populations of wild and domesticated tomato, it might be 
possible to find “bridge accessions” or accessions without the allele causing 
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heterozygosity. We therefore screened 56 accessions of wild (S. pimpinellifolium; 
SP), 109 early-domesticated (S. lycopersicum var. cerasiforme; SLC) and 127 
vintage tomato (S. lycopersicum var. lycopersicum; SLL) that were genotyped for 
the inversion, including the SNPs within the inversion. All SP and 96% (109) of SLC 
accessions have non-inversion genotypes while half (64) of the SLL group have at 
least one inversion allele (Figure 5.4D), which may suggest that the inversion could 
have occurred or have been selected for during tomato domestication. This is 
consistent with the drastic reduction of nucleotide diversity in this region when 
comparing the SLC/SLL and the SP population (Lin et al., 2014). Upon inventorying 
the inversion and non-inversion accessions, we compared the SNP profile within 
the inversion region and found haplotypes in SP distinct from those in SLL 
accessions (Figure 5.4E). We subsequently identified at least 12 SLL accessions 
without the inversion and with larger fruit weight phenotype compared to SP (Lin 
et al., 2014). These candidate bridge accessions may be crossed with SP accessions 
to overcome CO suppression in the inversion region, while maintaining genetic 
background that confers large fruit other than the fas inversion. Aside from this 
inversion, there are at least 236 additional non-overlapping SV sites in the 
population of SP and SLC/SLL that may be analyzed to predict recombination 
barriers, especially lineage-specific rearrangements. Most importantly, this SV 
profile may be used to select bridge accessions to introgress genetic diversity into 
genetically eroded domains of crop tomato.    

As presented, CO-suppressed regions containing supergenes can limit 
breeding by linking agronomically beneficial alleles with deleterious or unfavorable 
alleles. We identified an example of undesirable linkage (Figure 5.5A) by examining 

Figure 5.5. Unfavorable linkage. A) Coldspot in PN chromosome 9 containing genes 
associated with resistance and agronomic traits. Red dots and diagonal lines indicate 
missense mutations and  frameshift mutations, respectively. Blue diamond indicates the 
differential expression between the parental genomes. B) Recombination landscape for the 
same coldspot region in all hybrids.  The black horizontal line represents the coldspot in PN. 
C) Rare recombination events in the Tm-2 locus, which span the region between the two 
blue lines, in chromosome 9. 
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genes located in coldspots. We first compiled a list of genes associated with 
agronomic and resistance traits and compared them against the coldspots in the 
hybrids. Shown in Figure 5.5B, a coldspot in chromosome 9 of PN spans genes 
associated with resistance and fruit ripening, linking SlUGT75C1 and SW5. The 
significantly lower expression of SlUGT75C1 in S. lycopersicum relative to S. 
pennellii may yield accelerated fruit ripening (Sun et al., 2017; Koenig et al., 2013). 
On the hand, S. lycopersicum has the marker (Sw5aS) linked with tomato spotted 
wilt virus (TSWV) susceptibility (De Oliveira et al., 2016) and lacks the resistance 
allele (missense mutation) to leaf curl New Delhi virus (ToLCNDV) (Sharma et al., 
2021), which we observed in S. pennellii. This suggests that in PN, we cannot 
generate gametes with both accelerated ripening and resistance to ToLCNDV. The 
tight linkage may be resolved by pairing S. lycopersicum with the other wild 
relatives, which may allow recombination between these genes and may 
introgress the resistance allele.  

A remarkable case of introgression of disease resistance and associated 
linkage drag of three quarters of a wild chromosome is the Tomato Mosaic Virus 
(ToMV) resistance from the S. peruvianum accession PI 126926. The resistance 
from this wild species is conferred by the Tm-2 gene or its allelic variant Tm-22, 
located on ch09 of tomato (Lanfermeijer et al., 2005). Because of the serious 
damage caused by ToMV in cultivated tomatoes, breeders introgressed the Tm-2 
resistance gene already in 1960s into commercial tomato varieties. However, the 
Tm-2 mediated resistance was broken by the virus, triggering tomato breeders to 
introgress the Tm-22 allele from the S. peruvianum accession PI 18650, which 
provided more durable resistance (Lanfermeijer et al., 2005). Nowadays more than 
90% of the commercial tomato varieties carry  the Tm-2 locus (Schouten et al., 
2019). The introgression starts at ~5 Mbp and continues until ~58 Mbp of that 
chromosome, and exhibits low levels of COs in all evaluated hybrids (Figure 5.1D). 
However, some COs do occur in our pollen sequencing data (Figure 5.5C). A 
recently released assembly of a chromosome with this introgression revealed that 
it contains small and medium sized inversions, and series of relatively small 
translocations and duplications (van Rengs et al., 2022). Although there are many 
SVs in this introgression, there are still sufficient syntenic regions that could allow 
COs. However due to the low frequency of CO in these regions, they may not be 
observed in limited size offspring populations previously used in tomato breeding. 
Nevertheless, our results demonstrate a way to identify recombination coldspots 
leading to undesirable linkage and possibly resolve them by finding alternative 
parental genomes. 
 
5.3 Discussion 
COs are mostly distributed in the gene-rich DEU regions of each chromosome, 
consistent with previous reports (Demirci et al., 2017; Fuentes et al., 2020). The 
recombination landscape in one of the hybrid accurately matched a genetic linkage 
map, underscoring the importance of our method which provide high resolution 
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CO with less cost and labor. Despite the similar overall CO landscape between 
hybrids, we discovered fine-scale differences in CO patterns and regions without 
recombination. CO coldspots have limited ability to reshuffle alleles between 
tomato and wild species, which hampers introgressive hybridization breeding and 
reduces efficiency of backcrossing. Although the majority of the coldspots are 
conserved between all hybrids, some coldspots are unique to a cross, which may 
serve as putative targets to break linkage drag or to study the underlying fitness 
advantage that necessitates the suppression of recombination. This is so far the 
most comprehensive profile of recombination in tomato hybrids and possibly even 
in plant species.   

Across all hybrids, we found conspicuous absence of crossover events in SV 
regions, particularly in lineage-specific rearrangements. The varying patterns of 
recombination between the hybrids are associated with rearrangements between 
the wild parental genomes, implying that SV profiles in F1 progeny may help 
distinguish regions that may or may not allow crossovers. Knowing these regions 
enables breeders to fine-tune introgression plans by inspecting recombination 
patterns in the loci of interest prior to the elaborate hybridization and screening 
processes. Although multiple studies have already reported the negative 
association between SVs and COs, it is still not clear how SVs inhibit 
recombination. Rowan et al. (2019) proposed several possible explanations for the 
observed suppression of COs in heterozygous SVs, such as absence of a repair 
template, tendency to produce non-viable gametes, DNA methylation in the SV 
region, and blocking physical interaction in variant regions preventing proper 
synapsis. Furthermore, it has been reported that DSBs in inversion regions are 
preferentially resolved as noncrossover gene conversions and not as COs (Crown 
et al., 2018; Korunes and Noor, 2019; Rowan et al., 2019). Although we have 
already found an association between CO and SV patterns, further studies must be 
conducted to improve the detection of SVs, specifically of the insertion and 
translocation type, for better recognition of the underlying causes of suppression 
in each coldspot.    

