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Abstract
Meiotic recombination plays a fundamental role in many sexually reproducing species.
Recombination shuffles the genetic material during the first meiotic cell division resulting in
new combinations of alleles within each chromosome. In many organisms, the rate of
recombination is not uniform across the genome but consists of so called hotspots where the
recombination rate is remarkably higher than the genome average. In mammals, the regulation
and location of recombination hotspots is regulated by a gene called PRDM9. Many nonmammalian animals, like birds, lack this gene and the precise mechanism for recombination
rate regulation is still unknown. Previous findings in passerine birds have observed an
association between recombination rate and a genomic feature known as CpG islands (CGIs).
CGIs are often located in promoter regions of genes and depending on their methylation status
constitute accessible chromatin regions. It has therefore been suggested that the proteins
involved in the regulation of recombination have better access to less condense chromatin
regions. In this study, I tested if the association between recombination rate and CGIs found
in passerine birds is also true in chicken. I also tested if methylation levels of CGIs play a role
in recombination rate regulation in chicken. To this end, I used previously published data for
CGI locations and a methylation map in chicken, and unpublished data of recombination rate
estimates. I found that the association between recombination rate and CGIs observed in
passerine birds extends to chicken, suggesting that this is an ancestral trait in birds. I did not,
however, find a negative association between methylation levels and recombination rate as
hypothesised based on a relationship between methylation level and chromatin accessibility.
This suggests that DNA methylation level at CGIs is not a strong determinant of
recombination in chicken, although there may be some workflow artefacts or unknown factors
remaining in my analysis obscuring the relationship between these two variables.
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Introduction
Meiotic recombination is a fundamental process in sexually reproducing species. It shuffles
genetic materials on homologous chromosomes and creates new combinations of alleles
within each chromosome during meiosis. The shuffling of alleles can result in both a creation
of new beneficial allelic combinations and separation of already beneficial allelic
combinations. Therefore, the impact of recombination on the offspring’s fitness is likely
dependent on the fitness of the previous generations in a given environment. Consequently,
detailed understanding of variation in recombination rate is key toward a better understanding
of fitness consequences in sexual reproduction as well as genome divergence between
populations.
Meiotic recombination correlates with several features in the genome. One of them is the
correlation between the rate of recombination and the amount of C and G nucleotides, referred
to as GC content (Marsolier-Kergoat & Yeramian 2009, Berglund et al. 2014, Singhal et al.
2015, Bolívar et al. 2016, Dutta et al. 2018). This is primarily mediated by a process called
GC-biased gene conversion (gBGC), which happens during meiotic recombination where G
and C alleles have a higher fixation probability than A and T alleles (Duret et al. 2006).
Although the exact mechanistic causes underlying gBGC are not yet known, this leads to a
positive correlation between recombination rate and GC content (Han et al. 2008, Webster &
Hurst 2012). gBGC has been shown to have a large impact on the evolution of base
composition in the genomes of several species, including birds and mammals (Bolívar et al.
2016, Dutta et al. 2018). Therefore, in addition to impacts of recombination on organismal
fitness, variation in recombination rate can also affect genome wide patterns of molecular
evolution. Another mechanism that affects the evolution of GC content is CpG
hypermutability (Bird 1980). Cytosine is sporadically converted to thymine by deamination,
particularly if cytosine is methylated and converted into 5-methylcytosine (Cooper et al.
2010)). Methylation of cytosine in CpG dinucleotides is the most common type of DNA
methylation (Bird & Taggart 1980). Mutation rate of methylated C is about 10 times higher
than the normal transition mutation rate (Cooper & Gerber-Huber 1985, Sved & Bird 1990).
This CpG hypermutability decreases GC content in genomic regions with high CpG
methylation (Bird 1980, Mugal et al. 2015). Because decreased CpG methylation level
decreases C-to-T mutation rate, this has been proposed as one explanation to the higher GC
content in promoter regions since promoter regions generally are hypomethylated (Berglund
et al. 2014). Overall genome-wide distribution of GC content is, hence, determined by a
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balance between recombination rate (GC-increasing) and CpG methylation rate (GCdecreasing).
Recombination is not uniform across the genome but is instead concentrated in small regions,
so called recombination hotspots which show high recombination rate compared to the
genome average. Recombination hotspots have been observed in many taxonomic groups
(Dooner & Martínez-Férez 1997, Gerton et al. 2000, Paigen & Petkov 2010, Kawakami et al.
