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Abstract  
  

During evolution, each lineage follows its own independent path of accumulating genome 

variation. Variation exists at both sequence and structural level - the latter representing dramatic 

changes in the organisation of the genome. This structural variation is encompassed by the term 

chromosomal rearrangements (CRs). It can take many forms such as inversions, translocations, 

fissions or fusions.  

Chromosomal rearrangements can have profound consequences both for fertility at the individual 

level and for inter-individual reproductive compatibility. Understanding how CRs arise and spread 

within the population is thus pivotal to understanding multiple areas of reproductive and 

evolutionary biology, from individual fertility through to speciation.  

Formation of CRs can be described by the Integrative Breakage Model - generation of CRs requires 

the formation of double-strand breaks (DSBs) during gamete production, followed by rejoining of 

loci that are physically adjacent within the nucleus. In this thesis, I address this element by 

studying the genetic, and epigenetic contexts of DSBs occurring in spermatogenesis, in 

combination with the 3D organisation of chromatin in male germ cells and show that this explains 

the locations of evolutionary breakpoint regions throughout rodent evolution.  

Once CRs are formed, selective dynamics will subsequently determine whether they go to fixation 

or not. An understudied aspect of this is the potential for "drive", in which genetic or epigenetic 

factors bias the meiotic process and lead to non-Mendelian inheritance of CRs from heterozygous 

carriers. In this thesis, I address this element by investigating the genetic and epigenetic effects at 

play in male mice heterozygous for a Robertsonian chromosome fusion reported to show non-

Mendelian inheritance.  

Key findings:  

¶ EBRs are associated with DSBs formed during spermiogenesis and not with meiotic DSBs.  

¶ Spermatid DSBs are associated with specific chromatin state changes during 

spermatogenesis, and with predicted non-B DNA structures that may regulate DNA tension 

during sperm head compaction.  

¶ In the Rb6.16 fusion model I identified a range of non-synonymous gene variants linked to 

the fusion breakpoint, which may explain the reported transmission skewing.  

¶ Unexpectedly, I found no evidence for chromatin silencing in the vicinity of the 

Robertsonian breakpoint(s), indicating that Robertsonian fusions may be regulated differently 

to other structural variants during spermatogenesis.  
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1. General Introduction 
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Chromosomes are the largest-scale organisational unit of DNA within the cell, with each 

chromosome being a single long DNA molecule containing multiple genes. A typical diploid 

organism has two copies of each chromosome, one inherited from each parent.  

 

Chromosomal rearrangements (CRs) are structural changes to chromosomes that alter the 

ordering of genes along the various chromosomes in the cell, and/or the number of chromosomes 

present in the cell. These CRs can be divided into different classes: inversions reverse a segment 

of the chromosome and thus the ordering of the genes in the inverted segment; translocations 

move genes from one location to another; while fissions and fusions respectively break or join 

chromosomes and thus alter the chromosome number for the organism bearing the 

rearrangement. CRs may be polymorphic within a species or may be fixed differences between 

species. 

 

In diploid organisms, chromosomal rearrangements affect pairing and recombination during 

meiosis, as these processes require strict linear identity between the paired chromosomal 

rearrangements. Mis-paired chromosomes may lead to mis-segregation of chromosomes and thus 

the production of non-viable gametes, while a lack of recombination restricts gene flow between 

different chromosomal lineages. CRs thus not only have the potential to affect fertility on an 

individual level, but also to act as a source of reproductive incompatibilities between related 

species. For example, mules (a hybrid between a donkey and a horse) have 63 chromosomes 

whereas donkey has 62 and horse 64. Gamete formation in mules is impaired due to the odd 

number of chromosomes and they are sterile. This in turn demonstrates that donkeys and horse 

are reproductively incompatible species. 

 

Therefore, understanding how structural novelty is generated within a genome and the 

evolutionary origin of this novelty is an important question in biology because 1) Rearrangements 

may cause reproductive incompatibilities that can lead to speciation. 2) Recombination may be 

suppressed in the vicinity of the rearrangement. 3) Chromosomal rearrangements may alter 

expression of genes in the vicinity of the chromosomal breakpoints, due to disruption of the 3-

dimensional (3D) genome architecture such as promoter/gene/enhancer interactions or 

topological associated domains (TADs). As structural variation is key in evolution this raises the 

pivotal question of where this variation comes from and how it is generated. This thesis will 

attempt to address some of these questions. 
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1.1 The structure of chromatin 

In the context of the nucleus, DNA exists in the form of chromatin (Figure 1-1) ς a large-scale 

complex between the DNA strand and multiple different proteins that regulate its behaviour. 

Chromatin-associated proteins fall into two classes: histones (replaced by protamines in sperm) 

that directly wrap and package DNA, and other proteins associated with core activities of 

replication, transcription and DNA repair. Histones are an integral core structural component of 

chromatin, whereas other components such chromatin remodelers are only facultatively 

associated with the chromatin dependent on the cellular context. 

 In general terms, the purpose of histones and protamines is to condense multiple metres of DNA 

into the size of a cell nucleus, while simultaneously controlling which regions of DNA are made 

accessible to other factors involved with replication, transcription, repair etc. 

A nucleosome is the smallest unit of chromatin structure, consisting of 147 bp of DNA wrapped 

around a histone core (1). The core is an octamer, that contains two copies each of the core 

histones H2A, H2B, H3, and H4 (1) (Figure 1-1). The histone N-terminal tails stick out from their 

own nucleosome, contacting adjoining nucleosomes, affecting inter-nucleosomal interactions (2). 

The histone proteins can be post translationally modified (Figure 1-1) on the histone tails 

(reviewed in (3)). These post-ǘǊŀƴǎƭŀǘƛƻƴŀƭ ƳƻŘƛŦƛŎŀǘƛƻƴǎ όŀƭǎƻ ƪƴƻǿƴ ŀǎ άƘƛǎǘƻƴŜ ƳŀǊƪǎέύ ŀǊŜ ǳǎŜŘ 

as signals to control multiple aspects of DNA activity within the nucleus. These may include 

altering DNA conformation, regulating the level of transcriptional activity from specific DNA 

regions, and coordinating DNA repair processes. In particular, chromatin can be broadly divided 

into two states: compact and often transcriptionally inactive, termed heterochromatin, or a more 

relaxed open, likely transcriptionally active state, termed euchromatin. These chromatin 

variations were first discovered by Heitz in 1928 (4).  

Two distinct types of heterochromatin have been identified, facultative and constitutive. 

CŀŎǳƭǘŀǘƛǾŜ ƘŜǘŜǊƻŎƘǊƻƳŀǘƛƴ ƛǎ ǳǎŜŘ ǘƻ ŘŜǎŎǊƛōŜ άƎŜƴƻƳƛŎ ǊŜƎƛƻƴǎ ŎƻƴǘŀƛƴƛƴƎ ƎŜƴŜǎ ǘƘŀǘ ŀǊŜ 

differentially expressed through development and/or differentiation and which then become 

silencedΦέ ¢ƘŜ ǘŜǊƳ ŎƻƴǎǘƛǘǳǘƛǾŜ ƘŜǘŜǊƻŎƘǊƻƳŀǘƛƴ ƛǎ ǳǎŜŘ ǘƻ ŘŜǎŎǊƛōŜ άǇŜǊƳŀƴŜƴǘƭȅ ǎƛƭŜƴŎŜŘ ƎŜƴŜǎ 

ƛƴ ƎŜƴƻƳƛŎ ǊŜƎƛƻƴǎ ǎǳŎƘ ŀǎ ŎŜƴǘǊƻƳŜǊŜǎ ŀƴŘ ǘŜƭƻƳŜǊŜǎέ (2). 

Euchromatin is used to describe regions of the genome that contain active genes, however the 

distribution of histone modifications across these regions can vary greatly. Regions containing a 

ƘƛƎƘ ŘŜƴǎƛǘȅ ƻŦ ƳŀǊƪǎ ƻŦǘŜƴ ǘŜǊƳŜŘ ΨƛǎƭŀƴŘǎΩ ǘŜƴŘ ǘƻ ōŜ ŀŎǘƛǾŜ ǎƛǘŜǎ ƻŦ ǘǊŀƴǎŎǊƛǇǘƛƻƴ (5). 

Histone marks are named according to the nature of the modification and which residues of 

which histone monomer are affected. Different histone marks are associated with different 

consequences for chromatin activity. For example, transcriptionally active genes have a high 
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enrichment of H3K4me3 (trimethylation at lysine 4 of histone H3), which marks the 

transcriptional start site (TSS) (5, 6). H3K27me3 (trimethylation at lysine 27 of histone H3) is a 

repressive chromatin mark, that leads to gene silencing. H3K9me3 (trimethylation at lysine 9 of 

histone H3), also leads to the transient formation of repressive chromatin (7). H3K27ac (lysine 27 

acetylation of histone H3) is associated with higher activation of transcription but is not 

exclusively associated with the gene itself and is therefore deemed to mark enhancers (8). In 

addition to transcriptional regulation, histone proteins may be modified in response to DNA 

damage. In particular histone H2AX (a variant of H2A) is phosphorylated at serine 139 in response 

to DNA double-strand breaks ς ǘƘƛǎ ƛǎ ƪƴƻǿƴ ŀǎ ƎŀƳƳŀIн!· ƻǊ ʴIн!·Φ aǳƭǘƛǇƭŜ Ǉƻǎǘ ǘǊŀƴǎƭŀǘƛƻƴŀƭ 

modification may occur on the same nucleosome (a bivalent modification), affecting different 

histone tails within the octameric structure (9).  

The location of specific histone proteins within the genome can be studied using the technique of 

chromatin immunoprecipitation (ChIP-seq). This uses an antibody against the modification of 

interest to immunoprecipitate regions containing the mark from sonicated DNA, followed by 

sequencing to identify which regions of DNA contain the modification of interest. More recently 

alternative techniques such as cleavage under targets and tagmentation (Cut&Tag) have been 

developed. Cut&Tag uses a specific antibody to bind a chromatin protein in situ in live cells. A 

secondary antibody is used to bind the primary antibody to amplify the signal. A protein A-Tn5 

transposase fusion protein then binds to the secondary antibody and cleaves the DNA, which is 

followed by library preparation and sequencing. These and other techniques are discussed in 

more detail in section 1.10.

 

Figure 1-1: The structure of a nucleosome showing the histone octamer and a representation of 

heterochromatin and euchromatin. 

The histone tails (shown in blue) can be covalently modified. Reproduced from: (10) under the creative 
commons licence (https://creativecommons.org/licenses/by-nc/4.0/). 
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1.2 3D genome organisation 
 

Above the scale of individual nucleosomes, chromatin and the position of chromatin elements 

within the nucleus is highly regulated by several superimposed layers of organisation, which 

includes chromosome territories, within which chromatin is organised into compartments 

(open/closed), which in turn consist of topologically associated domains (TADs) and DNA loops 

(Figure 1-2). 

 

Figure 1-2: Genome organisation in interphase cells. 

This figure outlines the complexity of genome organisation. Chromosomal rearrangements can disrupt loop 
formation and TADs. Reproduced from: (11). 
 

1.2.1 Chromosome territories 
 

The arrangement of chromosomes in the interphase nucleus is not random and chromosomes 

occupy specific regions termed chromosome territories, this model was first proposed in 1885 by 

Carl Rabl and later confirmed in 1982 by Cremer et al (12). In interphase nuclei, the chromosomes 

only overlap with their immediate neighbours. Further experimental work with fluorescent in situ 

hybridisation (FISH) (13) has confirmed that chromosome territories are not random and that 

some chromosomes are located towards the nuclear periphery and some at the centre. 

Lieberman-Aiden et al in 2009 (14) identified the presence of chromosome territories in the 

human genome, using Hi-C (see section 1.2.2, for a description of the technique) at 1 megabase 

resolution. More recent work by Tavares-Cadete et al 2020 (15) has shown using multi-contact 3C, 

that in interphase nuclei, the human genome is largely not entangled. Large areas of 

chromosomal identity between different species have been maintained throughout evolution and 

these areas of identity maintain their nuclear positions in different species, irrespective of 

karyotypic rearrangements in the different phylogenetic lineages (16).  
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1.2.2 Compartments 
 

Genome wide interactions of chromatin within the nucleus can be determined with techniques 

such as Hi-C, this enables the spatial interactions within the nucleus to be determined. Hi-C 

involves fixing a cell sample with formaldehyde and then using restriction enzymes to digest the 

DNA. The restriction fragments are then ligated using biotinylated nucleotides to label the ligation 

junctions. Ligation is carried out under very dilute conditions to favor intra-molecular ligation over 

inter-molecular ligation. The crosslinking is then reversed, proteins are degraded and the 

biotinylated DNA is purified. This results in the formation of chimeric DNA products, which 

represent loci that were interacting within the nucleus.   

 

Chromosomes are organized into two distinct types of compartments, active compartments 

which are termed A compartments and inactive compartments which are termed B 

compartments. The compartments can vary in size but have a median size of ~3Mb in mouse (17). 

The compartments are identified through Hi-C experiments and the creation of interaction 

matrices (18). The distribution of the genome into compartments is linked to the transcriptional 

state of the chromatin, with A compartments composed of euchromatin (open chromatin) and B 

compartments of heterochromatin (Figure 1-1). Euchromatin is marked with active histone 

modifications such as H3K27ac, whereas heterochromatin is marked with repressive chromatin 

marks such as H3K27me3. 