Structurally heterozygous regions in the genome, that cause lack of 
recombinant haplotypes, have been linked to adaptive phenotypes and plant 
domestication and speciation (Schwander et al., 2014; Thompson and Jiggins, 
2014; Lye and Purugganan, 2019; Fuentes et al., 2022). An inversion, capturing two 
or more alleles adapted to an environment, prevents recombination and confers a 
selective advantage that subsequently promotes its spread in the population 
(Kirkpatrick and Barton, 2006). Based on visual examination of the synaptonemal 
complexes, it was suggested that SVs form interspecific reproductive barriers in 
the tomato clade (Anderson et al., 2010). We confirmed this by our results  on the 
absence of COs in SV regions of multiple interspecific crosses. Some of these 
recombination coldspots contain supergenes, which may confer alternative or 
differentiated phenotypes between the parental genomes (Schwander et al., 
2014). This information can help identify unfavorable gene complexes prior to 
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hybridization, exposing possible undesired consequences of introgression. In this 
study, we showed that some CO coldspots in interspecific hybrids overlap R gene 
hotspots, which not only accumulated nucleotide variations during the evolution 
of wild tomato relatives but underwent copy expansion and contraction, 
conferring varying resistance to pathogens (Seong et al., 2020). However, CO 
suppression prevents traditional introgression methods from selecting favorable 
alleles and gene copies in these R gene hotspots (Andolfo et al., 2021), curbing the 
efforts to develop disease-resistant tomato.  

Some coldspots contain genes associated with metabolic processes and fruit 
traits, implying linkage between genes that may relate with the considerable 
change in chemical composition of tomato fruit due to fruit mass-targeted 
selection during domestication (Zhu et al., 2018). These coldspots can serve as 
targets for metabolite engineering in de novo domestication of wild tomato 
relatives. The enrichment of genes in CO coldspots linked with resistance and 
metabolomes is partly brought about by plant evolutionary events involving SVs 
(Lye and Purugganan, 2019; Alseekh et al., 2021). Further examination of 
recombination coldspots can help breeders to understand the genetic or 
epigenetic cause of CO suppression and determine divergent phenotypes resulting 
from the evolution of locally adapted alleles and from domestication.  

Next to from the association between SVs and CO coldspots, we found specific 
superfamilies of TEs strongly associated with crossovers and accessible chromatin 
regions (ACRs). By checking the ACRs in meiocytes, we determined that the varying 
association between superfamilies may be influenced by their chromatin 
configuration, keeping elements like Gypsy and Copia inaccessible during meiosis, 
which consequently prohibits COs. We also discovered differential chromatin 
accessibility of TE elements in somatic and meiotic cells, necessitating further 
studies to explain whether this relate with different functions or the regulation to 
limit proliferation of specific TEs during meiosis (Thieme et al., 2017). Although we 
found an association between TEs and COs, it is not clear whether TEs directly 
shape the recombination landscape, or that recombination and TE insertions 
simply collocate in ACRs and genic regions because of TE insertion bias (Kent et al., 
2017; Choi et al., 2018). In tomato, Stowaway elements preferentially insert within 
or near genes, while Gypsy elements insert in pericentromeric regions (Dominguez 
et al., 2020; Kuang et al., 2009), agreeing with the correlation of COs and TEs. On 
the other hand, the consistent chromatin state per TE superfamily may indicate 
that, depending on the type, new TE insertions can either suppress or promote 
recombination (Kent et al., 2017; Choi et al., 2018). For example, the expansion of 
pericentromeric regions in A. alpina due to retrotransposon insertions resulted in 
more regions with suppressed recombination(Willing et al., 2015). It would also be 
interesting to further examine how the activity of TEs, such as during stress 
exposure, can influence the recombination landscape (Ito et al., 2011; Zervudacki 
et al., 2018). Our findings make the value of both SV and TE profiles in the parental 
genomes for CO hotspots and coldspots prediction more apparent. 
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Previous studies have tried to increase CO frequencies but failed to do so 
homogeneously along the genome (Ziolkowski et al., 2017; Mieulet et al., 2018; 
Serra et al., 2018), missing CO coldspots. Recently, it was demonstrated that 
recombination can be restored by inverting an inversion using genome editing 
(Schmidt et al., 2020). However, current regulations may restrict the use of such 
solution to break linkage drag in direct breeding applications. As an alternative, we 
demonstrated that we can find bridge accessions that can solve the lack of 
recombination in regions with SVs while maintaining the desired genetic 
background. However, applicability dependents on whether such accessions exist 
in nature or not and on the comprehensiveness of the resequencing data. Recent 
work by Alonge et al. (2020) involves the profiling of SVs in 100 accessions that 
represent the diversity of over 800 tomato accessions, providing more data that 
can be used in finding compatible genomes. If we cannot find a bridge accession 
and the SV of interest is heterozygous in one of the parents, it is possible to screen 
for a homozygous genotype in an offspring population. Nevertheless, we 
emphasize the importance and advantage of performing compatibility or linkage 
drag checks, in a cost-effective way, as part of a breeding scheme. Future work can 
focus on profiling CO-associated features in resequencing data of tomato and wild 
relative populations and on predicting CO coldspots between a pair of accessions 
without developing a mapping population.   

Linkage drag caused by undesired chromosomal fragments linked and co-
introgressed with the desired allele from a wild relative is one of the main hurdles 
of introgression breeding. Linkage drag may considerably slow down the 
development of commercial plant varieties due to inheritance of undesired traits 
genetically linked to the trait-of-interest. Pollen sequencing can provide a fast 
answer to the question how large a progeny should be to have a reasonable 
chance of removing the linkage drag, thanks to COs flanking the desired 
introgressed allele. Pollen of different hybrids can be evaluated as well, screening 
different parental combinations for CO frequencies neighboring the desired allele 
from the wild relative, and thereby their suitability for removing linkage drag. This 
makes the methodology described here not only useful to obtain scientific insight 
in recombination landscapes, CO hotspots and coldspots, but also of practical 
value in plant breeding.  
 
5.4 Methods 
 
5.4.1 Sequencing of pollen gametes 
We produced F1 plants from crosses between S. lycopersicum cv. Heinz1706 and 
the following wild relatives: S. pimpinellifolium (CGN14498), S. neorickii (LA0735), 
S. chmielewskii (LA2663),  S.habrochaites (LYC4), and S. pennelli (LA0716). The wild 
species served as the male parents. Mature pollen were collected from each 
hybrid and processed to isolate the high molecular weight DNA using the protocol 
in Fuentes et al. (2020). 10X Genomics libraries were constructed according to the 
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ChromiumTM Genome v2 Protocol (CG00043) and then sequenced on an Illumina 
HiSeq 2500. Aside from the sequencing pool of pollen from these hybrids, we used 
the same protocols to sequence the inbreds of the parental tomato and the wild 
species. 
 
5.4.2 Crossover detection 
For detecting segregating markers in the hybrids, linked reads from the inbred wild 
parents were aligned against the S. lycopersicum cv. Heinz reference genome SL4.0 
(Hosmani et al., 2019) using Longranger (Marks et al., 2019) and were 
subsequently processed using GATK HaplotypeCaller (Poplin et al., 2017) with the 
recommended hard filtering to screen single nucleotide polymorphisms (SNPs). 
Heterozygous SNPs and other SNPs located in homopolymeric regions and regions 
prone to false positives due to inaccurate assembly or copy number variations, 
resulting in highly heterozygous alignments, were filtered out. Thereafter, for each 
hybrid, the linked reads from pollen gametes were aligned against SL4.0 using 
Longranger and were phased using the segregating markers as described in 
Fuentes et al. (2020). For each putative recombinant molecule, we applied filters 
on the resolution, spanning distance, block size, and the number of supporting 
reads, wild cards and markers per phased block. In the updated version of our 
pipeline (Fuentes et al., 2020), filtering putative recombinant molecules with 
significant overlap with repeats and transposable elements was deprecated to 
enable analysis of correlation between COs and superfamilies of TEs. The number 
of overlapping crossover events between hybrids and their significance were 
determined using bedtools (Quinlan and Hall, 2010). To compare landscapes, 
Pearson's correlation matrix was computed on the CO count in 500-kb windows 
with a 50-kb step size.  
 