2017). In mammals, location and regulation of the recombination hotspots is determined by a
gene called PRDM9 (Myers et al. 2010, Parvanov et al. 2010, Auton et al. 2012). PRDM9 is
a DNA binding protein, containing a KRAB domain, a PR/SET domain and a zinc finger
domain, which recognises specific DNA sequence motifs. PRDM9 adds trimethylation on
lysine 4 of histone H3 (H3K4me3), which is an epigenetic modification required for the
initiation of DNA double strand breaks needed for recombination (Hayashi et al. 2005).
H3K4me3 modifications are placed by the PR/SET domain on adjacent nucleosomes, which
attracts other proteins of the recombination machinery (Baudat et al. 2013). Location of
recombination hotspots in mammals are different to location of hotspots in species that lack a
PRDM9 gene. In mammals, recombination hotspots tend to be located away from promoter
regions, while in species that lack the PRDM9 gene recombination hotspots are more often
found close to promoter regions (Baker et al. 2017). For instance, PRDM9 knockout mice
show hotspots in promoter more similar to species without PRDM9, which is rarely the case
in wildtype mice (Hayashi et al. 2005, Brick et al. 2012). Another example includes dogs
where the PRDM9 gene has lost its function by pseudogenization (or accumulating a loss-offunction mutation) but recombination hotspots is highly localised in promoter regions.
Hotspots in dogs are therefore located at similar locations as in species without PRDM9
(Axelsson et al. 2012, Berglund et al. 2014).
The gene PRDM9 has been identified in several metazoans including species of sea anemone,
nematodes and mammals among others (Oliver et al. 2009, Ponting 2011), suggesting the
ancient origin of this gene. However, there are several animal groups that do not have the
PRDM9 gene. One of these groups are birds (Singhal et al. 2015). Despite the absence of
PRDM9, birds still show a highly variable recombination rate along a genome with distinct
recombination hotspots (Singhal et al. 2015, Kawakami et al. 2017). Studies have shown that
recombination hotspots were associated with CpG islands (CGIs) in birds (Kawakami et al.
2017). Nevertheless, there are also promoters without CGIs in the vertebrate genome
(Davuluri et al. 2001, Saxonov et al. 2006). Recombination hotspots in birds are enriched
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near transcription start sites (TSSs) and transcription termination sites (TTSs). This is thought
to be driven by the colocalization of recombination hotspots with promoter-associated CGIs
and other functional elements (Singhal et al. 2015, Kawakami et al. 2017). For example,
Kawakami et al. (2017) noted that the mean recombination rate in old world flycatchers
(genus Ficedula) was higher in promoters with CGIs than ones without. However, these
studies did not provide any evidence to explain the mechanisms that result in the association
between recombination and CGIs.
Previous studies in plants, animals and yeast have suggested that recombination initiating
proteins can get access to less condensed chromatin regions, such as less methylated CGIs
(Berchowitz et al. 2009, Brachet et al. 2012, Berglund et al. 2014, Shilo et al. 2015). The
level of DNA methylation has been suggested to be one of the major factors correlated with
recombination in humans (Webster & Hurst 2012). A study in dogs, which lack a functional
PRDM9 gene, has also shown that recombination hotspots were associated with unmethylated
CGIs (Berglund et al. 2014). Therefore, the level of CpG methylation is suggested to be a key
determinant of the frequency of recombination in species without PRDM9; however, there are
only a limited number of studies directly demonstrating the relationship.
The level of CpG methylation is intimately related to chromatin structure. The chromatin is a
structurally dynamic molecule that both enables the whole genome to be packed inside of the
nucleus and regulates the accessibility of the DNA for several processes including replication,
transcription, DNA repair and recombination (Venkatesh & Workman 2015). Methylation on
the DNA changes chromatin structure to be more tightly packed, whereas lower methylation
levels lead to a more open chromatin structure. There are several studies in plants and yeasts
suggesting that meiotic recombination is highly associated with chromatin structure
(Berchowitz et al. 2009, Shilo et al. 2015). Because epigenetic regulation of CGIs has been
shown to be associated with chromatin structure in plants (Choi et al. 2013, Shilo et al. 2015,
Yelina et al. 2015a), yeasts (Lam & Keeney 2015), and insects (Niehuis et al. 2010), it might
be hypothesised that the level of DNA methylation impacts the openness of the chromatin
structure and as a result affects the recombination landscape.