1.2.3 Topologically associated domains (TADs). 
 

Topological associated domains or TADs have been identified by Hi-C analysis and are defined 

based on their interaction patterns, they are self-interacting sub domains within the A and B 

compartments and have a median size of 800kb in mouse (19). Genomic loci within the same TAD 

contact each other more frequently than genomic loci in different TADs. TAD boundaries 

composed of the CTCF protein, insulate interactions of loci in different TADs (19). The boundaries 

represent loci where there is a sharp break from preferential upstream interactions to 

preferential downstream interactions (19). The activity of promoters and enhancers within the 

same TAD appears to be weakly coordinated and genes within the same TAD may have similar 

expression patterns (20). Disruption of TAD boundaries can cause ectopic chromosomal contacts 

and long-range transcriptional mis-regulation (21). 

TAD boundaries are maintained by CTCF and cohesins which also play a role in the formation of 

chromatin loops (22). TADs boundaries may be conserved between the same cell types in 
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different species, such as mouse and human (19), but not all boundaries are conserved across 

evolution (19). 

1.2.3.1  Chromatin loops 
 

Chromatin loops are a substructure of TADs which also self-associate and can have insulative 

properties. Chromatin loops are not conserved between cell types but are thought to be related 

to specific regulatory events within individual cells (23). For a chromatin loop to occur CTCF must 

bind to specific CTCF binding sites that are orientated in opposite directions (forward and reverse) 

(24) on the same chromosome (Figure 1-3). The binding of CTCF together with cohesins stabilizes 

the chromatin loop. 

 

 

Figure 1-3: Diagram of a chromatin loop forming at convergent CTCF sites. 

 

1.3 Structural variation within genomes and its origins 
 

The investigation of structural variation within genomes of the same species and between 

different species is a key area of biological research. Structural variation is a broad term, which 

can be used to describe changes in genome structure (Figure 1-4). It is important to note that 

sequence and structural variation exists on a size spectrum, which ranges from single nucleotide 

polymorphisms (SNPs) up to large structural variants many megabases in size (reviewed in 

((25))). Structural variants (SVs) can be divided into large SVs > 100kb called chromosomal 

rearrangements (CRs), which include inversions, fissions, fusions and translocations, or smaller 

SVs which include insertions or deletions (INDELs), copy number variants (CNVs) and transposable 

elements.  
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Figure 1-4: Schematic showing different types of chromosomal structural variants. 

 

1.3.1 Chromosome classifications based on morphology. 

Structurally, chromosomes are classified according to the location of the centromere, the 

constricted region of a chromosome that separates it into a short (p) and a long arm (q) (Figure 

1-5). The centromere can be located in the middle of the chromosome with the p and q arm of 

equal length. This type of chromosome is termed metacentric. If the centromere is slightly off 

centre and the 2 arms are not of equal length, then the chromosome is termed sub-metacentric. 

If the centromere is shifted near to the end of the chromosome, with one arm significantly longer 

than the other, this is termed an acrocentric chromosome. If the centromere is located at the very 

end of the chromosome, then it is called telocentric (26). In a typical mouse karyotype, (I.e., one 

without any chromosomal fusions) all chromosomes except the Y chromosome are telocentric. 

The Y chromosome has a very small, short arm that cannot be visualised microscopically and is 

therefore technically classed as acrocentric. 
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Figure 1-5: Chromosome classification according to arm type. 
The black oval represents the centromere. Mouse chromosomes are all telocentric (unless any chromosome 
fusions have occurred). 

 

1.3.2 Types of chromosome rearrangements 

1.3.2.1 Inversions and translocations 

Double-strand breaks (DSBs) can lead to the formation of chromosomal rearrangements. 

Different rearrangements may form depending on whether a break occurred in one or two 

chromosomes. An inversion occurs when a double-strand break forms and the chromosomal 

segment is inverted before the DSB is repaired. Translocations occur when a DSB occurs in more 

than one chromosome. Translocations are termed reciprocal when a break occurs in two 

chromosomes and then the fragments are exchanged between the non-homologous 

chromosomes with no loss of genetic material. A non-reciprocal translocation occurs when breaks 

occur in two chromosomes and one chromosome fragment is transferred to a non-homologous 

chromosome, some genetic material may be lost (Figure 1-6). 

 

 
Figure 1-6: Schematic showing different types of translocations. 

Reproduced from: (27) under the creative commons licence 
(https://creativecommons.org/licenses/by/4.0/). 

https://creativecommons.org/licenses/by/4.0/
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1.3.2.2 Robertsonian translocations  

Robertsonian (Rob) translocations occur when two chromosomes fuse (Figure 1-6). Fusions can 

occur between homologous or non-homologous chromosomes, with fusion of non-homologous 

chromosomes being more common (28). Fusion can occur between telocentric, acrocentric or 

metacentric chromosomes. If fusion occurs between acrocentric chromosomes, then the short 

arms may be lost, but this is not always the case. Rob fusions can alter the normal segregation 

pattern of the chromosomes during meiosis, producing trivalents (Figure 1-29), leading to disomic 

or nullisomic gametes (29). If upon generation of the Robertsonian fusion some DNA was lost, 

then this will result in unpaired chromatin when the chromosomes align at meiosis ( 

Figure 1-7). Centromeric regions may still remain unpaired (without the loss of DNA) due to other 

structural rearrangements such as an inversion proximal to the breakpoint or simply because the 

homologous chromosomes fail to fully synapse. 

 
Figure 1-7: An example of the alignment of heterozygous Robertsonian chromosomes (when DNA has been 

lost from both chromosomes), homozygous Robertsonian chromosomes and wild type chromosomes at 

meiosis. 

DNA loss does not always occur. The dotted box outlines a region of unpaired chromatin due to the loss of 
the short arms of the acrocentric chromosomes.  
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Several examples of Rob fusions occurring in nature have been discovered, such as the Barcelona 

Rob system (BRobS) in which wild European house mice (Mus musculus domesticus) from the 

northeast of the Iberian Peninsula have chromosomal fusions of recent evolutionary origin (30ς

32). 

More than one Rob fusion can be present, and the epigenetic state of the Rob chromosomes can 

depend on whether the fusion is in the homozygous or the heterozygous state. Heterozygous Rob 

fusions are when the homologous chromosomes of the Rob fusion are the non-fused 

chromosomes (Figure 1-8). Homozygous Rob fusions occur when the homolog also has the same 

Rob translocation (33). 

 

 

 

 

 

 
1.3.3 Evolutionary breakpoint regions (EBRs) and Homologous synteny blocks (HSBs)   

 
When comparing genome structural variation between species, two key concepts are 

evolutionary breakpoint regions (EBRs) and homologous synteny blocks (HSBs). Evolutionary 

breakpoint regions (EBRs) are specific genomic locations where breaks occur during karyotype 

evolution (34). When comparing two genomes EBRs can be identified as those regions where the 

order of orthologous sequences differs among species. Instead, HSBs define the syntenic regions, 

i.e., those regions of the genome where the gene order has been conserved among species 

(Figure 1-9). Research indicates that EBRs and HSBs differ in their genomic content and context. In 

particular, the gene content around EBRs is increased relative to the genome wide average (35). 

EBRs are clustered in regions rich in repetitive elements and segmental duplications (36) and 

genes related to lineage specific biology (37). These results may appear counterintuitive, as 

repetitive regions do not have a high gene content. However, the exact location of EBRs is difficult 

to determine, so the analysis is often carried out in genomic windows of around 10kbp in size 

(38). These genomic windows can be both rich in repetitive elements and gene rich. Repetitive 

sequences may provide templates for non-allelic homologous recombination (NAHR), or non-

Figure 1-8: Schematic of standard telocentric chromosomes without Rob (Rob) fusions and Rob fusions in the 
Heterozygous (Het) and Homozygous (Hom) state. Adapted from (Vara et al 2021 (217)). 
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homologous end joining (NHEJ), increasing the chances for chromosome rearrangements to 

occur. 

 Conversely, HSBs are less likely to be associated with repetitive elements, and more likely to 

contain constitutively expressed housekeeping genes with conserved functions across species 

(39). 

For example, in humans, EBRs are not uniformly distributed across chromosomes, they 

correspond well to the location of tandem repeats (40). 

 

Figure 1-9: Schematic representation of an evolutionary highway plot showing evolutionary breakpoint 

regions (EBRs) and Homologous synteny blocks. 

Shown is a representation of a chromosome from species A, with the other species columns B-E 
representing ancestors of species A. Syntenic blocks are shown in either pink or blue, with pink representing 
the negative orientation and blue representing the positive orientation with respect to species A 
chromosome. The small white gaps represent unaligned or unassembled regions. 

 

These associations give clues to the nature of the mutational and selective forces generating 

chromosomal rearrangements. In particular, the association between repeats and EBRs (35) 

suggests that these repeats may destabilise DNA and predispose to the generation of 

rearrangements. Subsequently, a given rearrangement may alter gene expression if a breakpoint 

separates genes from their regulatory elements, and/or new regulatory regions may be brought 

into proximity to alternative genes. Thus, genes within the vicinity of EBRs may be predisposed to 

acquire new functions as a consequence of the rearrangement. Conversely, rearrangements that 

disrupt the expression of core housekeeping genes will be selectively disfavoured ς thus EBRs will 

not be present in the vicinity of such genes. 

 



28 

 

1.3.4 Models of genome evolution 
 

1.3.4.1 The Random breakage, Fragile breakage and Intergenic breakage models 
 

The random breakage model developed by Nadeau and Taylor in 1984 (41) using mouse and 

human linkage maps was the first model to attempt to explain genome evolution. The hypothesis 

had two main assumptions. Firstly, between related species many large chromosomal blocks are 

conserved, HSBs, which is presumptive evidence for linkage conservation. Secondly, genomic 

rearrangements on autosomes may become fixed during evolution and are randomly distributed 

throughout the genome (41). When genomic sequences from the human and mouse genomes 

became available the second assumption was challenged by Pevzner and Tesler in 2003 (42). They 

found that genomic rearrangements on autosomes are not randomly distributed throughout the 

genome, but rather are concentrated within fragile regions where breakpoints can be reused i.e., 

between syntenic blocks on the human and mouse genomes some regions contain breakpoints 

for multiple rearrangement events. Fluorescent in situ hybridisation (FISH) and cross-species FISH 

experiments then followed (43) along with whole genome comparisons, which confirmed that the 

pattern of breakage was not random, but that breakage occurred in hotspots. However, the exact 

location of these EBRs was only discussed in the Intergenic Breakage Model (44), suggesting that 

selection prevents breaks occurring within genes and regulatory regions upstream from genes. 

The model holds that DSBs (the origin of 9.wǎύ ŀǊŜ ƴƻǘ ƭƻŎŀǘŜŘ ŀǘ ΨΨǇǊŜŦŜǊǊŜŘΩΩ ǎƛǘŜǎ in the genome, 

instead they appear to be random but only in the sense that those that do not disrupt essential 

genes and/or gene expression actually become fixed. 

 

1.3.4.2 Integrative Breakage Model  
 

The Integrative Breakage Model is a multidisciplinary hypothesis for the study of genome 

evolution proposed by Farré et al 2015 (44). The model proposed that it is both the chromatin 

conformation combined with the DNA sequence that are important in understanding how and at 

which stage of the cell cycle chromosomal rearrangements are formed and consequently passed 

onto the next generation. If a DSB occurs in a region that forms secondary structure and this 

secondary structure is subsequently disrupted, or if the DSB modifies the expression of key genes 

related to development or basic cellular functions (such as housekeeping genes), then it will not 

become fixed and will not be of evolutionary consequence (44). The Integrative Breakage Model 

also explains the genomic content of multi species homologous syntenic blocks (msHSBs). These 

are genomic blocks that are conserved in several species that share a common order of 

homologous genes derived from a common ancestor. The msHSBs are enriched for gene networks 

that control embryonic and tissue development (39). Genes that aid adaptive responses tend to 
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be located within EBRs (37, 39). Following on from this, the Integrative Breakage Model suggests 

that EBRs occur in regions of fragility, whether due to genomic sequence or epigenetic state, and 

that only those not breaking regulatory blocks would become fixed.  

Techniques such as Hi-C (see section 1.2.2) enable researchers to determine which regions 

interact in the nucleus and therefore answer the question of whether genomic regions that tend 

to break and reorganize are interacting inside the nucleus. Zhang et al (2012) (45)  have shown in 

mouse interphase nuclei that genomic regions involved in translocations are found in close 

proximity. 

As structural variation is so important in evolution this raises the pivotal question of where this 

variation comes from and how it is generated. Novel structural variation arises when DNA is 

broken and re-joined incorrectly (otherwise variation will not be induced). This must happen in a 

germline cell to be passed on to the next generation. Then, to be fixed in the population, the 

novel variant must spread to fixation. This can occur either through genetic drift (the change in 

frequency of an existing gene variant in the population due to random chance), or via selective 

dynamics. 

The evolutionary origin of structural novelty is therefore linked to the Integrative Breakage 

Model, (44) which states that rearrangements arise due to inaccurate repair of DSBs occurring in 

the germline, leading to rearrangements between loci that are in close physical proximity. The 

Integrative Breakage Model also proposes that chromatin conformation is a key aspect which 

must be considered in order to understand how and at what point in the cell cycle novel 

chromosomal rearrangements may be generated. There is also the possibility of transmission 

ratio distortion, which could lead to non-Mendelian inheritance of structural variants. For 

example, a Robertsonian chromosome could form when a DSB occurs in two chromosomes that 

are in close proximity. Meiotic drive refers to a class of mechanisms that cause deviation from a 

1:1 Mendelian segregation ratio. In females this would be preferential segregation of a 

chromosome to the oocyte or the polar body rather than a 50:50 segregation ratio. In females, a 

Robertsonian chromosome may show meiotic drive as a result of a stronger centromeric signal. 