5.4.3 Detection of coldspots 
We counted the number of COs per hybrid in 10kb sliding windows and merged 
those windows with at least one CO and within 1kb distance of each other. The 
resulting set of genomic intervals are considered CO regions. Regions without COs 
spanning at least 1Mb are considered coldspots. To cluster coldspots from all 
hybrids, we first grouped those with at least 1 bp overlap. For each group, we built 
a graph with coldspots as nodes, connected by edges if they have a least 50% 
reciprocal overlap. Each graph was split into connected components (C) and then 
based on the genomic position, we computed the distance (pk) between the 
leftmost and rightmost coldspot in each component. If pk is at least 1.5 times the 
size of the smallest coldspot in Ck, the component was further regrouped by 
hierarchical clustering using a distance matrix d(i,j) = (f-2*length(i∩j))/(f-
length(i∩j)), where i and j is the pair of coldspots in a component and f is the sum 
of their lengths. Complete linkage was used; the resulting dendrogram was cut at 
the height of 0.3. The resulting groups were used to define shared coldspots, 
which occur in at least two hybrids, and unique coldspots, i.e. those coldspots that 
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occur only in one hybrid. We also identified conserved coldspots or regions 
without CO in all five hybrids. 
 
5.4.4 Detection and validation of SVs 
Linked reads from inbreds of all the parental species were aligned to the reference 
genome and analyzed to detect SVs using Longranger. With the presence of 
heterozygous SVs in the parental genomes, it is possible that only the reference 
allele may have been inherited by the F1 plants. To determine for each hybrid 
whether the F1 plants inherited an SV allele causing heterozygosity between the 
homologous chromosomes during meiosis, we profiled SVs in the F1 pollen linked-
reads. The pool of pollen included both recombinant and non-recombinant  
regions and represented alleles from both parental genomes of each F1 plant. 
Thereafter, SVs were reported if present in both the inbred and the corresponding 
pollen data, referred to as parental SVs. To further remove problematic regions, 
SVs between the Heinz reference and the Heinz inbred, which we refer to as self 
SVs, were detected. Lastly, we reported parental SVs, of the deletion (DEL) and 
inversion (INV) type, that do not overlap self SV. For SV validation, we compared 
the SL4.0 assembly against the existing assembly of S. pennellii (Bolger et al., 
2014a) using Syri (Goel et al., 2019) and manually inspected randomly selected 
sets of DELs and INVs using Gepard (Krumsiek et al., 2007).    
 
5.4.5 Enrichment analysis 
To determine the enrichment of COs in specific TE superfamilies, we generated 
10,000 permutations of the CO data per hybrid using bedtools and computed the 
number of overlaps with transposable elements. We then compared the observed 
and the expected overlap with TE of these CO events. For detecting 
overrepresented motifs, we retrieved the genomic sequences spanning CO sites 
with a resolution above 0.002, including the 3-kb flanking regions, and analyzed 
these with the MEME suite (Bailey et al., 2015) using default parameters. 
Furthermore, we generated a list of genes present in the CO and coldspot regions 
and subsequently ran Panther (Mi et al., 2019) to identify enriched GO Terms. We 
also computed the number of resistance genes (Nieri et al., 2017) and historical 
recombination hotspots (Fuentes et al., 2022) in the CO coldspots. 
 
5.4.6 Genotyping of population data 
Using bwa mem (Li, 2013), we aligned a set of resequencing data for 357 
accessions compiled in Fuentes et al. (2022) against the SL4.0 reference genome. 
SNPs were detected using GATK HaplotypeCaller and were further filtered using 
GATK joint-genotyping and hard filtering. We then selected biallelic SNPs with a 
minimum allele frequency of 0.05 and less than 10% missing data using bcftools 
(Danecek et al., 2011) and imputed missing calls using Beagle v 5.1 (Browning et 
al., 2018). To detect SVs, we ran Delly (Rausch et al., 2012) for each accession and 
then we genotype SV sites across all accessions. We examined an inversion event 
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and filtered accessions with missing calls, retaining 292 accessions. With SNPs in 
this inversion region, we generated and visualized the neighbor-joining tree using 
Mega7 (Kumar et al., 2016) and Figtree 
(http://tree.bio.ed.ac.uk/software/figtree/), respectively. 
 
5.4.7 ACR detection 
Tomato plants were grown and cultivated in a greenhouse with a photoperiod of 
16 hours light and 8 hours dark, and a minimum temperature of 16°C. Only healthy 
four- to seven-week-old plants were used in all experiments. The youngest leaves 
(the most apical) were used to isolate somatic nuclei. Meiocytes were isolated 
from young flower buds containing anthers that were less than 2 mm in size. 
Microscopic analysis revealed that at this stage in anther development nearly all 
meiocytes are in prophase I. 

For nuclei isolation, approximately 0.4 g of young tomato leaves, or anthers 
from 20 prophase I flower buds were collected and immediately chopped in 2mL 
pre-chilled lysis buffer (15mM Tris-HCl pH7.5, 20mM NaCl, 80mM KCl, 0.5mM 
spermine, 5mM 2-mercaptoethanol, 0.2% Triton X-100) until a homogenous 
suspension was obtained. The suspensions were filtered twice through Miracloth 
and subsequently loaded gently on the surface of 2mL dense sucrose buffer 
(20mM Tris-HCl pH 8.0, 2mM MgCl2, 2mM EDTA, 25mM 2-Mercaptoethanol, 1.7M 
sucrose, 0.2% Triton X-100) in a 15mL Falcon tube. The nuclei were centrifuged at 
2200g at 4°C for 20 minutes and the pellets were resuspended in 500μL pre-chilled 
lysis buffer. 

Nuclei were kept on ice during the entire sorting procedure. Nuclei were first 
stained with 4,6-Diamidino-2-phenylindole (DAPI) and examined for integrity and 
purity using a Zeiss Axioskop2 microscope. Once the integrity and purity of nuclei 
was confirmed, nuclei were sorted in a BD FACS Aria III sorter. A total of 50,000 
nuclei were sorted based on their size, shape and the intensity of the DAPI signal, 
which indicates the ploidy levels of the nuclei. 2n nuclei were sorted from young 
leaf samples, while 4n nuclei, corresponding to meiocytes, were sorted from 
anther samples. After sorting, nuclei were once more checked for integrity and 
purity under a microscope. Nuclei were transferred from sorting tubes to LoBind 
Eppendorf tubes and centrifuged at 1000g at 4°C for 10 min and then washed with 
Tris-Mg Buffer (10mM Tris-HCl pH 8.0, 5mM MgCl2). 

Tn5 integration was performed as previously published (Buenrostro et al., 
2015) on purified nuclei using the Nextera Illumina kit (Illumina, FC 121 1031) at 37 
°C for 30 min. After tagmentation (insertion of the sequencing adapter into 
accessible chromatin), the tagged DNA was purified with a Qiagen MinElute PCR 
purification kit. To generate an ATAC-seq library for sequencing, tagged fragments 
were amplified by two successive rounds of PCR. In the first round of PCR, the 
fragments were amplified by only 3 PCR cycles using the NEBNext High-Fidelity 
2xPCR Master Mix and the Custom Nextera PCR Primer 1 and barcoded sets of 
Primer 2. Subsequently, 2.5 μL of the PCR amplified DNA was subjected to 
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quantitative PCR to estimate the relative amount of successfully tagged DNA 
fragments and to determine the optimal number of amplification cycles for the 
second round of PCR. The latter was estimated by plotting fluorescence values 
against the number of cycles. The number of cycles required for the second PCR 
amplification equals the number of cycles that results in 25% of the maximum 
fluorescent intensity (Bajic et al., 2018). ATAC-seq libraries generated were 
purified using AMPure XP beads (Beckman Coulter) and quantified using Qubit 
DNA high sensitivity assay in combination with Tapestation D1000 prior to 
sequencing. 