Given the phylogenetic distribution of PRDM9-driven regulation of recombination, the CpGassociated recombination regulation appears to be an ancestral mode; however, this is a
subject of debate (Baker et al. 2017). It is therefore important to study and compare the
different systems to gain further insight into this question. By studying species that lack
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PRDM9, such as birds, one can learn more about the history and evolution of the different
mechanisms of recombination regulation. Here, I test whether the level of CpG methylation in
promoters with CGIs (hereafter referred to as CGI promoters) is associated with
recombination via modification of the chromatin structure and the accessibility of the DNA,
using chicken as a model organism.
Chicken (Gallus gallus) offers an excellent opportunity to test this hypothesis because of its
phylogenetic position, availability of various genomic resources and a fine-scale
recombination map. First, chicken represents a basal lineage in the bird phylogeny (Jarvis et
al. 2014, Prum et al. 2015), likely representing an ancestral mode of recombination regulation
in birds. Second, chicken has been used as an avian model for studying development,
comparative genomics, and functional genomics to explore genome function. Thus, many
genomic resources, such as highly contiguous reference genomes, gene and repeat annotation,
transcriptome data, epigenetic maps and pedigree-based recombination maps are available
(Stern 2004, Burt 2007, Groenen et al. 2009). Finally, fine-scale recombination rate estimates
(Kawakami unpublished) and methylation data for sperm and testis (Mugal et al. 2015) are
available. By using these genomic resources, I tested if recombination rate is associated with
CpG methylation in promoters by using recombination data and methylation data from the
chicken genome. The methylation data in sperm was used because this tissue may sustain
DNA methylation levels in meiosis. I also used testis as a somatic tissue that is expected to
have different pattern of DNA methylation (He et al. 2018) I focused on promoter regions
with CGIs to see if recombination rate correlates with methylation levels.

Methods
To get an estimate of the recombination rate in the chicken genome I used raw variant call
genome data from a previous study (Li et al. 2017). An estimate of the linkage disequilibrium
(LD), recombination rate rho (ρ) and CGI positions from the Li et al 2017 dataset was used
(Kawakami unpublished data). Briefly, following Kawakami et al. (2017), ρ = 4Ner (where Ne
denotes the effective population size, and r denotes the recombination rate) was estimated
using LDhelmet (Chan et al., 2012). CGIs were annotated by using CpGcluster version 1.0
(Hackenberg et al., 2006) with default parameter settings and a minimum length of at least 50
bp.
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To characterise the distribution of recombination along the chicken genome, the genome was
divided into eight different categories: (i) All CGI, (ii) promoter CGI (prom CGI+), (iii)
promoters without CGI (prom CGI-), (iv) first introns, (v) other introns, (vi) first exons, (vii)
other exons and (viii) intergenic regions. A reference assembly of the chicken genome,
galGal4 (https://www.ncbi.nlm.nih.gov/assembly/GCF_000002315.3/) was used to define
these regions. Promoter regions were defined as 2 kb upstream of TSSs of genes following
Kawakami et al. (2017). The intersect function was used from BEDTools v2.27.0 (Quinlan &
Hall 2010) to sort out promoter regions with CGIs and to define intergenic and intronic
regions. The intersect function from BEDTools v2.27.0 was used to get the LD recombination
rate ρ for the different regions. R version 3.4.4 was used to calculate the ρ/kb within the
different regions. The recombination rate ρ/kb was then plotted for the different regions.
To test the relationship between recombination rate and CpG methylation, whole genome
methylation data was used from both chicken sperm and testis samples sequenced by Mugal
et al 2015. Because the methylation data were made for the previous galGal3 annotation,
liftOver tool from the UCSC Genome Browser (Meyer et al. 2013) was used to convert the
data into galGal4 format. All methylation data for non-CpG sites were removed. Mean CpGmethylation were calculated for all CGIs in the genome by using a custom perl script. The
intersect function in BEDTools v2.27.0 was then used to get the methylation levels of CGIs
in: the whole genome, promoter regions, intronic regions and intergenic regions. All statistical
tests were carried out by R (version 3.4.4).