This may bias its segregation to the oocyte and not the polar body, as posited by Henikoff et al 

2001 (46) and later shown by Chmatal et al, 2014 (47). 

Using the Integrative Breakage Model to study the origin of structural novelty generates another 

important question-does variation arise predominantly in the male germline during 

spermatogenesis or in the female germline during oogenesis? 

It is still unknown whether structural novelty arises equally in males or females or if it is biased to 

one of the sexes. Male and female gametogenesis have significant biological differences, which 

may affect both the formation of structural variants and subsequently how they are transmitted. 

In particular, the formation of novel variation will be influenced by differences in the frequency of 
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DNA breakage, by differences in the DNA repair mechanisms involved, and by differences in the 

3D chromatin structure of male vs female germ cells. Similarly, the transmission of novel variants 

will be influenced by the checkpoints that act to remove cells with DNA rearrangements, and the 

unique selective dynamics that permit or prevent the opportunity for selection of haploid 

gametes. 

 

1.3.4.3 Genome structure affects spatial organisation within the nucleus. 
 

Robertsonian fusions that alter the standard karyotype of a species provide a convenient model 

with which to interrogate links between genome structure and the physical organisation of the 

DNA in the nucleus. Rodents are a particularly useful example, since even closely related rodent 

species can have different chromosome numbers, for example the house mouse (Mus musculus) 

has a diploid number of 40 (48), whereas the red viscacha rat (Tympanoctomys barrerae) has a 

diploid number of 102 (49). This thesis will focus on the house mouse Mus musculus. The standard 

somatic-cell karyotype of the laboratory mouse consists of 20 pairs of acrocentric chromosomes, 

but this can vary due to Rob fusions. Mice from the BRobS system have a diploid number ranging 

from 2n-27 to 2n=40 (31). The decrease in the diploid number results from the formation of 

metacentric chromosomes as a result of Rob fusions. 

In mice with a standard karyotype of 2n=40 where all chromosomes are telocentric, the 

pericentric regions are closely associated with the nuclear envelope (50). During leptotene of 

meiosis the chromosome ends come together in specific regions of the nucleus, forming a 

polarized arrangement termed a bouquet (51). In normal meiosis, therefore the pericentromeric 

regions of different chromosomes are in close proximity and may interact, which may predispose 

to the formation of novel Rob fusions. 

In animals carrying such fusions, the presence of metacentric (Rob fusions) alters the nuclear 

architecture. The pericentric regions of the metacentric chromosomes (I.e., the fusion partners) 

are not associated with the nuclear envelope but located in the nuclear interior. This may alter 

their expression, their regulation, their ability to pair during meiosis and DNA exchange during 

meiotic recombination. The pericentromeric regions of the remaining telocentric chromosomes 

(I.e., those not involved in the fusion) remain within the nuclear periphery (50). This illustrates the 

presence of an intimate bidirectional causal links between genome structure and function during 

meiosis: the requirement for specific types of pairing behaviour will influence the probability that 

specific structural rearrangements are able to occur, and these rearrangements in turn will alter 

the regulation of events during gametogenesis. 
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1.4 Gametogenesis in mouse: understanding germ line development.  
 

Given the intimate connection between molecular genetic events during gametogenesis and the 

potential to generate structural rearrangements, I will now review the broad principles of gamete 

production in mammals. In this thesis I will concentrate primarily on spermatogenesis, with a 

specific focus on male-specific aspects of spermatogenesis and how these differ from oogenesis. 

In section 1.5 of the Introduction, I justify this focus with reference to the male-specific wave of 

DNA damage formation in spermatids, which I argue leads to a male-specific potential to induce 

chromosomal rearrangements during gametogenesis. 

 

1.4.1 Key differences between oogenesis and spermatogenesis 
 

Gametogenesis is the process by which cells undergo meiosis to produce gametes (eggs and 

sperm). This process differs in males and females (Figure 1-10), but both processes start with a 

mitotic phase, which is succeeded by a meiotic phase, which in females is asymmetric but in 

males is symmetric. In males there is a subsequent post-meiotic differentiation step in which the 

sperm nucleus condenses, and the cells change shape. The male gametes then have a free-living 

haploid stage where there are limited resources to repair DNA damage and they are exposed to 

oxidative stress. Following fertilisation, male specific de-condensation of the chromatin must 

occur. Finally, the fertilised zygote will repair DNA damage sustained by the sperm using 

resources derived from the oocyte. 

 

Figure 1-10: A comparison of female versus male meiosis. 
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The duration of female meiosis is substantially longer than that of male meiosis, mainly due to the dictyate 
arrest that can last for years. Reproduced (with no changes) from: (52)  
with permission from: http://creativecommons.org/licenses/by/4.0/        
 

 
 

 

 

 

 

 

 

 

 

Figure 1-11: Schematic of mouse oogenesis showing the main stages. 

Oocytes only become haploid upon fertilisation. 
 
 

In contrast to spermatogenesis, oogenesis is initiated in foetal development and is not a 

continuous and cyclic synchronised process. Oogonia differentiate from primordial germ cells in 

female mice shortly after birth and a finite number of oocytes are arrested at the first meiotic 

prophase, which mature to metaphase II oocytes upon hormonal stimulation. In contrast to 

males, there is no chromatin compaction and haploid selection acting on individual oocytes does 

not occur. In males, haploid selection acting on individual sperm can lead to transmission ratio 

distortion and thus affect the evolutionary fate of rearrangements once they have occurred. For 

example, in males heterozygous for the Robertsonian fusion Rob6.16, the fusion chromosome is 

under-transmitted to the next generation relative to its normal counterparts by 2.7-fold (53). In 

oocytes, in contrast to the haploid sperm, templates are available for homology directed repair. 

Meiotic division in oocytes completes on fertilization and so there is never a truly haploid stage 

(reviewed in (54)), in which the genome is vulnerable to alterations. In spermatids the first wave 

occurs during crossing over at prophase 1 and the second wave occurs during genome 

remodelling in spermatids. Whereas in oocytes only one wave of programmed DSBs occurs during 

prophase 1, which is required for meiotic recombination (reviewed in (55)). In homogametic 

females (e.g., XX mice) the sex chromosomes can undergo proper pairing and recombination. In 

heterogametic males (e.g., XY mice) this cannot occur except for the small region of homology at 

the pseudoautosomal region (PAR). This can lead to transcriptional repression through meiotic sex 

chromatin inactivation (MSCI). In contrast to spermatogenesis in which cytogenesis occurs evenly, 

http://creativecommons.org/licenses/by/4.0/
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in oogenesis unequal cytokinesis occurs producing a large ovum and a small polar body which is 

degraded (reviewed in (56)).  

 

1.4.2 Mouse spermatogenesis 
 

Spermatogenesis is the continuous and cyclical process occurring in the seminiferous tubules of 

the testis in which diploid spermatogonia form haploid spermatozoa (mature sperm). It can be 

broadly split into three phases. 

The proliferative phase, in which the spermatogonia are rapidly dividing, the meiotic phase, 

involving recombination and segregation of genetic material (spermatocytes) and a post meiotic 

spermiogenic phase (57). 

Spermatogenesis starts with adult germline stems cells (AGSC or spermatogonia) which have 

differentiated from primordial germ cells, they are the first intermediate cell type of the process 

of spermatogenesis. AGSC then undergo meiosis to produce primary spermatocytes (SC). Post 

meiosis, haploid round spermatids (ST) are generated. 

In the post-meiotic phase, the spermatids transform through successive developmental stages, 

which involves remodelling of the cell shape and the sperm head, from a round to an elongating, 

to a condensed state. Finally mature sperm capable of fertilizing an oocyte are produced.  

Morphological criteria can be used to subdivide spermatogenesis in the mouse into 16 steps (57) 

(Figure 1-12). In mice at steps 11-12 the replacement of histone proteins with transition proteins 

and then finally protamines is initiated (58). Widespread DNA strand breaks occur during steps 9ς

11 in elongating spermatids (59). 

  

 

 

 

 

 

Figure 1-12: The division of mouse spermatogenesis into the different stages. 
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The Roman numerals represent the different stages and the subscript numbers below the cell images 
represent the different steps of spermatogenesis. Reproduced from (57). 
 
 

During germ cell division in the testis, sister cells originating from the same stem cell remain 

connected to many others of the same type by intracytoplasmic bridges (Figure 1-26). These 

bridges are thought to have two functions: firstly, they promote synchronous development of 

germ cell clones as transcripts are shared across the bridges (60), and secondly, they allow for 

sharing of X and Y-linked transcripts between cells after the chromosomes have segregated during 

meiosis, thus enabling all cells to access essential sex-linked genes irrespective of which 

chromosome they carry. The bridges are formed during telophase of mitosis when cells fail to 

divide completely, i.e., cytokinesis is incomplete. 

 

1.4.3 Mitotic phase of spermatogenesis 
 

Mitosis, the first stage of gametogenesis is the process of cell division without reduction of DNA 

content, in which a cell replicates its chromosomes and then divides to produces two daughter 

cells. 

Spermatogonial stem cells (SSC) replicate via mitosis. The cells undergo numerous mitoses to 

produce a large population of cells that will subsequently undergo meiosis and differentiate into 

sperm. This stage is also known as the proliferative stage (57) as it increases the cell numbers 

early on in the process of spermatogenesis. Mitotic division of SSC occurs to produce type A or 

type B spermatogonia (61). Type A spermatogonia replenish the stem cell population and type B 

spermatogonia develop into spermatocytes (SC) (57). 

A type A spermatogonia (Asingle or As) undergoes a self-renewing division producing two new 

As cells (Figure 1-13). These then divide to produce a pair of spermatogonial cells (Apaired or Apr) 

which then continue to divide into 4ς16 and even 32 spermatogonial cells (Aaligned or Aal) via a 

sequence of mitotic cell divisions (62, 63). Apr and Aal cells are connected by intercellular bridges 

as incomplete cytokinesis (cell division occurs) (63, 64).  

When the A1 spermatogonia (that differentiate from the Aal cells) undergo mitosis they move to 

the seminiferous tubules (65), where five more mitotic divisions occur forming A2, A3, A4, 

Intermediate and B spermatogonia. 
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Figure 1-13: Spermatogonial stem cell development, showing the different mitotic divisions. 

The paired cells remain connected by cytoplasmic bridges. Once primary spermatocytes have been 
generated meiosis then occurs.  
 
 

1.4.4 Spermatogonia 
 

Spermatogonia are relatively immature cells which undergo multiple rounds of mitosis to produce 

a large population of cells that will undergo meiosis to form mature sperm (57). Multiple rounds 

of mitosis (differentiation) are required to help build up a large population of cells so that sexually 

mature mammals can produce millions of sperm per day. Not all cells are committed to mitosis, a 

population of undifferentiating cells must be maintained to allow spermatogenesis to commence 

regularly from a stem cell pool within each seminiferous tubule (66). 

There are three main types of spermatogonia, stem cell spermatogonia, proliferative 

spermatogonia and differentiating spermatogonia. The stem cell population is required for 

spermatogonia maintenance. At the end of the differentiating process the most mature 

spermatogonia divide to form spermatocytes. 

Spermatogonia can be divided into different classes: A spermatogonia, in which the nucleus does 

not contain heterochromatin, B spermatogonia with profuse heterochromatin, and intermediate 

types in mouse. In the spermatogonial compartment, three further types can be distinguished 

Asingle (As or stem cell spermatogonia) (67), Apaired (Apr), and Aaligned (Aal). If the As cells divide fully, 

two stem cells are formed. If cytokinesis (cytoplasmic division) is incomplete, then the cells are 
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termed Apaired and are connected by intracellular cytoplasmic bridges. The paired cells can divide 

further to form aligned spermatogonia with up to 16 cells connected (66). 

The Aal spermatogonia differentiate into A1 differentiating spermatogonia. The A1 cells then 

undergo five divisions finally forming B spermatogonia. After a mitotic division the type B 

spermatogonia form primary spermatocytes.  

 

1.4.5 Spermatocytes 
 

The primary spermatocytes formed by division of the type B spermatogonia divide to form 

preleptotene spermatocytes (57). These are the last cells of spermatogenesis to undergo the s-

phase of the cell cycle. The DNA is replicated to give 2n cells. Spermatocytes then pass through 

two meiotic divisions. The first meiotic prophase is a prolonged stage in which recombination 

occurs. This is followed by two rapid meiotic divisions to produce haploid spermatids. 

 

1.4.6 Meiotic phase 
 

This occurs after the differentiation phase and starts with young primary spermatocytes in the 

preleptotene stage. Recombination of the chromosomes occurs, and genetic material is halved in 

each cell during meiosis I and meiosis II (Figure 1-15). The meiotic prophase stage of meiosis I is 

typically long (1.5-2 weeks), which is followed by two more rapid divisions forming the haploid 

spermatids (57). The transition of cells through prophase is a continuum, without stepwise 

changes. Morphologically the stages can be differentiated by nuclear changes. The stages are 

preleptotene, leptotene, zygotene, pachytene and diplotene. In zygotene homologous 

chromosomes are paired along their length via the synaptonemal complex (SC), genetic 

recombination via crossing over occurs, through the generation of double-strand breaks initiated 

by the type II topoisomerase Spo11 (68). The nucleus increases in size and the sex vesicle forms. 