Sequencing was carried out using an Illumina NextSeq 500. A snakemake 
analysis workflow (https://github.com/KoesGroup/Snakemake_ATAC_seq) was 
used for the analysis of the ATAC-seq dataset with the default parameters of the 
configuration files. Briefly, paired-end sequencing reads were trimmed to remove 
the Illumina adapter sequences using Trimmomatic 0.38 (Bolger et al., 2014b). 
Only reads with a quality score (Phred) above 30 were kept and mapped to the 
SL4.0 version of the tomato genome, tomato chloroplast genome and tomato 
mitochondrial genome using Bowtie2 (Langmead and Salzberg, 2012). Only reads 
mapping to a unique position in the tomato genome were used for further 
analysis. Reads mapping to the tomato genome were then shifted to correspond 
to the real Tn5 binding location using the Deeptools alignmentSieve with the 
parameter “ –ATACshift”. ATAC peaks were called using the MACS2 algorithm 
(Zhang et al., 2008; Feng et al., 2012). 

Reads mapping uniquely to the transposable element annotation were 
counted using bedtools. Read counts were normalized by the total number of 
reads in the library and then grouped by the transposable element classes. 
Heatmaps and clustering was performed using the pheatmap package 1.0.8 
(CRAN). 
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5.7 Supplementary figures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 5.1. False positive hotspots in pericentric heterochromatin. A) 
Regions with excessive levels of heterozygosity and read coverage causing false positive 
crossovers (black box). Possibly, these regions are collapsed genomic segments in the 
reference genome or part of a copy number variation. B) The coverage and C) length 
distribution of these regions.   
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Supplementary Figure 5.2. Filtering criteria on recombination molecules. A) A lower limit 
on the size of a haplotype block (marked by a red vertical line) is set based on the 
distribution of all block sizes across all crosses. B) Distribution of resolution and spanning 
distance of each recombinant molecule. The yellow dots represent COs that passed the 
filtering. The blue lines mark the average spanning distance and resolution. C) Ratio of SNP 
and read count per haplotype block as a function of block length. Haplotype blocks with 
sizes below 1kb are supported by few reads with high SNP density which may result from 
mismapped reads, further supporting the cut-off for haplotype block size. D) Final set of COs 
that passed all filtering constraints. 
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Supplementary Figure 5.3. Frequency of crossovers per chromosome. 
 

 

 

 

 

Supplementary Figure 5.4. Crossover resolution and gene overlap. A) S. pimpinellifolium 
crossovers have lower resolution compared to the other groups, but between the resolution 
of 0.0002 to 0.001 (1kb to 5kb), the distributions are similar across the different crosses. B) 
Overlap of crossovers (resolution between 0.0002 to 0.001) with gene and intergenic 
regions. 
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Supplementary Figure 5.5. Overrepresented motifs. A) Motifs found within and flanking CO 
sites. Of 1,267 COs with resolution of at least 0.002, only 8-28% have the motif within the 
CO sites while the rest contain multiple copies of the motifs in the flanking regions. B) 
Distribution of the motifs within and around high-resolution COs.  
 
 
 
 
 

 
 
Supplementary Figure 5.6. Longer structural variants for more distant wild genomes. 
Distribution of SV sizes per population showing higher frequency of longer SVs for S. 
habrochaites and S. pennellii.  
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Supplementary Figure 5.7. Validation of structural variants. Examples of a (A) deletion and 
an (B) inversion that are validated by manual inspection. First, through dot plots between 
the assemblies of S. lycopersicum c.v. Heinz 1706 and S. pennellii genomes generated using 
Gepard (left). Second, through heatmap of overlapping barcodes between linked reads (10X 
Genomics) in the S. pennellii parental genome generated using Loupe Browser. The patterns 
in the top right and bottom right figures characterize a deletion and an inversion, 
respectively. 
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Supplementary Figure 5.8. Parental genome alignment. Alignment between the assemblies 
of S. lycopersicum and S. pennellii showing syntenic regions and rearrangements.  
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Supplementary Figure 5.9. Suppression of COs relative to the size of SVs. To determine the 
relation between SV size and CO suppression, SVs are first binned according to size. 
Afterwards, per bin, the overlap of SVs and COs in the observed data was compared against 
the overlap in 10,000 permutation sets. Only bin [1kb,5kb] and [5kb,] have significantly 
fewer COs in SVs than expected by chance for all populations. 
 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 5.10. Distance of SVs to COs by size. There is no association between 
SV size and the distance of the nearest CO.  
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Supplementary Figure 5.11. Sizes of SVs. Pericentric heterochromatin contains longer SVs 
in most wild genomes.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplementary Figure 5.12. Inversion in chromosome 7 short arm. A) A distal inversion 
between the short arm of S. lycopersicum c.v. Heinz 1706 and the S.pennellii assembly was 
visualized using a dot plot. B) Heatmap of overlapping barcodes between linked reads (10X 
Genomics) in the inversion region of S. pennellii. The figure was generated using Loupe 
Browser. 
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Supplementary Figure 5.13. TE and CO correlation. Spearman’s rank correlation of 
crossover count and  DNA transposons (Stowaway and Tip100) coverage in a sliding genome 
window. Each dot indicates a window. 
 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 5.14. Pearson correlation of ACRs. Comparison of read 
distribution over the  genome between tissues and between biological replicates. 
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Supplementary Figure 5.15. ATAC-seq peaks at transcription start sites (TSS). Read density 
across ATAC-seq peaks at TSS and their 3kb flanking regions. Each row of the heatmap 
represents one gene. Coverage is normalized in RPKM. 
  



147  Chapter 5 

 

  

A 



148  Chapter 5 
 

B 



149  Chapter 5 

 

Supplementary Figure 5.16. Functional enrichment in coldspot and CO regions. The 
minimum fold enrichment is 1.5. We separately reported the overrepresented terms by 
category: biological process (A), cellular location (B) and molecular function (C). 
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Supplementary Figure 5.17. Resistance genes across the tomato genome. The black dots 
representing the frequency of R genes is plotted with the recombination landscape of the S. 
lycopersicum x S. pennellii hybrid.  
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Meiotic recombination is integral to most sexually reproducing organisms, and is a 
major provider of genetic diversity. Hence, the study of recombination has been an 
important subject not only to understand evolution but also to aid breeders in 
developing better crops. There are, however, difficulties in profiling recombination 
and producing high-resolution crossover (CO) data. In this thesis, I developed new 
methods to detect recombination and studied COs with high resolution in newly 
generated tomato crosses as well as historical recombination in the context of 
tomato domestication. Below, I will discuss potential improvements and remaining 
challenges in the detection and study of meiotic recombination. I will also discuss 
future directions to further understand recombination and expound on their 
relevance and application to breeding. 
 