Results
Chicken LD recombination rate ρ was significantly higher in CGIs with a mean
recombination rate of 14.291 ρ/kb compared to the genome average of 1.208 ρ/kb (Wilcoxon
rank sum test, p < 10-16). The recombination rate in CGI promoters was also significantly
higher than in non-CGI promoters (Figure 1). The mean recombination rate in promoter
regions with CGIs was 14.29 ρ/kb compared to 9.42 ρ/kb in promoters without CGIs
(Wilcoxon rank sum test p < 10-16).
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Figure 1: LD recombination rate ρ/kb in 8 different genomic regions. (i) All CGI, (ii) promoter CGI (prom CGI+), (iii)
promoters without CGI (prom CGI-), (iv) first introns, (v) other introns, (vi) first exons, (vii) other exons and (viii) intergenic
regions. Error bars show the standard error for all regions except for intergenic where there was only one observation. The
genome average recombination rate was 1.208 ρ/kb.

Next, I tested if CpG methylation was associated with recombination rate in CGIs (Figure 2).
I tested this for four different regions: All CGI irrespective of their location, promoter CGI,
intronic CGI and intergenic CGI. Methylation levels were divided into size intervals of 10 %.
The analysis was limited to the data with a methylation level less than 60 % because of the
small number of observations of CGIs with a higher methylation level. All four regions
showed the highest recombination rate at CGIs with moderate methylation levels (20-40 %)
(Kruskal wallis test, p< 10-16).
When testing for a difference in methylation levels between the four regions (All CGIs,
promoter CGIs, intronic CGIs and intergenic CGIs) (Figure 3), all regions had a high
frequency of locations with low methylation (< 10%). All regions except for promoter regions
also had an increase in frequency around methylation levels of 50 %. This pattern was much
less pronounced in promoter CGIs. The mean methylation level in promoters was
significantly lower (9.9 %) than for the rest of the regions (~25 %) (Wilcoxon rank sum test, p
< 10-16).
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Figure 2: Relationship between LD recombination rate, log(ρ/kb), on the y-axis and methylation percentages divided into
intervals of size 0.1 on the x-axis in four different classes of genomic CGIs. All-CGI refers to every CGI region irrespective
of their location, Promoter-CGI featuring only CGIs in promoter regions, Intron-CGI featuring only intronic CGI regions
and lastly Intergenic-CGI which features CGI in intergenic regions. Within the boxes are the first and the third quartile and
the thick line indicates the median. The analysis was limited to methylation levels less than 0.6.
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Figure 3: Distribution of methylation levels at CGIs in the four different genomic regions with frequency of observed data
points on the y-axis and methylation proportion on the x-axis. All-CGI refers to every CGI region irrespective of their
location, Promoter-CGI featuring only CGIs in promoter regions, Intron-CGI featuring only intronic CGI regions and lastly
Intergenic-CGI which features CGI in intergenic regions

The same pattern was tested for chromosome 1 to disregard possible chromosome size effects
of the small microchromosomes. The same pattern as seen for the whole genome was also
observed for chromosome 1, all regions show a slight increase in recombination rate around
20-40 % methylation and promoter regions show a slight overall increase (Figure 4). The
methylation frequency pattern is also very similar for chromosome 1 compared to the whole
genome (Figure 5).

Figure 4: Relationship between LD recombination rate, log(ρ/kb), on the y-axis and methylation percentages divided into
intervals of size 0.1 on the x-axis in four different genomic CGIs on chromosome 1. All-CGI refers to every CGI region
irrespective of their location, Promoter-CGI featuring only CGIs in promoter regions, Intron-CGI featuring only intronic
CGI regions and lastly Intergenic-CGI which features CGI in intergenic regions Within the boxes are the first and the third
quartile and the thick line shows the median. The analysis was limited to methylation levels less than 0.6.
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Figure 5: Distribution of methylation levels for CGIs of four different regions on chromosome 1 with frequency of observed
data points on the y-axis and methylation proportion on the x-axis. All-CGI refers to every CGI region irrespective of their
location, Promoter-CGI featuring only CGIs in promoter regions, Intron-CGI featuring only intronic CGI regions and lastly
Intergenic-CGI which features CGI in intergenic regions.