During the brief diplotene stage the synaptonemal complex breaks down, which allow the 

homologous chromosomes to separate. They cannot separate at regions of crossing over 

(chiasmata). Diplotene cells are the largest of all germ cell types (57). The remaining stages of 

metaphase, anaphase and telophase are termed meiosis I, resulting in the formation of secondary 

spermatocytes. The second meiotic division, meiosis II forms spermatids. Cells at all stages of 

meiosis II are smaller than meiosis I and all stages are brief with no extended prophase as in 

meiosis I. 
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1.4.7 Marks of meiotic recombination hotspots PRDM9 and DMC1 
 

PRDM9 is a zinc finger domain containing protein located on chromosome 17 that determines the 

positions of meiotic recombination hotspots in most mammals (69). Not all regions bound by 

PRDM9 will become a recombination hotspot (70). PRDM9 binds to DNA sequences at the centre 

of hotspots (71). Therefore, ChIP-sequencing data of PRDM9 can be used to map the location of 

meiotic recombination hotspots. Meiotic DSBs are not randomly distributed along the 

chromosomes but occur in specific regions of the genome and are clustered into hotspots (72). 

PRDM9 tri-methylates nearby histone H3 proteins at lysine 4 and 36 forming H3K4me3 and 

H3K36me3 respectively (73, 74). PRDM9 recruits SPO11 at a fraction of binding sites to form 

double-strand breaks (DSBs) (68). End resection of the DSBs occurs with the ssDNA binding DMC1 

(reviewed in (75)) Figure 1-14.  

 
Figure 1-14: Schematic representation of the role of PRDM9 and DMC1 in meiotic DSB formation. 

 
DMCI is a meiotic recombination protein, that mediates homologous chromosome pairing during 

homologous recombination (76). Therefore, like PRDM9, DMCI ChIP-seq data can be used to 

indirectly determine the location of meiotic DSBs.  
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Around 200-300 programmed meiotic DSBs occur per cell during the leptotene/zygotene stage of 

meiosis (77), most will be resolved (repaired) without the generation of a cross-over. 

 

Figure 1-15: Male gametogenesis. 

The three main cell types of spermatogenesis: spermatogonia, spermatocytes and spermatids are shown. 
The spermatogonia are immature cells that can differentiate into primary spermatocytes, these cells then 
undergo 2 rounds of meiosis resulting in the production of haploid spermatids. The spermatocytes do not 
divide fully during meiosis but remain attached by cytoplasmic bridges. Reproduced from: Hill, M.A. (2023, 
June 30) Embryology Male gametogenesis.jpg. Retrieved 
from https://embryology.med.unsw.edu.au/embryology/index.php/File:Male_gametogenesis.jpg 
 

1.4.8 Post Meiotic phase. 
 

Spermatids must develop into mature spermatozoa and this process takes around 14 days in mice 

(78). It occurs without cell division. Extensive remodelling of the sperm head must occur, with the 

shape being distinct between species. In mouse it forms a sickle like shape (Figure 1-12). As the 

nucleus decreases in size the DNA must be more tightly packaged to be accommodated. A 75% 

reduction in cell volume occurs (79). 

To achieve this compaction the 3D genome is dramatically re-structured during gametogenesis, by 

global changes to chromatin structure, most notably most histone proteins are replaced by 

protamines. Compaction helps to protect the DNA from damage as well as allowing packaging in 

the condensed sperm head. 

Not all histone proteins are replaced by protamines and approximately 1% remain in mature 

sperm in mouse (80). Histones may remain in regions that are important for embryonic 

development (81), which suggests that they may mark regions that are epigenetically regulated in 

early embryo development. The transition from less densely packaged chromatin, packaged with 

nucleosomes, to a highly condensed protamine-based chromatin structure takes place during 

https://embryology.med.unsw.edu.au/embryology/index.php/File:Male_gametogenesis.jpg
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spermiogenesis, the post-meiotic haploid phase of spermatogenesis. In round spermatids there is 

increased acetylation of histone proteins (hyperacetylation). This may weaken the interaction of 

DNA with the histone proteins, enabling testis specific histone variants to be inserted. These 

histone specific variants are then replaced by transition proteins (TP1 and TP2), which finally are 

replaced with the basic proteins termed protamines (Figure 1-16).  

 

Figure 1-16: Male gametogenesis showing the role of the transition proteins. 

BRDT (green oval) binds to acetylated residues. PRM1 (protamine 1) is shown in yellow and PRM2 
(protamine 2) in purple. Not all histone proteins are removed in the mature sperm and some (~1%) remain, 
ǎƘƻǿƴ ŀǎ ΨǊŜǘŀƛƴŜŘ ƘƛǎǘƻƴŜΩΦ 
 

The switch from nucleosomes to protamines changes the DNA structure from a supercoiled state 

to a toroid conformation (Figure 1-17) (82, 83). During this switch double-strand breaks (DSBs) 

occur (84). Chromatin compaction is required to accommodate the sperm chromatin in the small 

sickle shaped sperm head, the chromatin is compacted to an almost crystal-like structure (83). 

The compaction helps to prevent DNA damage as well as enabling the chromatin to be contained 

in the hydrodynamically shaped sperm head.  

 

Figure 1-17: Model of solenoid equivalent in one sperm DNA loop. 
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The model is diagrammed for one loop of DNA that is 47 kbp in length, and the comparative structures are 
drawn to scale, viewed from above (top) and from the side (bottom). In the parent cell, the DNA is in the 
solenoid configuration (left). As the histones are replaced by the protamines, each turn of the solenoid 
becomes two concentric circles (centre). In the doughnut structure, the protamine-bound DNA circles are 
collapsed into a toroid-shaped structure made up of 72 circles of DNA with an average diameter of 65 nm 
(right). The schematic intermediate (centre) is drawn only as an instructive diagram, and is not predicted as 
a real, functional intermediate that occurs during spermiogenesis. The actual transition must be much more 
complex, involving transitional proteins that are not considered in this model. Reproduced with permission 
from Oxford University Press (licence number 5581851136048) from: (85). 

 

1.4.9 Round spermatids. 
 

The round spermatid is a male gamete that has just completed the second meiotic division in the 

testis and therefore has a haploid gene content. As the name implies, they are round in 

appearance and are approximately 10µm in size (86). Spermatids can be morphologically 

classified into different steps, steps 1-8 are round spermatids and from step 9-16 onwards they 

transition through the elongating and condensing steps (57) (Figure 1-12 and Figure 1-18). The 

term spermiogenesis is used to describe the transition of round spermatids to motile mature 

sperm. As round spermatids are haploid cells any DBSs cannot be repaired by homologous 

recombination but must rely on the non-homologous end joining (NHEJ) pathway (see section 

1.7.1). 

1.4.10 Why do DSBs occur in round spermatids?  
 

The 3D genome is dramatically re-structured during gametogenesis, which involves global 

changes to chromatin structure, most notably most histone proteins are replaced by protamines 

which helps the DNA to compact. DNA compaction helps to protect the DNA from damage as well 

as allowing packaging in the remodelled condensed sperm head. Not all histone proteins are 

replaced by protamines and approximately 1% remain in mature sperm in mouse (80). Histones 

remain in regions that are important for embryonic development (81), which suggests that they 

may mark regions that are epigenetically regulated in early embryo development. The transition 

from less densely packaged chromatin, packaged with nucleosomes, to a highly condensed 

protamine-based chromatin structure takes place during spermiogenesis, the post-meiotic 

haploid phase of spermatogenesis. In round spermatids there is increased acetylation of histone 

proteins (hyperacetylation). This may weaken the interaction of DNA with the histone proteins, 

enabling testis specific histone variants to be inserted. These histone specific variants are then 

replaced by transition proteins (TP1 and TP2), which finally are replaced with the basic proteins 

termed protamines.  

Protamine bound DNA is less supercoiled than histone bound DNA, forming protamine toroid 

loops, which help the DNA to compact to 1/10th the size of a somatic cell (87). The switch from 
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nucleosomes to protamines therefore substantially alters the winding number of the DNA, as it 

transitions from a supercoiled state to a toroid conformation. During this switch double-strand 

breaks (DSBs) occur in order to relieve the helical tension caused by the rewinding process. It is 

thought that the induction of DSBs occurs as a matter of necessity, and that post meiosis around 

5-10 million DSBs may occur per cell (88). These DSBs are likely to be induced by topoisomerase II 

beta (TOP2B), as is the case for strand breaks associated with other remodelling phenomena such 

as transcription and DNA replication (89). The transient DSBs it creates help to unwind and 

detangle the DNA to reduce supercoiling. 

 

1.4.11 Elongating, condensing spermatids and mature sperm 

 
In elongating spermatids at step 9 (Figure 1-12), the tail has started to develop. Bilateral flattening 

of the nucleus occurs, which continues in step 10. In step 11 spermatids, further elongation of the 

sperm head occurs, but pronounced condensation of the sperm head has not yet begun (Figure 

1-12). Step 12 spermatids have the longest nucleus of any stage (57) of spermatogenesis and 

chromatin condensation has occurred. In step 13 spermatids, the spermatid head has shortened 

and starts to take on a sickle shaped appearance, further chromatin compaction occurs. In step 14 

the sperm head further shortens and in step 15 it narrows (57). In step 16 (the final stage) the 

spermatid head forms a prominent hook. Excess cytoplasm and organelles are removed from the 

mature sperm, the mature sperm are then released from the Sertoli cells into the lumen of the 

seminiferous tubules. These non-motile spermatozoa then enter the epididymis where they 

develop into mature motile sperm. Here the spermatids are exposed to oxidative stress, which 

leads to further chromatin compaction but can also cause oxidative damage to the DNA. 

1.4.12   Retained histones in mature sperm. 

 

As discussed previously, not all histones are replaced with protamines in mature sperm. Estimates 

for retention range from between 1-10% of histones, depending on the species. It was initially 

thought that the location of retained histones was random and was a result of the incomplete 

exchange with protamines. However, retained histones have been found to be important in 

embryo development. Disruption of sperm histone methylation during either spermiogenesis or 

at fertilization alters embryonic gene expression and development, suggesting modified histones 

in sperm chromatin are required for embryonic development (90, 91). 

In mammals, zebrafish and frogs, developmentally important genes are marked by modified 

histones in sperm, a feature that correlates with their expression in the early embryos (80, 92).  

Different histone subunits can be retained at different genomic locations. Histone H4 is retained 

at distal intergenic regions. Modified histones show enrichment in specific genomic elements, 
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with the modification type determining enrichment location, for example H3K4me3 is found at 

CpG islands (as shown in the spermatid ChromHMM data Figure 4-2 chapter 4 and H3K9me3 in 

satellite repeats (81). 

1.4.13 Post fertilization chromatin changes that occur in the embryo. 
 

Mature sperm are transcriptionally inert, due to genome compaction (93, 94). Upon fertilisation 

the compaction of the sperm genome will have to be reversed, with the removal of protamines 

and their replacement with histone proteins. Initially maternal factors from the egg cytoplasm 

control development while the zygote genome is silent. Then development switches from being 

controlled by maternal factors to zygotic control, this is called the maternal-to-zygotic transition 

(MZT). The first wave of transcription is termed zygotic genome activation (ZGA) and begins 

during the 2-cell stage in a mouse implantation embryo, it is associated with large changes in 

chromatin structure (95). Falco et al 2007 (96) identified that the gene Zscan4 is expressed during 

ZGA in the late 2-cell embryo stage. Srinivasan et al in 2020 (97) found that ZSCAN4 binds to 

nucleosomal microsatellite DNA and protects mouse two-cell embryos from DNA damage. This 

would suggest that genome remodelling in the embryo represents a period of instability in which 

the genome is vulnerable to damage. 

 

 

1.5 The Integrative Breakage Model in the context of male and female gametogenesis 

Having discussed the principles of evolutionary genomic rearrangement formations and the 

overall processes of gametogenesis, I will now consider the Integrative Breakage Model of 

genome evolution in the context of the germline events involved in reproduction. Recall that this 

model (44) states that chromosomal rearrangements arise due to inaccurate repair of DSBs 

occurring in the germline, which can then cause translocations between loci that are in close 

physical proximity. Male and female gametogenesis have distinct biological differences which will 

impact DSB formation, the repair processes available at the different stages of gametogenesis and 

the 3D organisation of the genome. Here I will outline these differences. In this, it is useful to 

divide gametogenesis into three stages ς premeiotic, meiotic and post meiotic events. Premeiotic 

events encompass those occurring in primordial germ cells, oogonia and spermatogonia. Meiotic 

events occur in oocytes and spermatocytes, while post meiotic events are effectively restricted to 

the male germline since the egg only completes meiosis at the instant of fertilisation. 

1.5.1   DSB formation during gametogenesis 

There are two major waves of DSB formation that occur during gametogenesis. Meiotic DSBs 

occur in both male and female gametogenesis catalysed by the SPO11 protein. These double- 



43 

 

strand breaks are required for homologous recombination between the homologous 

chromosomes and are vital for proper meiotic disjunction. Importantly the location of DSB 

hotspots is conserved across male and female meiosis, although the frequency with which any 

given DSB hotspot incurs a break may vary between the sexes (98). Thus, either male or female 

data can be used to study the potential link between meiosis recombination hotspots and 

evolutionary chromosome rearrangements.  