6.1 Improvements and challenges 
 
6.1.1 Crossover detection 
Understanding recombination events and their distribution in the genome is crucial 
to improving and accelerating breeding, but the mere detection of COs has been 
labor intensive and costly, limiting it to major crops and in small numbers of crosses. 
In Chapter 2, I presented a method that relies on the sequencing of pooled pollen 
from an F1 hybrid to detect crossovers. It greatly reduces the cost and labor 
compared to the existing method, which relies on the generation and sequencing of 
many offspring plants. The significantly higher CO resolution compared to older 
methods enables us to perform analyses that link CO with genome features like 
genes, transposable elements, sequence motifs and structural variations (SVs). Our 
method also allows the comparison of local differences in recombination patterns 
between different crosses (Chapter 5), enabling the study of recombination barriers 
in interspecific hybrids. Similar methods of phasing linked reads to detect COs were 
developed and tested on other species like Arabidopsis, mouse and stickleback fish 
(Sun et al., 2019; Dreau et al., 2019). This demonstrated that CO profiling by 
sequencing a pool of gametes may be applied to a wide range of species, further 
enriching the understanding of recombination through cost-effective construction 
of recombination maps for non-model organisms.  

The method I developed to detect COs relies on the availability of markers 
between the parental genomes. Marker density affects the resolution of CO, 
resulting in larger CO regions when the parental genomes are genetically closer to 
each other. This has been demonstrated in the comparison of resolution between 
the different hybrid crosses. The higher genetic divergence between S. lycopersicum 
and S. pennellii provided more markers than the cross between S. lycopersicum and 
its wild progenitor S. pimpinellifolium. The dependence on segregating markers 
makes this method less sensitive in detecting CO in crosses of genetically similar 
individuals. Currently, the method only uses homozygous SNPs in the parental 
genome as markers; including heterozygous SNPs and indels may help to improve 
sensitivity and resolution. The use of heterozygous SNPs requires accurate 
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assignment of parental origin if both parental genomes share a common allele. 
Genome assemblies must be haplotype-resolved to allow phasing of the 
heterozygous SNPs per parental genome and the parental assignment of haplotype 
instead of individual SNPs. Furthermore, it is still challenging to accurately detect 
indels, especially in low complexity regions. Resolving the detection issues of smaller 
mutations may increase the number of informative markers for phasing reads. Aside 
from the number of markers, high-quality SNP detection is also crucial to avoid false 
positive and negative COs. The quality of the reference genome influences SNP 
detection, especially in highly repetitive regions. Regions of collapsed copy number 
variation in the reference tend to produce false SNPs, causing problems in CO 
detection by introducing misleading signals of haplotype shifts. These are currently 
addressed by masking regions with excessively high heterozygosity and coverage. 
Since the linked read technology I used relies on short Illumina reads, it is still prone 
to misalignment which may lead to false SNP detection in the pollen data. In Chapter 
3, the use of high-fidelity long reads allowed better alignment of reads and an 
overall higher SNP density. 

One important aspect of our method is the use of pollen gamete pools to detect 
COs. It enables detection of many COs from the recombinant gametes of an F1 plant. 
From a single F1 plant, thousands of pollen may be sequenced as a pool, identifying 
thousands of recombination events. The method relies on linked-read sequencing 
to construct landscapes showing regions of high and low recombination. However, 
reads cannot be assigned to a gamete source, making it impossible to genotype the 
complete genome of every pollen and account for multiple COs occuring in the same 
gamete. This means the method does not allow construction of a genetic map, and 
cannot quantify changes in recombination frequency per gamete which could occur 
e.g. in meiotic gene mutants. To address this issue, barcodes could be added to 
uniquely identify the pollen source and thereby enable the grouping of DNA 
molecules from the same pollen. In turn, the sequence data can be used to find COs 
in every chromosome of each gamete. Alternatively, single-cell whole genome 
sequencing (10X sc-CNV) has been used in CO detection and genetic map 
construction (Campoy et al., 2020), but is no longer commercially available. Single-
cell RNA-seq or single-cell ATAC-seq may be used, but focusing on genes or 
accessible regions means that genome coverage is less than that of the sc-CNV 
method, reducing the sensitivity and the resolution with which COs can be detected. 
Given the lower resolution, both sc-RNA-seq and ATAC-seq may serve if only the 
frequency of CO occurrence and not the specific location of the COs in the genome 
is important. 

The genome sequencing technology used is a key factor determining the 
accuracy of CO detection. Ideally, reads are accurate and long, to span many 
markers and help resolve detection issues in regions with low SNP density. 
Evaluating multiple sequencing technologies may thus help optimize CO prediction. 
In this study, I tested both linked reads and long read technologies, which have 
different cost and error rates. HiFi reads span longer physical regions than short 
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reads and more markers than linked reads, but also contain numerous indel errors 
in homopolymeric regions, causing issues in CO and gene conversion (GC) detection. 
Linked read molecules are longer than HiFi reads, but their physical coverage is 
limited by the sparse short reads. Recently, improvements have been proposed to 
long read sequencing (e.g PacBio Revio, Oxford Nanopore Technologies (ONT) 
Duplex) or alternative linked read sequencing methods (e.g TellSeq, stLFR) which 
may aid in better detection of both COs and GCs. Both the new PacBio and ONT 
upgrades promise better basecalling accuracy. Our method needs only a few 
adjustments to process input data from other sequencing platforms and the 
algorithm can easily be fine-tuned to the nature of the sequence data. When CO 
localization is less important and cost is an issue, it is better to explore TellSeq and 
stLFR. A recently developed method called “haplotagging” offers simple, rapid 
linked-read sequencing that allows whole-genome haplotyping of hundreds of 
individuals for significantly lower cost (Meier et al., 2021). This method may be used 
to detect recombinant haplotypes, just like with 10X linked reads. On the other 
hand, HiFi can be used to identify GC when errors in homopolymeric regions can be 
resolved well, such as through the use of DeepConsensus (Baid et al., 2023). 
Similarly, the new ONT Duplex sequencing approach may not only allow GC 
detection but should increase sensitivity as well, given the longer read length.  

While read length and quality are important issues, one of the main challenges 
in meiosis research is the ability to profile recombination landscapes of many 
crosses in a cost-effective way. Although our method has reduced the costs of 
producing a recombination map, it is still not as cheap as we would like it to be. 
Generating recombination landscapes for every pair of species in the tomato clade 
can help unravel the recombination bottlenecks and incompatibilities, but it 
requires significant investments given the current cost of our method. Thus, the 
selection or development of cheaper sequencing solutions should be pursued.   

As indicated in Chapter 2, our method relies on the germination of pollen to 
isolate the DNA, which has implications that may need to be addressed depending 
on the objective of the study. Compared to sequencing of offspring plants, 
sequencing of germinated pollen can account for COs detected from unviable 
gametes or for improper resolution of double-strand breaks (DSBs) such as unequal 
COs, which may have repercussions on plant growth and survival. However, it still 
cannot account for CO events in gametes with germination issues. Modifying the 
isolation protocol, such as using sonication or beads for pollen exine rupture, can 
circumvent this limitation. Differences in the exine hardness and pollen size among 
plant species can lead to inefficient DNA isolation. An important consideration for 
future studies is the evaluation and calibration of the isolation protocol or the lysis 
of pollen grain to free template DNA (Swenson and Gemeinholzer, 2021; Moore et 
al., 2022). 