This was also tested for methylation data from a testis sample to compare the relationship
between recombination rate and the level of DNA methylation at CGIs. The methylation
landscape of testis DNA was expected to more resemble somatic cells whereas sperm cells
was expected to resemble meiotic cells. Thus, comparing the methylation landscape of these
tissues would ascertain these assumptions. Surprisingly, a similar pattern to the sperm data
analysis was observed in the testis data. All regions except promoters had a slight increase in
recombination rate around methylation levels of 20-40 % (Figure 6). The frequency of
methylation levels for the four regions were also like the sperm data. All regions had the
highest frequency of locations with low methylation (<10%). All regions except for promoter
regions also had an increase in frequency of locations with methylation levels around 50 %
(Figure 7).
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Figure 6: Relationship between LD recombination rate, log(ρ/kb), on the y-axis and methylation percentages divided into
intervals of size 0.1 on the x-axis in different genomic CGIs of DNA from testis. All-CGI refers to every CGI region
irrespective of their location, Promoter-CGI featuring only CGIs in promoter regions, Intron-CGI featuring only intronic
CGI regions and lastly Intergenic-CGI which features CGI in intergenic regions. Within the boxes are the first and the third
quartile and the thick line indicates the median. The analysis was limited to methylation levels less than 0.6.
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Figure 7: Distribution of methylation levels for CGIs of different genomic regions of DNA from testis with frequency of
observed data points on the y-axis and methylation proportion on the x-axis. All-CGI refers to every CGI region irrespective
of their location, Promoter-CGI featuring only CGIs in promoter regions, Intron-CGI featuring only intronic CGI regions
and lastly Intergenic-CGI which features CGI in intergenic regions.

Discussion
By using whole-genome recombination and methylation estimates, I have identified a higher
recombination rate in CGI promoters than in non-CGI promoters in chicken. This is consistent
with the previous studies in both zebra finch (Taeniopygia guttata) & long-tailed finch
(Poephila acuticauda) (Singhal et al 2015), and collared flycatcher (Ficedula albicollis) &
pied flycatcher (F. hypoleuca) (Kawakami et al. 2017). In both previous studies,
recombination hotspots were found to be associated with CGIs (Singhal et al. 2015,
Kawakami et al. 2017). More precisely, Singhal et al 2015 found that recombination hotspots
in finches are concentrated in functional elements like TESs, TES and CGI. Kawakami et al.
2017 found that the LD recombination rate in flycatchers was much higher in CGIs than for
the genome average. They also found that CGI promoters have a higher recombination rate
than non-CGI promoters. This suggests that the distribution of recombination is conserved
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between chicken (Galliforms), flycatchers and finches (Passeriforms), which show about 90
MYA of divergence (Jarvis et al. 2014).
There are at least two explanations for the consistent patterns of the recombination landscape
between these two distantly related avian clades. First, this pattern is derived by identity by
descent (IBD), indicating that higher recombination rate in CGI promoter regions is the
ancestral trait and has evolved before the split between Galliforms and Passeriforms. Second,
it could also be due to a convergent evolution between chicken and passerines. This means
that the same pattern has independently evolved at least twice in birds. If we look outside the
avian phylogeny, many other eukaryotes, such as yeast, plants and insects (Niehuis et al.
2010, Yelina et al. 2015a, Lam & Keeney 2015) show an association between recombination
hotspots and CGIs. These numerous observations make it highly unlikely that the same
pattern has independently evolved this many time. Instead, it is much more likely that this has
been passed on through evolution. This strongly suggests that the repeated observation of the
association between recombination and CGIs especially in promoter regions in chicken and
passerines, is due to IBD rather than through convergence. In mammals, however,
recombination rate is regulated by the gene PRDM9 and is not in the same way connected to
CGIs. In dogs that lack a functional PRDM9 gene the same pattern as in birds can be found
(Berglund et al. 2014), suggesting that a CGI associated regulation mechanism is likely the
ancestral trait.