The second wave of DSBs is specific to spermiogenesis (see section 1.4.10), occurring at the 

transition from round to elongating spermatids as a result of chromatin remodelling. A further 

male-specific vulnerability arises in the mature sperm themselves, which are subject to oxidative 

attack during their lifespan as free-living cells in the epididymis. Breakages at this point cannot be 

repaired by the sperm as the chromatin is fully condensed with protamines and inaccessible to 

repair enzymes, and so these breaks are repaired post-fertilisation, in the zygote.  

In contrast to these programmed waves of DSBs during and after meiosis, breakages prior to 

meiosis are relatively rare. Since much of the developmental programme prior to meiosis is 

shared, it is likely that the location of premeiotic DSB hotspots is also shared between the male 

and female germlines, though this remains to be established.  

 

1.5.2   DSB repair during gametogenesis 
 

In addition to the differential vulnerability to DSB formation at different stages of gametogenesis, 

DNA repair fidelity will differ depending on the chromosomal content of each germ cell stage, as 

this will impact on which repair processes can be used. Prior to meiosis, in primordial germ cells, 

oogonia and spermatogonia, the cells are diploid with the full chromosomal content. Repair 

fidelity is therefore relatively high and similar to that seen in somatic cells.  

In meiotic cells (oocytes and spermatocytes), repair fidelity is again likely to be high due to the 

availability of template DNA. Repair in these stages proceeds exclusively via homologous 

recombination. DSBs in meiotic cells are catalysed by SPO11, nucleoƭȅǘƛŎ ǊŜǎŜŎǘƛƻƴ ƻŦ р  5b! ŀǘ 

ǘƘŜ ōǊŜŀƪ ǎƛǘŜ ǘƘŜƴ ƻŎŎǳǊǎ ǘƻ ǇǊƻŘǳŎŜ ŀ о  ǎǎ5b! ƻǾŜǊƘŀƴƎΦ ¢ƘŜ wŜŎƻƳōƛƴŀǎŜ ǇǊƻǘŜƛƴǎ 5a/м ŀƴŘ 

RAD51 ōƛƴŘ ǘƘŜ ŜȄǇƻǎŜŘ о  ǎǎ5b! όFigure 1-14). This creates a nucleoprotein filament which 

performs a homology search to identify the allelic locus on the other parental chromosome. 

Subsequent strand invasion displaces a loop of DNA (D-loop) to begin the process of DSB repair 

via homologous recombination (for a review see Lam and Keeney, 2015 (99)). 
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However, in haploid spermatids, homologous recombination cannot occur as there is no template 

that can be used. Therefore, more error prone process such as microhomology mediated end 

joining (MHMEJ) and non-homologous end joining (NHEJ) will have to be used. The repair of DSBs 

in round spermatids has been investigated by Ahmed et al in 2010 (100). They show that both the 

classical-NHEJ pathway and the Parp1/XRCC1 dependent NHEJ pathway are active in round 

spermatids, although the classical pathway only has a small contribution. The zygotic repair 

pathways that repair damage on the incoming sperm are less well characterised, however it is 

likely that this too uses relatively error prone pathways since it occurs prior to DNA synthesis and 

fusion of the male and female pronuclei (101). Any DNA breaks remaining in the mature sperm 

have the potential to affect the next generation if the breaks cannot be repaired by the oocyte. In 

humans, sperm DNA fragmentation has been used as a biomarker to detect early pregnancy loss 

(102), highlighting the importance of investigating the context in which DSBs occur for both 

spermatids and mature sperm. 

 

1.5.3 Differences in the 3D organisation of the male and female gamete genome 
 

As already discussed, the paternal genome is extensively remodelled during spermiogenesis with 

the replacement of histone proteins with transition proteins and finally protamines, this achieves 

the almost crystal-like compaction of the genome in mature sperm. This inevitably will put the 

genome under torsional strain, leading to the formation of DSBs to relieve this strain. Torsional 

strain can also be absorbed by changes in the DNA state from a B-DNA conformation to a non-B 

DNA conformation such as the transition to Z-DNA. Genome remodelling in this manner does not 

occur in oogenesis, therefore the female genome is not exposed to such torsional strain (and 

likely DNA state changes into Non-B DNA) and there is no wave of post-meiotic DSBs. Therefore, 

the differences in 3D genome structure between male and female gametogenesis may impact 

both the occurrence of DSBs and the context in which they are repaired. 

 

In addition to the changes associated with protamination and de-protamination, the profound 

transcriptional changes associated with male germ cell progression through meiosis and post-

meiosis, necessitate large scale changes in chromatin structure to activate and de-activate the 

relevant genetic programmes. To study these organisational changes, TAD structure has been 

investigated at different developmental stages of spermatogenesis through Hi-C experiments 

(103). This shows that TAD structure changes throughout spermatogenesis. Vara et al in 2019 

(103) have shown that inter and intra-chromosomal interaction ratios decreased 2-fold for all 

chromosomes in spermatogonia (early precursor cells to mature sperm) compared to fibroblasts. 
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This suggests that when cells commit to meiosis initiation, by differentiation into spermatogonia, 

a drastic remodelling of chromosomal territories occurs within the nucleus. They also observed 

that the decrease in inter and intra chromosomal interactions occurred simultaneously with 

changes to the A and B compartments. As meiosis progressed most compartments were lost in 

spermatocytes at prophase I (the meiotic stage where homologous chromosomes, condense, 

align, pair synapse and then recombine) (103). Post-meiotic cells then again developed a higher 

order chromatin structure with the reappearance of A and B compartments, but this pattern was 

less distinct than in spermatogonia and the compartments were of larger size (103). 

Oocyte chromatin has been less well studied due to the difficulty in isolating sufficient material, 

however single-cell Hi-C studies indicate an attenuation of A/B compartments in the mature 

oocyte, similar to that seen in spermatocytes. Moreover, in the fertilized zygote the male and 

female pronuclei retain differential 3D organisation (104). 

 

Figure 1-18: Schematic of mouse gametogenesis showing the 3 main cell types of spermatogenesis. 

The spermatogonia are underlined in red, the spermatocytes which undergo meiosis are underlined in blue 
and the spermatids are underlined in green, adapted from:(105). Reproduced with permission from Elsevier 
under licence number: 5581860247998. 

 

1.6 Understanding male-specific contributions to genome rearrangements 
 

Given the factors discussed above, there are thus two separate male-specific life stages where 

there is an additional vulnerability to DNA strand breakage and rejoining - i.e., the prerequisites 

for chromosomal rearrangement. Moreover, in both of these stages, DNA strand breaks are 

repaired via error-prone rather than high-fidelity mechanisms. To understand how these may 

contribute to the formation of chromosomal rearrangements, it is important to review in more 
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detail how these DSBs occur and are repaired. In this section I will therefore review the general 

factors that predispose DNA to breakage. In general, DSBs may be associated with specific 

primary or secondary DNA structures that render the DNA more fragile and labile to damage. 

Primary sequences known to be associated with DNA damage include repetitive elements / short 

tandem repeats and transposable elements (84), while secondary structures associated with DNA 

damage include alternative DNA structures such as G-quadruplexes and R-loops. These are not 

mutually exclusive categories as specific repetitive elements may trigger DNA fragility precisely 

due to a propensity to fold into alternative secondary structures. 

DNA damage may also be triggered by specific environmental insults occurring in specific cell 

stages. In this context a key contributor is oxidative damage occurring in the mature sperm head, 

since the sperm cell has few resources available to detoxify reactive oxygen species (ROS) and no 

ability to directly repair ROS-mediated damage. Another contributing factor (as mentioned above) 

is the torsional changes involved in sperm head compaction. 

 

1.6.1 Primary sequence contributions to fragility: Repetitive elements 
 

Transposable elements (TE) are repetitive DNA sequences that constitute around 40% of the 

mouse genome (106), they are mobile and can move from one location to another (107). The 

major TE families in the human and mouse genomes are LINEs and SINEs (long/short interspersed 

nuclear elements) and endogenous retroviruses (ERVs). Long interspersed elements LINE-1 (L1) 

are the dominant category of transposable elements in placental mammals. LINE elements are 

very numerous in the mouse genome (106) and contribute about 20% of the genome size (106, 

108). They can be both beneficial acting as source of evolutionary novelty or detrimental if they 

are inserted into genes. Genomic re-arrangements can also occur through non-allelic homologous 

recombination between copies of repetitive elements. If a LINE insertion directly disrupts an exon 

of a gene, then this may disrupt the function of the protein produced. For example, a de novo 

LINE insertion has been shown to be the cause of a small number of cases of Haemophilia A in 

humans (109). LINE insertions within introns may also lead to the disruption of gene expression 

through transcriptional elongation inhibition (110).The insertion of L1 elements may lead to 

structural variation through non-allelic homologous recombination between the LINE elements 

(111). The L1 antisense promoter can also can generate tissue specific transcripts that may affect 

gene expression (112). This tissue specific expression could be beneficial if it leads to the 

expression of genes with an adaptive role. These definitions are not iron clad and initially 

detrimental effects can become coopted over evolutionary time to generate novel beneficial 

effects.  
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Short tandem repeats (STR) are regions where two or more nucleotides are repeated, and the 

repeats are next to each other. Some trinucleotide repeats may impair replication fork 

progression, which could lead to chromosomal fragility and double-strand breaks, for example in 

humans, CGG repeats in the X chromosome can cause fragile X syndrome (113). 

 

1.6.2 Secondary structure contributions to fragility: Non-B DNA 
 

Non-B DNA is DNA which does not form the typical right-handed helix and there are many 

different forms such as, Z-DNA, short tandem repeats (STRs), G-quadruplexes and R-loops to 

name a few. Non-B DNA is an important consideration in the context of the Integrative Breakage 

Model, as the 3D structure of the DNA in the non-B DNA form may influence the generation or 

repair of DSBs, which in turn may have evolutionary consequences. The formation of non-B DNA 

can relieve torsional strain during genome remodelling in spermiogenesis with the caveat that 

non-B DNA may be more prone to DSBs or be recognised by components of the DNA damage 

response as damage. The optimal substrates for the mismatch repair (MMR) proteins share 

similar features with some non-B DNA structures, such as the junction of B to Z-DNA (114). In 

oogenesis genome remodelling as occurs in spermiogenesis with the replacement of histones with 

protamines does not occur, therefore the genome of oocytes does not undergo such torsional 

strain, so non-B DNA structures in oogenesis may play less of a role in DSB formation and repair 

and therefore in genome evolution. 

 

1.6.2.1 Z-DNA 
 

Z-DNA is DNA in which the double helix has a left-handed conformation with two anti-parallel 

chains held together by WatsonςCrick base pairs (115). This differs from B-DNA in which the 

double helix adopts a right-hand conformation. The Z-DNA backbone adopts a zigzag 

conformation (Figure 1-19). The Z-DNA helix does not have a major and minor grove as with B-

DNA but instead the base pairs are offset to the side away from the axis forming one grove (115). 
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Figure 1-19: Schematic showing the junction between B-DNA and the non-B Z-DNA. 

(PDB code 2ACJ). Adapted from (116) (and reproduced with permission from the creative commons licence 
(http://creativecommons.org/licenses/by/3.0/)). 
 
 

B-DNA can be converted to Z-5b! ōȅ άŦƭƛǇǇƛƴƎ ƻǾŜǊ ƻŦ ǘƘŜ ōŀǎŜ ǇŀƛǊǎ ǎƻ ǘƘŀǘ ǘƘŜȅ ƘŀǾŜ ŀƴ ǳǇǎƛŘŜ-

down orientation relative to that of B-DNA" (115). In Z-DNA the phosphate groups of the sugar 

phosphate backbone are closer together than in B-DNA. Electrostatic repulsion between the 

phosphate groups under standard cellular conditions (e.g., standard salt concentration) favour B-

DNA (115). At high salt concentration the repulsion between the phosphate groups is reduced and 

Z-DNA is the stable conformation. Z-DNA has a higher energy state than B-DNA (117).  

The DNA sequence can be used to predict regions in which Z-DNA is likely to form. Switching 

between B-DNA to Z-DNA will use energy, therefore sequences in which this energy penalty is 

reduced are more readily converted to Z-DNA (117). 

The sequences most readily converted to Z-DNA have alternated purines and pyrimidines, 

especially of C and G (118, 119). Z-DNA also occurs in regions with CA on one strand and TG on 

the other. Negative supercoiling will stabilize Z-DNA (120). 

During spermatogenesis the removal of histones and the replacement of these proteins with 

protamines, could cause extensive negative supercoiling of the DNA. This may stabilize DNA in the 

Z-conformation.  

 

1.6.2.2 G-quadruplexes 
 

G-quadruplexes (or G4) are a type of non-B DNA structure formed in regions rich in guanine 

(Figure 1-20). They are formed in regions containing 3 runs of 4 or more guanines. They were first 

discovered by Sen and Gilbert in 1988 (121). They can be predicted bioinformatically, and several 

databases exist containing these predicted structures such as the Non-B database (https://nonb-

abcc.ncifcrf.gov/apps/Query-GFF/feature/). G-quadruplexes can cause DNA instability and DNA 

http://creativecommons.org/licenses/by/3.0/
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damage and they can be found at sites of active transcription (122). G-quadruplexes can be 

unwound by helicases in vitro (123) and they have been shown to prevent genetic instability in 

vivo. Without helicases, G-quadruplexes can persist leading to replication fork stalling and 

collapse, which in turn leads to DSB formation (124) 

 

Figure 1-20: A schematic showing a G4 DNA structure. 

Reproduced from: (114) with permission from Elsevier under licence number 5581881324701. 
 