It has been previously reported that there are differences in the frequency and 
localization of male and female COs (Kianian et al., 2018; Fernandes et al., 2018; 
Giraut et al., 2011). Both Arabidopsis and maize show dramatic differences in 
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distribution of male and female COs along the chromosomes, which is vital in 
understanding the patterning of COs in the genome and role of male and female 
meiosis in gene evolution. In tomato, the frequency of female chiasma is higher than 
male, which may be due to the longer duration of female meiotic prophase (Havekes 
et al., 1997). By comparing female COs to genomic features, we can check whether 
certain features influence the location of COs, possibly differentiating them from 
male COs. Since our method relies on pollen sequencing, we can only detect male 
COs. Future efforts should include the isolation and sequencing of gametes from 
ovules. Isolation of the high-molecular-weight DNA from ovules may be more 
complicated than from pollen, due to the need to dissect the flowers and separate 
other organs enveloping the ovary. In many pollinating crops, there are more pollen 
grains than ovules (Cruden, 2000; Gillet and Gregorius, 2020), which influences both 
the amount of DNA material that can be collected and sequenced without 
amplification and the number of female COs that can be detected from an F1 plant.  
 
6.1.2 Gene conversions 
Noncrossover events (NCOs) such as gene conversions (GCs) are also products of 
DSB resolution generating genetic diversity. Some DSBs are resolved using the 
homologous chromosome as template, producing GCs whenever polymorphisms 
are present, or COs in case the chromosomes have reciprocal exchanges of 
segments. Alternatively, the breaks may be resolved using the sister chromatid or 
the identical replicated copy of the chromosome, which does not generate GCs. A 
study in Arabidopsis shows that GC frequency is influenced by environmental cues 
such as elevated temperature (Sun et al., 2012), suggesting that they can be 
modulated to increase genetic diversity or generate new alleles of genes. Finding 
GCs is thus important to better understand the factors that determine the fate of a 
DSB, either to resolve into a CO or a NCO, and the role of GCs in the evolution of a 
species (Chen et al., 2007; Duret and Galtier, 2009; Cossu et al., 2017; Harpak et al., 
2017). Yet, in contrast to COs, few studies focus on the detection and 
characterization of NCOs. A NCO can be detected only when the repair strand 
containing a polymorphism results in a gene conversion (GC). Due to the small 
genomic tracts, in most cases only one polymorphism is involved, and hence they 
are difficult to discover. Therefore, only a few GCs have been reported thus far. For 
example, a study on Arabidopsis meiotic tetrads detected far fewer GCs than COs 
(Wijnker et al., 2013). In Chapter 2 and 3, few GCs were identified using our pipeline 
as well, but we expect there to be more than we can currently detect from the read 
data. It was reported that many GCs occur in repeats or duplicated regions (Xu et 
al., 2008; Trombetta et al., 2016; Cossu et al., 2017; Harpak et al., 2017), so 
detection may be hampered by misalignment of the short Illumina reads or by false 
variant calls. The emergence of long read technologies with higher base call 
accuracy may enhance GC detection, particularly in repeat regions. Future efforts 
must be exerted to improve the detection of GCs, which can advance the 
understanding of GC formation and functions in the genome. 



156  Chapter 6 

 
6.1.3 Structural variants and transposable elements 
Based on the results presented in Chapter 4 and 5, we found a significant role of 
structural variants (SVs) and transposable elements (TEs) in shaping the patterns of 
recombination, both during the evolution of tomato and in experimental hybrid 
crosses. This further emphasizes the importance of characterizing the structure of 
the genome and TE occurrence profiles. However, accurate detection of SVs is still 
a challenge, even in human genome studies for which there are less issues with 
inaccurate or incomplete assemblies compared to plants. Our SV profile of parental 
genomes in Chapter 5 is limited to deletions and inversions and does not account 
for large SVs and other SV types across the genome. The complexity and length of 
some SVs make it hard or even impossible to identify them by some sequencing 
technologies and algorithms. Moreover, the conventional mapping of reads to a 
single reference to detect SVs introduces reference bias and suffers from lower 
sensitivity in detecting more complex rearrangements. Newer approaches to detect 
SVs rely on the comparison of genome assemblies, but are limited to just a few 
species or individuals. The lowering cost and increasing base call accuracy of long 
read sequencing may soon permit assembly of more individuals, particularly 
breeding lines. In tomato, 100 accessions were recently sequenced using ONT, 
which allowed the discovery of 238,000 SVs (Alonge et al., 2020) and assembly of 14 
accessions. It is however limited to detecting SVs with lengths up to a few hundred 
kilobases, due to the inability of reads to span very large SVs and the limitations of 
the detection software on reference-aligned ONT reads. This means missing larger 
events that may have wider impact on recombination landscapes; such events might 
be particularly relevant to breeding if they contain multiple genes. Finding ways to 
improve SV detection, for example by combining technologies like long reads, 
optical mapping and higher-throughput chromosome conformation capture (Hi-C) 
(van Belzen et al., 2021; Schopflin et al., 2022; Uppuluri et al., 2022) and more 
advanced algorithms (Zook et al., 2020; Cleal and Baird, 2022; Lin et al., 2022; 
Schikora-Tamarit and Gabaldon, 2022), may enable a comprehensive comparison of 
SV and CO regions. These technologies can complement each other to overcome 
their individual limitations in detecting larger SVs and specific SV types. 

For finding SVs in heterozygous genomes or highly outcrossing wild relatives, it 
is suitable to generate haplotype-resolved assemblies and then perform pair-wise 
comparison of assemblies. Both the haplotype and zygosity information from the 
assemblies can indicate if an SV will result in CO suppression or not. A heterozygous 
SV in one individual may not always cause CO suppression when crossed with 
another individual, as this depends on the allele that is paired with the homologous 
chromosome. A complete catalog of SVs in the parental genomes would show cross-
specific CO suppression and probably reveal syntenic regions that can facilitate 
recombination in finer detail. One possible follow up project to this thesis is the 
assembly of the genomes of all wild tomato relatives used in Chapter 5. This will not 
only support comparison of SVs and COs, but can even reveal if recombination in 
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one region can result in the loss and gain of a genomic segment in the resulting 
gametes. This gain and loss may affect duplicated and translocated regions and may 
be linked with reproductive incompatibility or reduced viability in hybrid crosses. 

Similar to SVs, finding the presence and absence of TEs is challenging using short 
read-based sequencing technologies such as the 10X Genomics linked reads, 
because of misalignment problems. Furthermore, finding TE insertions requires 
targeted or localized assembly of the insertion sequence, which is problematic with 
short reads. Comparing the TE profiles of compatible species or individuals may 
reveal how TE insertions or deletions can contribute to divergence of the 
recombination landscape. To test the influence of specific TEs on promoting DSBs, 
two Ty element copies were deleted in Saccharomyces cerevisiae genome, which 
consequently reduced DSB levels in nearby regions (Sasaki et al., 2013).  Deleting or 
inserting a CO-associated TE in a CO hotspot or coldspot region may thus reveal its 
direct role in shaping the recombination landscape. CO hotspots overlapping a TE 
insertion in a gene promoter are particularly interesting to investigate, because of 
the possible impact on both CO incidence and gene activity. As we have reported in 
Chapter 5, regions of higher density of Gypsy and Copia elements tend to have low 
levels of recombination compared to random parts of the genome. Removing these 
retrotransposon clusters may modify the recombination patterns in nearby regions. 