One would expect that since methylation levels change the chromatin structure, unmethylated
DNA should be more open and available for the recombination machinery to induce double
strand breaks. In turn this would lead to a negative correlation between methylation levels and
recombination rate. However, the data provided no support for a negative relationship
between recombination rate and methylation level. Instead there was a slight increase in
recombination rate between 20-40 % methylation for all regions. Promoter regions even
showed a weak positive relationship between recombination rate and methylation level. A
bimodal distribution of CpG methylation at CGIs was observed genome wide as well as in
promoter regions, but to a lesser extent in the latter. Although it is not clear what causes this
bimodal distribution, regions of moderate methylation level (20-40%) might be associated
with some specific genomic features, including centromeres, telomeres and other highly
repetitive regions. One such example is the chromosome ends, it has previously been shown
that recombination rate gets higher at the ends of chromosomes (Kawakami et al. 2014). This
shows that there are other genomic features than methylation level that affect the
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recombination landscape. Inter-correlations between other genomic features and methylation
might blur the association between recombination rate and methylation levels, which makes it
harder to detect the association between them. Below I will discuss a few possible genomic
features that affect the recombination landscape and could explain the pattern observed in my
result.
It is possible that there are other features in the DNA that can cause this increase in
recombination rate when methylation levels are around 20-40 %. One other possible reason
could the numerous small chromosomes in the chicken genome. It has been previously shown
that the recombination rate scales with the size of the chromosome in chicken (Consortium
2004, Groenen et al. 2009). This relationship could be masking the expected relationship
between recombination rate and methylation levels. However, this explanation is highly
unlikely because the same pattern was observed if the analysis was limited only to a single
chromosome, i.e. chromosome 1 (Figure 4).
In plants, a similar pattern has been observed where recombination rate was low in regions
with low CpG methylation (Yelina et al. 2015b). It has been suggested that not only CpG
methylation, but also non-CG methylation is associated with recombination rate and the rate
of DNA double strand breaks in plants. Two recent studies indicated that CpG methylation
can inhibit DNA double strand breaks but that it is only non-CpG and/or H3K9me2 that
inhibit the actual crossovers (Choi et al. 2018, Underwood et al. 2018). In vertebrates,
however, non-CpG methylation occurs at very low frequency (Lister et al. 2009). Therefore,
although I cannot completely rule out this possibility, the impact of non-CpG methylation on
recombination appears very small. Another thing to test would be to compare the level of
methylation between promoter CGIs associated with recombination hotspots and those not
associated with hotspots. This would more directly test if methylation levels regulate
recombination hotspots and not only recombination rate in general.
In this analysis, chicken sperm methylation data was used as a proxy for cells where the DNA
methylation landscape is similar to meiotic cells. The optimal cell type to test the relationship
between recombination and DNA methylation is apparently cells in the meiotic stage where
recombination takes place. If the DNA methylation landscape changes between these two cell
types, it may result in a weak or non-significant association between the methylation levels
and recombination rate. In my study I also tested the same pattern for testis cells to evaluate
the use of sperm cells as a proxy. I observed a very similar methylation landscape in both
sperm cells and testis cells. If this observation is correct it could suggest that sperm cells may
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not be as good of a proxy as earlier thought. However, this observation is not in line with
earlier studies, work in the group has noted a decreased methylation in testis tissue compared
to germ cell tissue. This pattern is also similar to those observed in human and mouse (He et
al. 2018). This suggest that there is some other reason why the testis and sperm tissues had
very similar patterns of methylation in my result. It could be because of some technical
artefacts when quantifying the level of methylation in a given genomic feature. For example, I
treated all CGIs equally without taking the number or density of CpG-sites into consideration.
The length of CGIs ranged from 8 base pairs to 4900 base pairs with the varying number of
CpG sites. The density of CpG sites could affect the methylation pattern observed because CG
methylation can only occur at CpG sites. The number of CpG in CGIs sites changes the
statistical power of the analysis since a lower number of CpG sites limits where methylation
can occur. In future studies one could investigate this further and maybe separate CGIs based
on their CpG-density to limit the number of covarying factors.
In conclusion, this study showed that higher recombination rate in CGI promoters compared
to non-CGI promoters is an ancestral state and conserved across avian species. Concentration
of recombination at CGIs, however, was not strongly associated with the level of methylation
at CpG sites. To further elucidate the regulatory mechanisms of recombination hotspots in
birds, it is important to use meiotic cells and DNase-seq. DNase-seq is a method used to
identify genetic regulatory elements like promoters, silencers and enhancers (Boyle et al.
2008). In addition, it would be interesting to further expand this analysis to the most basal
avian lineage (Palaeognathae) and non-avian reptiles.
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