 

1.6.2.3 R-loops 
 

R-loops are a type of non-B DNA, formed from a DNA:RNA hybrid and a displaced strand of ssDNA 

(Figure 1-21). There are opposing views in the literature that R-loops may cause DSBs if they stall 

replication at a site of active transcription or that they may stabilise the DSB to aid the repair 

process, as reviewed in Gan et al, 2011 (125) and Bader and Bushell 2020 (126). 

 

Figure 1-21: Schematic showing the key components of an R-loop i.e. the DNA:RNA hybrid and the displaced 

strand of ssDNA. 

 

R-loops can be detected by ChIP-seq by using antibodies raised against the DNA-RNA hybrid, with 

the most common antibody used being clone S9.6. DNA:RNA hybrids are widespread in the 

genome with approximately 5% coverage in the human genome (127). R-loops can range in size 

from 200bp-500bp in humans (128) to several kilobases (129) with the resolution often limited by 

the choice of detection technique, with techniques such as ChIP-seq the lower limit of resolution 

is determined by the fragment size of the input DNA for the immunoprecipitation. 
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1.6.2.3.1 R-loop formation during transcription 
 

If R-loops form during transcription, then they are likely to be found within genes. R-loops are 

thought to occur when a recently transcribed RNA strand invades the duplex DNA behind the 

polymerase and then hybridises to the template DNA which forms the DNA:RNA hybrid. The non-

template DNA is displaced as a single strand of DNA. R-loops can form in regions of high GC 

content (127). R-loops are also associated with the formation of G-quadruplexes in transcribed 

regions (130). If an R-loop forms in front of the polymerase, then it may affect replication fork 

progression and lead to activation of the DNA damage response pathway. 

DNA:RNA hybrids can be degraded by RNase H enzymes (131). Eukaryotes have two RNase H 

enzymes (H1/H2) both of which can degrade RNA in DNA:RNA hybrids (for a review see (132)). To 

avoid the generation of R-loops, eukaryotic cells co-transcriptionally package the newly formed 

RNA transcripts into ribonucleoprotein particles (RNPs) and then export them to the cytoplasm 

(133). 

 

1.6.2.3.2 R-loop formation to stabilise a DSB and aid repair 
 

In contrast to the belief that R-loops are the cause of DSBs Ohle et al in 2016 (134) showed in 

Schizosaccharomyces pombe that R-loops form as part of the homologous recombination DSB 

repair mechanism and that the RNase H enzyme is an essential component for complete DSB 

repair. Ohle et al 2016 (134) also showed that there was a strong increase in Polymerase II levels 

around the sites of DSBs, from which they could not detect increased RNA levels, therefore 

assuming that the RNA hybridises with its template forming DNA:RNA hybrids.  

 

1.6.3 Environmental contributions to fragility: Oxidative DNA damage 
 

Oxidative DNA damage can result from the action of Reactive Oxygen species (ROS) on DNA. ROS 

are formed as a by-product of aerobic metabolism. ROS are partially reduced forms of 

atmospheric O2, often resulting from the excitation of O2 to form singlet oxygen (Oω) or from the 

transfer of 1, 2, or 3 electrons to O2 ǘƻ ŦƻǊƳΣ ŀ ǎǳǇŜǊƻȄƛŘŜ ŀƴƛƻƴ όωh2ς), H2O2, or a hydroxyl radical 

όωhIς), respectively (reviewed in (135)). 
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Exposure of spermatozoa to oxidative damage occurs under physiological conditions. The 

epididymis is an oxidizing environment and oxidation of spermatozoa is required to finish the DNA 

packaging process (Figure 1-22) and generate a more compact sperm head. Spermatozoa also 

produce ROS themselves. More compact DNA is less susceptible to DNA damage, so oxidation of 

spermatozoa is required for sperm to reach their full fertilizing potential (136, 137), but too much 

oxidation can be harmful, so it is a double edge sword. 

Mechanisms exist to mop up excessive ROS such as the multi-substrate enzyme glutathione 

peroxidase. This can transform H2O2 into water (reviewed in (138)). Knockout (KO) of GPX in 

mouse models results in subfertility (139). 

The mammalian glutathione peroxidase family is split into 8 classes, with class 5 expression being 

highly restricted to the caput epididymis (140). If GPX5 is mutated, then this can lead to increased 

oxidative damage of sperm within the caput epididymis (141).  

Sperm nucleus glutathione peroxidase 4 (SnGPx4) is predominantly expressed in late spermatids 

and spermatozoa (142). This is an enzyme which uses H2O2 to create inter and intra-protamine 

disulfide bounds on thiol groups of the cysteine-rich protamines, further condensing the sperm 

nucleus (143) (Figure 1-22). Therefore, like with Gpx5 disruption, SnGPx4 knockout will also result 

in a less compact sperm head more susceptible to OD. 

 

Figure 1-22: Changes in sperm chromatin structure as spermatogenesis progresses. 

Reactive oxygen species (ROS) such as hydrogen peroxide allow further compaction of the chromatin. The 
enzyme SnGPx4 uses hydrogen peroxide to create protamine-protamine disulfide bonds, leading to further 
chromatin compaction. Chromatin compaction is required to reduce the chromatin volume so that the 
chromatin can be contained in the compact hydrodynamic sperm head. Compact chromatin is also less 
accessible to DNA damaging agents. In mature sperm (lower right image) histone and nuclear matrix 
attached regions are found preferentially within the peripheral and basal regions (shown in dark blue in the 
picture of the sperm head), whereas protamine bound regions occupy a more central location (shown in 
pink). Adapted from: (143).  
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Sperm oxidative damage preferentially affects the basal and peripheral regions of the sperm 

nucleus (144). These are regions which are enriched in retained histones, so the DNA is not as 

compact and therefore more sensitive to OD. Oxidative damage in mature sperm is also high in 

the histone bound regions that are attached to the nuclear matrix (144). 

Chromosome position within the sperm head had also been shown to impact the level of 

oxidative damage, with a basal location being more sensitive to oxidative attack (144). Hammoud 

et al, 2009 have shown in humans that these regions of the paternal genome are enriched for 

genes involved in the regulation of post fertilisation DNA replication events and the onset of the 

embryonic developmental program (92). Mature sperm lack a functional DNA repair mechanism, 

so OD sustained in the sperm will have to be repaired by the oocyte.  

 

1.6.4 Environmental contributions to fragility: Chromatin compaction 

 
This factor has been discussed already (see section 1.6.3). Mechanistically, DNA torsion is relieved 

by topoisomerase II. It does so by transiently inducing a covalently-bound DNA double-strand 

break, enabling the release of torsional strain. If the cleave site is not re-ligated, then this results 

in a DSB (145). In spermatids which are haploid, the TOP2 covalently bound DNA must be repaired 

by NHEJ as there is no template available for the homologous recombination repair pathway. 

 

1.7 Pathways of DNA damage repair 
 

Having discussed the mechanisms of DNA damage induction in spermatogenesis, I turn here to 

mechanisms of DNA repair, together with some of the molecular markers used to study this 

process. DNA repair mechanisms necessarily depend upon the cell type in which the break 

occurred, the stage of the cell cycle and the type of DNA ends at the break site. In spermatogonia 

and spermatocytes DNA repair fidelity is high, mostly occurring through homologous 

recombination as the cells are diploid. In contrast, spermatids are haploid cells and so lack a 

template for homology directed repair. DSBs occurring in 1n spermatids must therefore be 

repaired by error prone mechanisms such as non-homologous end joining (NHEJ), (Figure 1-23 

and section 1.7.1), rather than the more accurate homologous recombination. 
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Figure 1-23: Summary schematic of non-homologous end joining and homologous recombination. 

 

1.7.1 Non-Homologous end joining 
 

NHEJ involves several steps: DSB recognition, processing, and ligation. The ligation process will 

differ depending on the type of DSB, for example whether the DNA ends have been covalently 

modified and there are many different end processing factors. 

Once a DSB has occurred, various protein complexes are recruited to the site of the DSB. The first 

is Ku, a heterodimer that consists of two subunits of Ku70 and Ku80, which can form a ring that 

can surround the DSB (146), helping to stabilise it (Figure 1-24), this then leads to the recruitment 

of DNA-dependent protein kinase (DNA-PK) and its activation by autophosphorylation (147). 

Autophosphorylation of the DNA-dependent serine/threonine kinase occurs on its large catalytic 

subunit (DNA-PKcs) and only takes place after collocation of the DNA ends. Autophosphorylation 

is required for correct DNA end accessibility for other NHEJ proteins (148) facilitating end 

processing but not end joining. Artemis is another key protein involved in the NHEJ process. It is 

recruited by Ku and DNA-dependent protein kinase catalytic subunit (DNA-PKcs) phosphorylates it 

(149). This induces its endonuclease activity, and it is recruited to the DSB. The DNA-PKcs-Artemis 

complex is key to bringing DNA ligase IV to the DSB (150) to repair it. 

The ligase complex IV/XRCC4 then joins compatible DNA ends, aided by the XLF/Cernunnos 

protein interacting with XRCC4 (151, 152). If the DNA ends are not initially compatible, then NHEJ 

can occur with other nucleases and ligases to ensure that the ends can be ligated by the IV/XRCC4 

complex. 
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Figure 1-24: Schematic of a model of non-homologous end joining. 

At a double-strand break Ku70/80 heterodimer (Green) binds to the DNA ends recruiting DNA-PKCS (shown 
in blue). This activates the DNA-PK kinase activity, leading to autophosphorylation which enables the 
subsequent processing and ligation steps. The small triangle symbolizes a DNA end that needs processing 
before ligation. Reproduced from: (153) under the creative commons licence 
(https://creativecommons.org/licenses/by/4.0/). 

 

As previously discussed NHEJ is error prone, as no template is used in the repair process, 

consequently this can lead to small insertions or deletions during the repair process. Deletions can 

occur when the DNA ends are processed if they are damaged or not complementary. NHEJ of 

blunt ends in mammalian fibroblasts is usually precise (154). 

As a backup to NHEJ, an alternative form of joining called microhomology-mediated end-joining 

(MHMEJ) may occur. This involves a few nucleotides of homology, (in yeast between 7-22bp 

(155)) that may be used to join the ends. The process occurs independently of Ku (156). The 

process starts with end resection- the exposed micro homologous sequences are then annealed 

ŦƻǊƳƛƴƎ ŀƴ ƛƴǘŜǊƳŜŘƛŀǘŜ ǿƛǘƘ о-flap and gaps on both sides of the DSB. The non-ƘƻƳƻƭƻƎƻǳǎ оΩ 

flap must then be removed by nucleases (157) to allow DNA polymerase to fill the gap. The final 

step is ligation of the DNA ends by ligase. MHMEJ is an error prone process causing various sized 

deletions, and it has been shown that translocated chromosomes can occur in cells where 

components of the NHEJ pathway have been mutated (158). The chromosomal translocations 

often contain microhomologies at the junctions (159). 
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1.7.2 Homologous Recombination 
 

Homologous recombination (HR) is an essential pathway for DSB repair in diploid cells in the S and 

G2 phase of the cell cycle, unlike NHEJ and MHMEJ, it is much more accurate, as a template is 

available to direct the repair (Figure 1-23). Briefly it starts with nuclease 5ς3  broad resection of 

ōǊŜŀƪ ŜƴŘǎΣ ƎŜƴŜǊŀǘƛƴƎ оΩ ǎǎ5b! ƻǾŜǊƘŀƴƎǎΣ ǿƘƛŎƘ ŀǊŜ ŎƻŀǘŜŘ ǿƛǘƘ ǊŜǇƭƛŎŀǘƛƻƴ ǇǊƻǘŜƛƴ ! (160). 

¢ƘŜ ǊŜŎƻƳōƛƴŀǎŜ w!5рм ƛǎ ƭƻŀŘŜŘ ƻƴǘƻ ǘƘŜ оΩǎǎ5b! Ǿƛŀ ǘƘŜ .w/!н ǇǊƻǘŜƛƴ (161), replacing 

replication protein A. This forms a nucleoprotein filament which is used to search for 

complimentary sequence. Once found a D-loop is formed (Figure 1-14), with the broken strand 

acting as primer and the complete strand as a template. Once enough DNA has been synthesised 

to fill the break, HR proceeds via displacement of the newly synthesised DNA strand from the D-

loop which then anneals to the complementary sequence at the non-invading end. Alternatively, a 

structure called a Holliday junction may be formed which consists of a 4-way junction between 

the recombining strands (162). It may form through the annealing of the non-invading end to the 

displaced strand of the D-loop in another step, or by invasion of the two resected ends and their 

concurrent extension. The Holliday junctions are resolved without crossing over and DNA 

exchange by helicases and Topoisomerases. Alternatively specific nucleases resolve the junctions 

with exchange of genetic material (cross overs) as occurs in prophase 1 of meiosis.  

As spermatids are haploid cells, repair cannot occur by homologous recombination and must 

occur via one of the other pathways such as NHEJ. Conversely, HR is the sole pathway of DNA 

repair operating during meiosis, and thus meiotic DSBs are repaired exclusively by this highly 

accurate repair pathway. 

 

1.7.3 Non-allelic Homologous recombination 
 

Non-allelic homologous recombination is a form of DNA repair which involves homologous 

recombination between two regions of DNA that have highly similar sequence but are not alleles. 