Most analyses in this study dealt with genetic information, but as mentioned 
above epigenetic features have been previously reported to associate strongly with 
recombination events. Nucleosome-free gene promoter and terminator regions, 
and repetitive elements have elevated COs compared to nucleosome-dense regions 
(Choi et al., 2013; Choi et al., 2018; Wijnker et al., 2013). Furthermore, remodeling 
of epigenetic marks such as through met1 mutants for loss of CG DNA methylation 
(Choi et al., 2018) and cmt3 mutants for loss of non-CG DNA methylation have led 
to heterochromatin decondensation (Underwood et al., 2018), but only the latter 
altered the distribution of COs. Historical recombination hotspots overlap 
nucleosomes that have been found located in DNA hypomethylated gene promoters 
containing the histone variant H2A.Z (Choi et al., 2013). On the other hand, compact 
chromatin conformation, such as in regions enriched with histone H3K9me, 
suppresses recombination (Termolino et al., 2016). Apart from the local chromatin 
structure, it was found that 3D genome architecture, specifically  the A and B 
compartments, which correspond to active and inactive chromosome regions, 
respectively, correlates with meiotic recombination (Golicz et al., 2020; Jin et al., 
2021; Patel et al., 2019). In mice, topologically associated domains (TADs), an 
organizational feature of interphase chromosomes, are lost in meiotic prophase 
while retaining A/B compartments (Patel et al., 2019). Moreover, gene-dense A 
compartments are preferential sites for DSBs and COs. This implies that defining the 
boundaries of these compartments can help differentiate CO-rich and suppressed 
regions. It is worthwhile exploring the impact of the epigenetic configuration on the 
landscape of recombination, particularly for crosses between structurally divergent 
parental genomes. 
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We discussed in Chapter 5 that distinct TE superfamilies are associated with COs and 
that their chromatin accessibility or inaccessibility in meiocytes may determine 
whether they promote or inhibit recombination. Although it was reported that in 
maize Mu transposon insertions and meiotic recombination co-colocalize in open 
chromatin regions (Liu et al., 2009), it is not clear if Mu insertions may alter the 
chromatin configuration. A recent study in mice revealed that specific TE 
subfamilies, particularly of LINEs, promoted strain-specific changes in chromatin 
accessibility (Ferraj et al., 2023). Methylation in classes of TEs is regulated by small 
RNA (sRNA)-directed DNA methylation (RdDM) and can be disrupted by the loss of 
23- to 24-nt mobile sRNAs (Lewsey et al., 2016). Parent et al. (2021) found that small 
RNA (sRNA)-dependent differentially methylated regions (DMRs) are enriched in 
DNA transposons and sRNA-independent DMRs are enriched in retrotransposons 
(Copia and Gypsy elements). Another study reported meiocyte-specific sRNA in A. 
thaliana to be overrepresented in Helitron elements, but underrepresented in 
retrotransposons (Huang et al., 2019). A mutation in maize mop1, which is a 
component of the RdDM pathway, resulted in redistribution of recombination 
towards the distal chromosomal regions (Zhao et al., 2021). Apparently, the change 
in epigenetic profile of TEs can alter the recombination landscape, thus it is valid to 
speculate that new TE insertions or  burst TE activity may have an impact on CO 
distribution. Exploring the epigenetic modification of TEs may thus provide 
understanding and opportunity to alter CO patterns, especially in plant species with 
high TE content.   

 
6.1.4 Population-scale recombination rates  
In Chapter 4, I collected resequencing data of tomato and wild relatives from 
previous studies and used it to estimate population-scaled recombination rates and 
find historical hotspots. One of the important findings presented is the effect of 
domestication on recombination patterns in tomato, particularly the loss of many 
recombination hotspots in agronomically important genomic regions. This 
demonstrates the use of readily available resequencing data of natural populations 
to study the evolution of recombination patterns in tomato, complementing the 
insights derived from experimental hybrid data without additional sequencing cost. 
Future work should focus on differentiating patterns of historical recombination in 
populations of domesticated and more distant wild relatives (e.g. S. pennelli 
accessions), which may help explain incompatibilities when crossing accessions 
coming from these populations. The abundance of resequencing data available in 
public databases makes it possible to extend this analysis of historical 
recombination to other species and to compare the diversity of recombination 
patterns between populations (i.e. spatially separated populations). This will reveal 
possible similarities or differences between species of TE superfamilies associating 
with COs (Marand et al., 2017; Schwarzkopf et al., 2020) and expose modifiers of CO 
hotspot positioning such as temperature, precipitation, isothermality and solar 
radiation (Dreissig et al., 2019). Knowing the mechanism(s) underlying gain or loss 
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of hotspots between wild and domesticated species can help further understand 
how to modulate CO frequency and positioning, which may aid in accelerating 
breeding. From a broader perspective, comparing historical recombination between 
populations may enable us to examine if the changing climate has been shaping the 
landscape of recombination, particularly the finer changes which may be linked with 
particular genes. Such insights subsequently may enable us to better understand 
possible threats to the survival and productivity of crops.    

Analyzing the natural population of wild and domesticated tomato uncovered 
regions of suppressed recombination across different accessions. Compared to CO 
data derived from a single hybrid cross, historical recombination allows to define 
common hotspots and coldspots based on multiple accessions. Coldspots may differ 
between hybrids (Chapter 5), but population-conserved coldspots may help better 
characterize genomic features suppressing recombination, such as in the pericentric 
heterochromatin. For example, in training machine learning models to predict COs, 
data from hybrid crosses are insufficient to properly define the negative or non-
recombining regions. One essential finding in this thesis that can improve machine 
learning models is the coldspot information from the natural populations, which 
define CO suppression common among different accessions. Training the model 
using information from a single cross may only account for the recombination profile 
specific to a cross; combining the historical recombination data with COs detected 
in hybrids may allow for more accurate prediction in different crosses or even 
species. 
 
6.2 Relevance to breeding and future directions 
The study of recombination can aid breeding by exposing regions that allow or 
inhibit recombination. With the recombination landscape, either from hybrids or 
natural populations, it is possible to identify clusters of linked genes that 
recombination cannot break up, such as those in the pericentromere. Initiating 
recombination in these regions may create genetic diversity that can confer novel 
and advantageous phenotypes. For example, both the introgression of Mi-1 and Tm-
22 from Solanum peruvianum are associated with CO suppression due to the 
presence of inversions (Kaloshian et al., 1998; Lanfermeijer et al., 2005). Although 
they confer disease resistance in the susceptible cultivar, they introduce structural 
heterozygosity in large genomic regions, inhibiting recombination between 
hundreds of genes even after repeated backcrossing (Lin et al., 2014). Using high-
resolution recombination data, we can predict whether an introgression is 
accompanied by an unfavorable allele, i.e. linkage drag. Conventionally, breeders 
generate a large recombinant population and screen it to find their desired 
progenies; the presence of linkage drag may make it impossible to find these. This 
problem is particularly relevant for long-generation crops. To safeguard breeders 
from issues related to recombination barriers and linkage drag, we propose to 
annotate genomic rearrangements and TEs in breeding lines and use these to check 
the region of interest before attempting crossing. Investment in generating 
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recombination data, such as using our method, to analyze CO patterning should be 
considered to become a part of breeding programs. It is not feasible yet to do it for 
every cross due to the prohibitive cost, but the development of methods like ours 
may eventually render it affordable enough to routinely profile COs for each 
breeding scheme.  

Recently, a super pan-genome of multiple species representing the major 
clades of both wild and cultivated tomato was released (Li et al., 2023). This new 
resource can help us further improve our comparison of COs and SVs in Chapter 5, 
revealing in finer detail regions prone to recombine and regions devoid of COs due 
to structural heterozygosity. It can provide new insights on how TE expansion and 
contraction contribute to large-scale CO suppression, especially in pericentric 
heterochromatin. More importantly, these assemblies may reveal breeding 
bottlenecks by enabling the recognition of unwanted linkage and the underlying 
features causing the absence of recombination. Linkage drag became an even more 
interesting subject given the report that across these tomato genomes, 46% of gene 
families are dispensable or accession specific (Li et al., 2023), some of which are 
located in SVs and possibly linked with alleles selected against during domestication. 
Furthermore, precise delineation of non-syntenic and repetitive regions in an 
assembly may help refine the boundaries of CO coldspots, which currently are not 
available with base-pair precision due to the use of a sliding-window to measure CO 
frequencies along the chromosome. 

Understanding how recombination plays a role in the adaptation and survival 
of species in response to stresses allows breeders to harness it for crop 
improvement. We can expose some plant species to stresses and observe genomic 
regions prone to increased recombination as a result. For example, resistance genes 
undergo rapid diversification through elevated recombination to create new 
haplotypes, contributing to the generation of heritable variation (Hulbert et al., 
2001; Zhong and Priest, 2010). It was previously reported that certain TE families 
activate when the plant is under stress (Negi et al., 2016; Roquis et al., 2021), such 
as Tnt1 in tobacco (Beguiristain et al., 2001), mPing in rice (Naito et al., 2009) and 
ONSEN in Arabidopsis (Cavrak et al., 2014). In maize, at least four TE families have 
been transcriptionally activated in response to abiotic stress, contributing to the up-
regulation of nearby genes (Makarevitch et al., 2015). Heat stress can attenuate 
epigenetic regulation in TEs, decondensing heterochromatin and losing 
nucleosomes (Pecinka et al., 2010), and can increase crossover frequency (Si et al., 
2015).  It would be interesting to know if sudden activation of inactive TEs, especially 
under stresses like temperature, can modify the recombination locations and 
frequencies in a individual or its progenies (Ito et al., 2011; Zervudacki et al., 2018), 
substantiating the active role of TEs in the evolution of recombination landscape. 
This may not only expose the role of TEs in plant response to changing environments 
but can help us model the impact of global warming on important crops, particularly 
on their gametes.   
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Downstream analyses of our CO data uncovered features that are strongly 
associated with CO incidence or inhibition such as sequence motifs, distances from 
genes or promoters, TEs, SVs, etc. These features can be used to develop a machine 
learning (ML) model to predict CO regions in a specific cross and possibly in different 
species (Demirci et al., 2018). A single model for multiple species that can accurately 
determine if a cross may have recombination issues will be a valuable tool to guide 
and accelerate breeding, informing breeders about potential incompatibility issues 
even before making the cross. The application of ML has been increasingly popular 
in breeding and has been producing valuable solutions to biological problems (van 
Dijk et al., 2021). Extending the application of ML to the study of meiotic 
recombination may help answer relevant problems such as predicting open 
chromatin regions or three-dimensional genome architecture using genome 
sequences. It was previously demonstrated that epigenomic features are also highly 
predictive of recombination sites (Lian et al., 2022; Peñuela et al., 2022). There is, 
however, a lack of epigenomic data for large populations as compared to genomic 
data. Nonetheless, there are prediction models for chromatin state and genome 
architecture that rely on genome sequences (Wrightsman et al., 2022; Zhou, 2022). 
Both open chromatin and genome structure are associated with CO distribution in 
the genome, thus the ability to predict them from existing sequence data may help 
predicting the landscape of recombination.  

In Chapter 5 we studied the barriers to recombination by comparing multiple 
hybrids. To address recombination suppression in a specific region, we propose the 
use of putative bridge accessions by presenting a large inversion as an example. 
Resequencing data of wild and domesticated tomato was mined to identify 
accessions that do not cause a barrier in a genomic region. Future efforts should 
scale the investigation of potential barrier SVs to the whole genome and provide a 
computational solution that lets breeders find putative bridge accessions for any 
region of interest. It would be even better to routinely check if any introgression or 
breeding process will undesirably break adaptive linkages or introduce tight 
linkages, surveying important agronomic and resistance genes. This computational 
solution can even be extended, to recommend a breeding scheme that facilitates 
successive introgressions with less or no undesirable linkages and with a set of 
desirable alleles. The prospect is to design a crop with a mosaic of alleles from a 
series of guided introgressions, based on the profile of recombining and non-
recombining regions. To provide the genetic diversity for mining, more wild 
accessions should be sequenced. This process of guided introgression would 
facilitate efficient and precise ways of designing crops.    
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Summary 
Meiotic recombination is a biological process essential for the shuffling of genetic 
materials and balanced segregation of chromosomes. Through meiotic 
recombination, breeders can create new allele combinations in crops conferring 
desirable traits, which is becoming urgent in the face of changing climate conditions, 
food production and food security. Determining the factors that influence the 
process of meiosis is therefore beneficial in predicting or even manipulating 
recombination events. Changes in the distribution of crossover events in the 
genome can provide insights into their role in species evolution and the bottlenecks 
in breeding. Classical methods like cytological techniques and offspring genotyping 
have been developed to profile and study recombination in different species, but 
the low number and coarse resolution of recombination events that can be studied 
limit subsequent analyses. More recent approaches rely on the generation and 
sequencing of offspring populations, which is quite laborious and expensive. In this 
thesis, I focus on developing and using computational methods to profile meiotic 
recombination in natural and experimental populations and perform downstream 
analyses to decipher genetic factors influencing recombination events.  

In Chapter 1, I provide an overview of the recombination mechanism and its 
role in species evolution. The connection between recombination and plant 
breeding is also discussed, in particular the function of recombination in the 
development of crops and the efforts to manipulate it to accelerate breeding. I 
further explore different methods to detect recombination, from early cytology-
based techniques to sequencing-based algorithms, and expound on their 
limitations. In Chapter 2, I present a method based on linked-read sequencing to 
detect recombination in a pool of pollen gametes from an F1 interspecific tomato 
hybrid plant, reducing the labor and cost of developing a recombination map 
compared to current approaches. This high-throughput method produces high-
resolution crossovers and gene conversions, enabling comparison with gene 
features and sequence motifs. I extend this method to utilize long reads, specifically 
PacBio hi-fidelity (HiFi), to phase DNA molecules and detect crossovers (Chapter 3). 
The resulting resolution of crossovers is superior to when using linked reads.    

 Historical recombination in a natural population provides valuable information 
on species evolution. In Chapter 4, I generate the recombination landscape for 
populations of wild, early-domesticated and heirloom tomato. Comparing these 
populations, I find both conserved genome-wide and local changes in 
recombination rates. Loss and divergence in historical recombination hotspots 
during tomato domestication is associated with selective sweeps and with genetic 
changes and structural variants. Specific transposable element superfamilies are 
associated with elevated or reduced numbers of recombination hotspots, hinting 
at a  role in shaping recombination patterns.   

Constructing recombination maps for a single cross by screening an offspring 
population requires considerable time and resources, which makes the comparison 
of multiple maps between different crosses demanding. This prohibits exploring the 
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diversity of recombination patterns in different crosses and their contributions to 
breeding bottlenecks. In Chapter 5, I use the pollen-based method of chapter 2 to 
profile recombination in five interspecific hybrids and observe varying patterns of 
recombination in specific genomic regions. Structural variants and transposable 
elements are associated with divergent recombination patterns between hybrids, 
causing bottlenecks in breeding by crossover suppression. I propose to find putative 
bridge accessions that can circumvent the recombination bottleneck in a region of 
interest, aiding the development of better varieties by avoiding linkage between 
unwanted pairs of alleles due to genomic rearrangements.     

Finally, I conclude this thesis in Chapter 6 by describing the ongoing challenges 
in the detection of crossovers and gene conversions, and other associated-features 
like structural variants and transposable elements. I also discuss the relevance of 
recombination studies to breeding and set out some future directions in this 
research area. 
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