The Mus musculus genome contains blocks of repetitive DNA. If a meiotic DSB is formed within a 

repeat, then it has the potential to induce genomic rearrangement through repair with non-allelic 

sequences. This can generate genome rearrangements such as inversions, duplications and 

translocations (reviewed in (163)). If the homologous repair pathway is ever active in a haploid 

cell (i.e. a spermatid) then by definition it thus must result in non-allelic homologous 

recombination and consequently the potential for genome rearrangement. 
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1.7.4 DNA structures and chromatin marks associated with DNA damage 
 

DNA repair mechanisms can be studied using chromatin immunoprecipitation (and related 

techniques such as Cut&Tag ς see sections 1.10.4 and 1.10.6) to interrogate chromatin marks 

associated with DSBs. The most well-known of these is gamma-H2AX, a histone mark specifically 

involved with recruitment of DNA repair proteins. In this thesis, given the availability of a suitable 

dataset, I also examine the distribution of BRD4 ς a chromatin-binding protein with a specific role 

in NHEJ. 

1.7.4.1 BRD4 and DSBs  
 

BRD4 is a member of the bromodomain and extraterminal (BET) family of proteins. BRD4 is 

characterized by two tandem bromodomains (BD1, BD2). BDs bind acetylated lysine residues on 

target proteins, including histones (164ς166). BRD4 is involved in the DNA damage response, 

specifically the non-homologous end joining (NHEJ) pathway (167) ς which is of particular 

importance in round spermatids as discussed previously. DSBs result in increased H4 acetylation 

όIп!Ŏύ ŀƴŘ ǇƘƻǎǇƘƻǊȅƭŀǘƛƻƴ ƻŦ Iн!· όʴIн!·ύ ŀǘ ōƻǘƘ ŜƴŘǎ ƻŦ ǘƘŜ ōǊŜŀƪǎΣ ǿƘƛŎƘ ƛƴŘǳŎŜǎ .w5п 

recruitment. BRD4 then recruits other proteins of the DNA repair complex (168). 

 

1.7.4.2 Gamma H2AX as a marker of DNA damage 
 

GammaH2AX is the serine 139 phosphorylated form of histone H2AX. H2AX is a histone H2A 

variant. Phosphorylation of serine 139 on histone H2AX is induced upon DNA damage and DSB 

induction (169). Consequently, GammaH2AX is used as a marker for DSBs in molecular biology 

assays such as ChIP-seq and Cut&Tag. GammaH2AX regions are induced early in the cellular 

response to DSBs (169), the DNA damage response (DDR) and can form large foci, this may help to 

recruit DSB repair factors to the site of DNA damage (Figure 1-25). GammaH2AX knockout cells 

have defects in the DSB-induced cell cycle checkpoint response (170). 

GammaH2AX is thought to help aid DNA repair by anchoring the broken ends together via the 

recruitment of cohesins (171, 172). This can occur because of nucleosome repositioning at 

damaged sites and reduced chromatin density (173ς175). 
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Figure 1-25: Schematic showing a DNA damage and repair pathway involving H2AX. 

(1) Mutagens (e.g., ionizing radiation) induce double-strand breaks (DSBs). (2) The MRN complex composed 
of MRe11, Rad50, and Nbs1 proteins, is then recruited to the DSB. The MRN complex then recruits and 
activates ATM kinase. (3) ATM kinase phosphorylates the H2AX histone protein on the serine 139 residue 
(expanded histone) creating phosphorylated foci that can be visualized through immunofluorescence. 
(4) The mediator of DNA damage checkpoint protein 1 (MDC1) is recruited to the DSB. After modification 
via ATM, MDC1 recruit proteins, such as BRCA1 and 53BP1, to direct the DNA damage repair pathway 
through homologous recombination or nonhomologous end-joining. Image adapted from: (176) with 
permission from the creative commons licence: https://creativecommons.org/licenses/by/4.0/. 
 
 
 
 

1.8 Selective dynamics that influence how chromosomal variants spread through 

populations 
 

I have introduced where and when chromosomal rearrangements might happen, this section will 

discuss the different models of how chromosomal rearrangements might spread and become 

fixed within individuals. Chromosomal rearrangements must initially arise in the heterozygous 

form before they can spread through a population to generate homozygous individuals. As a given 

rearrangement spreads within the population, the differing haplotypes compete with each other 

and suffer one of three fates: either the new variant dies out, it spreads to fixation, or it persists. 

Long term persistence as a stable polymorphism is however rare as the restricted gene flow 

between haplotypes leads to progressive functional divergence, and eventual hybrid breakdown 

and/or hybrid sterility. Chromosomal rearrangements are thus a key factor in initiating and/or 

reinforcing reproductive barriers during speciation. In particular, the hybrid dysfunction model of 

speciation (first proposed by Dobzhansky (177)) predicts that speciation occurs as a result of 

structural chromosomal changes such as inversions, translocations or deletions becoming fixed 

https://creativecommons.org/licenses/by/4.0/
https://onlinelibrary.wiley.com/doi/10.1111/j.1420-9101.2007.01448.x#b15
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within a population. In the heterokaryotypic hybrid, recombination among the rearranged 

chromosomes generates gametes which are unbalanced. This can cause reduced fertility or 

complete sterility (underdominance). 

There is a vast literature on the selective dynamics associated with speciation which is too 

extensive to recapitulate here (however see references (38) and (178) for review). In this thesis, I 

focus on a less studied aspect of this process: namely the potential for transmission ratio 

distortion (non-Mendelian inheritance) of chromosomal rearrangements among the progeny of 

heterozygous carriers. In particular, I have investigated a Robertsonian fusion of chr6 and chr16 in 

mice that has previously been shown to undergo male drive - i.e., male parents pass on the fused 

and unfused versions of the chromosome at non-Mendelian frequencies.  

1.8.1 Overview of transmission ratio distortion 

 
Transmission ratio distortion (TRD) refers to the non-Mendelian inheritance of alleles (or linked 

haplotypes) due to processes operating during gametogenesis and/or fertilisation. Conceptually, 

instances of TRD can be grouped into two categories:  

¶ Processes operating during meiosis that lead to a skewed ratio of haploid gametes being 

produced. 

¶ Processes operating after meiosis, that bias either the survival or fertilising capacity of gametes 

dependent upon their haploid gene content.   

In the first category, the gamete production bias subsequently leads to transmission ratio 

ŘƛǎǘƻǊǘƛƻƴ ŀƳƻƴƎ ǘƘŜ ƻŦŦǎǇǊƛƴƎΦ {ǳŎƘ ŎŀǎŜǎ ŀǊŜ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ άǘǊǳŜ ƳŜƛƻǘƛŎ ŘǊƛǾŜέΣ ŀƴŘ ŜȄŀƳǇƭŜǎ 

include knob loci in maize, that can promote their preferential segregation during meiosis to the 

position that will become the egg (179). Typically, true meiotic drive operates during female 

ƳŜƛƻǎƛǎΣ ǎƛƴŎŜ ƛƴ ǘƘƛǎ ŎŀǎŜ ƻƴƭȅ ƻƴŜ ƻŦ ǘƘŜ ƳŜƛƻǘƛŎ ǇǊƻŘǳŎǘǎ ŦƻǊƳǎ ŀ ǾƛŀōƭŜ ƎŀƳŜǘŜ ŀƴŘ ǘƘŜ άŘǊƛǾŜέ 

consists of an intragenomic competition to avoid segregation into the polar body and thus be 

included in the egg.  

In the second category, an initially equal gamete ratio nevertheless produces biased transmission 

ratios due to functional differences between gametes. This is described as haploid selection and 

was first proposed by Haldane in 1924 (180). In contrast to true meiotic drive, haploid selection is 

predominantly seen in males (or isogamous organisms), since all meiotic products have the 

potential to become gametes and compete with each other. Haploid selection during oogenesis is 

likely to be minimal, as meiosis II is only triggered upon sperm fertilisation. 

In this thesis, I will refer to all forms of transmission ratio distortion operating during 

ǎǇŜǊƳŀǘƻƎŜƴŜǎƛǎ ŀǎ άƳŀƭŜ ŘǊƛǾŜέ όǎŜŜ ŀƭǎƻ ǎŜŎǘƛƻƴ 1.8.5) since the net effect is to favour the 
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transmission of specific alleles or haplotypes when passing through the male line during 

reproduction.  

 

1.8.2 Male drive in the context of spermatid development 
 

Given that sperm are all genetically unique, a naïve view would suggest that these differences 

must inevitably lead to haploid selection on their viability or fertilizing potential. Against this, 

Burgos and Fawcett in 1955 (181) discovered that spermatids were linked by cytoplasmic bridges 

formed by incomplete cytokinesis (Figure 1-26). Willison et al in 1988 (182) discovered 

biochemical evidence that transcripts could be passed between these bridges. This will allow the 

spermatids linked by cytoplasmic bridges to effectively become a homogeneous population. If a 

transcript is not shared between the spermatids, then this may cause functional differences 

between them. Protein products and whole organelles can also be shared by adjacent cells (183). 

Thus, the prevailing view since the mid-1950s has been that sperm are effectively diploid, and 

that there is little or no possibility for haploid selection to occur in mammals. 

 

 

Figure 1-26: Two spermatogonial cells connected by a cytoplasmic bridge. 

(arrows). Bridges range in diameter from 1-3µm. Reproduced from: (57) (page 51). 

 

However, in recent years results have begun to accumulate that challenge this dogma. In 

particular (see following section), understanding the mechanisms of certain rare examples of male 

drive has shown that some genes escape sharing across the cytoplasmic bridges between 

spermatids and therefore become subject to haploid selection (184). Most recently, Bhutani et al 

(185) claimed based on single cell sequencing that a large fraction of spermatid-expressed genes 

escape sharing to at least some extent and that haploid selection is more prevalent than 

previously appreciated. Additional experimental evidence shows that selection on sperm 

longevity can affect offspring fitness in fish (186). 

 

 

 

https://www.molbiolcell.org/doi/full/10.1091/mbc.e02-10-0647#REF5
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1.8.3 Known examples of male drive  
 

Only three cases of male drive have been unambiguously identified in mammals, largely because 

the driving variant was associated with chromosome-scale differences, so inheritance of the 

chromosomal differences was used as a proxy or marker for the drive gene. Given the nature of 

male meiosis, it is generally assumed that these are due to haploid selection rather than meiotic 

drive, but this is not formally proven in all cases. The first on mouse chromosome 17, termed the 

t-complex, was first discovered in 1932 in wild mouse populations by Dobrovoloskaia-Zavadskaia 

and Kobozieff (187). The t-complex contains a series of closely linked inversions that contain a 

single responder gene named SmokTCR (that evades sharing through the intracytoplasmic bridges), 

together with other genes termed distorters that act on SmokTCR to promote drive (184). 

The second is on mouse chromosome 6. Chromosome fusions involving mouse chromosome 6, 

such as in Robertsonian 6.16 mice, show an under transmission of the fusion chromosome in 

heterozygous animals (53). This was first thought to occur due to disruption of the Spam1 gene, 

which encodes a hyaluronidase enzyme, which was thought to escapes transcript sharing through 

the cytoplasmic bridges. Sperm without functional SPAM1 were thought to show a reduced 

fertilisation potential due to absence of the Spam1 encoded hyaluronidase enzyme which aids in 

sperm penetration of the oocyte. However other hyaluronidase enzymes or other genes may also 

be involved as Spam1 or HyaL5 knockout heterozygous animals that were crossed to generate 

double knockouts, generated the expected mendelian rations of the progeny (188).  

The third case occurs when a deletion on the Y chromosome leads to sex ratio skewing in the 

offspring of affected XYRIIIqdel males (189). Driving variants undergoing haploid selection will 

eventually spread to fixation, so there is likely to be limited variation in any given population, 

hampering the ability to identify heterozygous animals and investigate drive through traditional 

pedigree analysis. 

 

1.8.3.1 Haploid selection  

 
Haploid selection is distinct from meiotic drive and describes selection acting on haploid biased or 

haploid limited genes, such as during the haploid stage of oogenesis or spermatogenesis, this 

concept was first proposed by Haldane in 1924 (180).  

Genes expressed in the haploid state are directly exposed to selection, whereas in the diploid 

state selection may be partially or fully masked by a homologous allele. Meiotic drive is a type of 

intragenomic conflict, whereby the meiotic process is manipulated by one or more loci to bias the 

transmission of one or more alleles over another. 
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Other Instances of male drive- in this case known to operate by haploid selection have been 

investigated without identifying the exact genes involved. For example, Immler et al 2014 (186) 

investigated sperm variation within a single ejaculate and the effects on offspring development in 

Atlantic salmon. Alavioon et al 2017 (190) used zebrafish as a model to show that that selection 

on phenotypic variation among intact fertile sperm within an ejaculate affects offspring fitness. 

The study also showed that there was genetic variation among sperm selected according to 

phenotype. 

 

Figure 1-27: Schematic indicating different transcript sharing scenarios between the cytoplasmic bridges. 

For a normal gene, transcripts of allele A and allele a (represented by the coloured lines) are shared 
between the cytoplasmic bridges, so all sperm are functionally equivalent. The middle panel shows what 
happens when the product of an allele of a gene is not shared between the spermatids through the 
cytoplasmic bridges. The spermatids are not functionally equivalent. Epigenetic silencing of one allele of a 
gene (right panel) can also lead to functionally different spermatids. 

 

1.8.4 Drive as a force for genome structural evolution 
 

Male drive can potentially contribute to genome structural evolution via the non-Mendelian 

inheritance of variant chromosomes from heterozygous carriers. Driving genes can be organised 

into supergene clusters which are kept together by genome rearrangements, often inversions that 

prevent recombination during meiosis (reviewed in (191)). The clusters usually contain one gene 

that evades sharing between spermatids (a responder) and a range of other genes known as 

distorters (that may or may not be shared), but which act on the responder to trigger the drive, 

reviewed in (192). Tight genetic linkage is maintained between the responder and distorter genes 

as the inversion is selected for during evolution. 
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The typical mammalian example of a male drive complex associated with chromosomal inversions 

is the t complex in mice on chromosome 17 (reviewed in (193)). The evolution of this gene cluster 

has been extensively studied (184), interpretation of the evolutionary history is complex since t 

haplotypes also carry fatal genes and are not likely representative of the general case. Without 

fatal ƎŜƴŜǎΣ ŀ άŘǊƛǾƛƴƎέ ŎƭǳǎǘŜǊ ǿƛƭƭ ǊŀǇƛŘƭȅ ǎǿŜŜǇ ǘƻ ŦƛȄŀǘƛƻƴΣ taking any associated genome 

inversion(s) with it. Numerous distorter genes may act on a single responder (194), so genes that 

escaping transcript sharing (i.e., potential responder genes) will become the focus for recurrent 

genomic instability during evolution. These genes may trigger repeated episodes of genome 

rearrangements as new distorter genes arise and become linked to the responder via successive 

chromosomal inversions. 

1.8.5 Mechanisms of male drive 
 

Chromosomes that are rearranged, such as Robertsonian fusions are often transmitted at non-

Mendelian ratios and undergo drive. Mechanistically, any given chromosomal variant could be 

subject to drive due to either genetic variants linked to the fusion breakpoint, or epigenetic 

difference triggered by pairing abnormalities during meiosis. In either case, identifying the 

proximate mechanism of the transmission ratio skewing will rely on identifying either genetic 

variants or epigenetic differences that affect genes which escape transcript sharing between 

spermatids and thus provide the necessary substrate on which haploid selection can act. 

 

1.8.5.1 Drive via genetic differences linked to chromosome rearrangements 
 

The presence of a chromosomal rearrangement such as a Robertsonian fusion can lead to the 

suppression of recombination of genes closely linked to the fusion. This can lead to the 

accumulation of SNPs surrounding the fusion. If these SNPs occur in genes which impact fitness, 

then this could impact the spread of the chromosomal fusion within a population. In particular, 

the suppression of recombination in the vicinity of the rearrangement breakpoint has been 

modelled and shown ǘƻ ƭŜŀŘ ǘƻ ŀŎŎǳƳǳƭŀǘƛƻƴ ƻŦ ŘŜƭŜǘŜǊƛƻǳǎ ƳǳǘŀǘƛƻƴǎΣ ŀƪƛƴ ǘƻ ǘƘŜ άaǳƭƭŜǊΩǎ 

ǊŀǘŎƘŜǘέ ƳƻŘŜƭ ƻŦ ¸ ŎƘǊƻƳƻǎƻƳŜ ŘŜƎŜƴŜǊŀǘƛƻƴ (195). Different types of chromosome 

rearrangements might be more or less effective at supressing recombination. For example, 

Inversions which change the gene order might be more effective at supressing recombination 

than a rearrangement which does not change the gene order such as a fusion. However, studies 

have shown that Robertsonian translocations can restrict gene flow in mouse (196),(197). We 

therefore predict that there may be an accumulation of deleterious mutations tightly linked to the 

centromere of any given Rob fusion chromosome, that these mutations in turn may potentially 
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affect the fertility or viability of animals bearing the Rob chromosome, and that if the mutations 

affect genes that escape transcript sharing, haploid selection and male drive will result. 

 

1.8.5.2 Drive via epigenetic regulation of rearranged regions during meiosis 
 

Normal meiotic chromosome pairing (and by proxy recombination) cannot occur in the region of a 

chromosomal rearrangement. Therefore, there may be epigenetic changes in these chromosomal 

regions to transcriptionally silence the unpaired regions at the pachytene stage of cell division. In 

particular, regions that do not pair during meiosis are subject to profound transcriptional silencing 

during pachytene ς a process is known as meiotic silencing of unsynapsed chromatin (MSUC), (see 

section 1.9.5 of this introduction) (198). Turner et al in 2005 (199) showed that all unsynapsed 

regions are transcriptionally repressed relative to synapsed regions. It is believed that MSUC may 

help protect the genome from invasion by parasitic sequences such as retroviruses by silencing of 

any unpaired sequences.  

For the unsynapsed axes of the sex chromosomes, gene silencing by MSUC is sustained through to 

post-meiotic stages of germ cell development, and thus the majority of sex-linked genes remain 

inactive in spermatids (200). The limited evidence available to date indicated that post meiotic 

silencing also applies to unsynapsed autosomal regions. Therefore, the regions adjacent to 

chromosomal rearrangement breakpoints are predicted to undergo transcriptional silencing in 

most meiotic and post meiotic germ cells. If the silenced regions contain genes that escape 

transcript sharing in spermatids, then this may in turn create functional differences between cells 

that will be subject to haploid selection.  

In Robertsonian fusion mice, the fused vs unfused chromosomal copies can potentially be 

differentially affected by MSUC (201). This therefore provides a mechanism in which rearranged 

chromosomes may become subjected to male drive through an epigenetic mechanism. 

 

1.9 Effect of chromosomal rearrangements in meiosis 
 

Having reviewed the possibility for chromosomal rearrangements to undergo drive during 

gametogenesis, I will now outline the meiotic checkpoints and related processes that monitor 

synapsis and recombination and thus typically guard against the production of chromosomally 

abnormal gametes. 
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1.9.1 Meiosis and the meiotic checkpoints 
 

Meiosis involves a single round of DNA replication followed by two segregation events, one which 

separates the homologous chromosomes and one which separates the homologous chromatids. 

This needs to be tightly controlled to prevent mutations being passed on to the next generation. 

This is achieved via several meiotic checkpoints, which will eliminate the majority of 

rearrangements occurring before or during meiosis. However, rearrangements occurring in 

haploid post-meiotic cells will not be eliminated by meiotic checkpoints and will therefore have a 

much higher chance of being passed on to the next generation. 

There are three main meiotic checkpoints, one which detects failure of the chromosomes to 

properly synapse (MSUC), another which detects unrepaired DSBs and one which controls bipolar 

attachment to the spindle at metaphase 1 (the spindle assembly checkpoint). The meiotic control 

network uses numerous components of the DNA damage response (DDR) pathway, including 

conserved checkpoint sensor kinases ATM and ATR (202). Sister chromatids are held together by 

cohesins established during the pre-meiotic s-phase (203), but there is no such linkage for the 

homologous chromosomes, so during meiosis homologous chromosome pairs are identified and 

connected, this occurs during prophase I via homologous recombination between the 

homologous chromosomes. Homologous recombination ensures correct chromosome 

segregation during meiosis as it physically connects the homologous chromosomes (204). After 

premeiotic chromosome replication, programmed DSBs are induced by the SPO11 enzyme (68) 

{thмм ƛǎ ǘƘŜƴ ǊŜƳƻǾŜŘ ŀƴŘ рΩ ǊŜǎŜŎǘƛƻƴ ƻŦ ǘƘŜ 5{. ŜƴŘ ǇǊƻŘǳŎŜǎ ŀ оΩ ǎǎ5b!Φ w!5рм ŀƴŘ 5a/м 

(disrupted meiotic cDNA1) are strand invasion proteins (reviewed in (205)) which use the ssDNA 

ends to search for a homologous sequence. Homologous recombination is biased towards the 

homologous chromosome (reviewed in (206)) and the distribution of the cross overs along the 

chromosomes is non-random (as shown in various papers such as Latos-Bielenska and Vogel in 

1990 (207)). Only stable strand invasions are processed into crossovers, while the rest are 

repaired as non-crossovers (208). 

An intricate signalling network known as the meiotic checkpoints controls the processes described 

above and creates dependencies between the different processes. This is essential to ensure that 

the events occur at the correct time, so that the different process do not interact. If meiotic 

checkpoints are activated, then meiosis can be delayed, to allow time to repair damaged DNA, or 

if this cannot occur then the cell can be removed by apoptosis, this will prevent the segregation of 

broken chromosomes and the generation of aneuploid offspring. 
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Most meiotic control dependencies are linked with the formation of DSBs, which although an 

intrinsic essential part of meiosis have the potential to cause chromosomal breaks, other 

checkpoints are associated with DNA replication or with proper pairing of the chromosomes via 

the synaptonemal complex. As already mentioned, the serine/threonine kinases ATM and ATR are 

key. Blunt (209) or protein conjugated ends will activate ATM. ATR is activated by single stranded 

DNA (210) (formed by DNA processing) that is coated with replication protein A (RPA) (211) or by 

ssDNA/dsDNA junctions. Cofactors are also required for damage recognition by the kinases. ATM 

requires the complex of MRE11-RAD50-NBS1, termed MRN (212). The regulatory protein ATRIP 

(ATR interacting protein) detects ssDNA and activates ATR (reviewed in (213)). While ATR detects 

ssDNA/dsDNA junctions via RAD9-RAD1-HUS1, also known as the PCNA-like 9-1-1 complex. 

Unsynapsed meiotic chromatin activates BRAC1 and TOPBP1 (214) which in turn activates ATR. 

ATM/ATR also activate two other checkpoint serine/threonine kinases termed CHK1 and CHK2, 

which relay the signals of ATM/ATR (reviewed in (215)).  

There is a temporal separation between chromosomal replication and DSB formation, so that 

recombination via crossovers only occurs once the chromosomes have been replicated (216).  

DSB formation will activate the meiotic control network (MCN), end-resection will occur, initiated 

by MRN/CtIP (217). End resection will mean that the more error prone repair pathways such as 

end joining are less likely to occur, resected ends are poor substrates for key components of the 

NHEJ pathway such as Ku (218). MRE11-dependent endonucleolytic incisions near DSBs starts 

resection (219). 

Asynapsis of homologous chromosomes will activate the meiotic control network, via the 

accumulation of gammaH2AX on the unsynapsed chromosomes (reviewed in (220)), If this 

asynapsis persists, then this can lead to the formation of heterochromatin and transcriptional 

silencing (meiotic silencing of unsynapsed chromatin (MSUC)). This can result in the loss of the 

spermatocyte at metaphase if genes essential for survival are silenced (221). MSUC is similar to 

meiotic sex chromosome inactivation (MSCI) in the unpaired region of the X/Y chromosomes, 

although this does not result in cell death (198). 

 

1.9.2 Meiotic spindle assembly checkpoint 
 
The meiotic spindle assembly checkpoint (SAC) (Figure 1-28) ensures accurate segregation of the 

chromosomes in meiosis, preventing gains or losses. The SAC pauses the cell cycle until correct 

segregation of the chromosomes has occurred. It senses kinetochore microtubule attachments 

and the tension that is generated when the chromosomes are assembled in a bipolar manner 



66 

 

(222). Kinetochores are multi protein structures which bind to centromeric chromatin and to 

microtubules (223). The spindle assembly checkpoint prevents anaphase until all the 

chromosomes are stably attached to the spindle via kinetochore-microtubule attachments, only 

then is the block on progression to anaphase lifted. 

 

 
Figure 1-28: The spindle assembly checkpoint. 

The kinetochores of unaligned chromosomes generate a spindle assembly checkpoint signal in the 
cytoplasm which will decay over time. (Left panel blue stars). The checkpoint can be regulated by both 
mechanical tension and microtubule attachment. 
The left diagram shows paired homologous chromosomes at meiosis I. The signal from the unaligned 
kinetochore (larger blue star) is strong as it is not attached to microtubules and lacks tension. 
The checkpoint signal diffuses into the cytoplasm and decays (faded blue stars). In the middle diagram, all 
the chromosomes have achieved bipolar attachment. The time required for complete decay of the 
checkpoint signal allows sufficient time for the final chromosome to attach and align at the metaphase 
plate. In the diagram on the right, the checkpoint signal has fully decayed which allows anaphase onset. 
Reproduced from: (224) with permission of John Wiley and Sons under licence 5581910014995. 
 

1.9.3 The effect of Inversions, fusions and fissions on meiosis 
 

The presence of chromosomal rearrangements such inversions, fusions and fissions can have an 

impact on the normal progression of meiosis as homologous recombination can be disrupted as 

well as the normal 3D architecture of the nucleus, which can include an increased rate of 

heterologous interactions in primary spermatocytes, and alterations in both chromosome 

synapsis and axis length (225). 

1.9.4 Heterozygous metacentric chromosomes and meiosis  
 

A metacentric chromosome in a heterozygous state will pair with a homologous acrocentric or the 

homologous arm of another metacentric. This type of pairing will give rise to trivalent structures 

or more complex chains or rings, which can lead to meiotic defects (50).  

Different types of synapsis around the centromere can occur in heterozygous metacentrics, 

synapsed, open and asynapsed (Figure 1-29). Full synapsis (Figure 1-29b) occurs when the 
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centromeres of acrocentric chromosome synapses with the centromere of the metacentric. 

Trivalents remaining in the open configuration (Figure 1-29d) are not synapsed around the 

telocentric end containing the centromere (221, 225ς227). These un-synapsed regions can 

interact with other chromosomes or with the sex chromosomes. This may disrupt the normal 

progression of meiosis. 

Asynapsed chromosomes can be subject to meiotic silencing of unsynapsed chromatin (MSUC). 

This acts as a type of cell cycle checkpoint. In males without Rob fusions, it is only usually the non-

complimentary region of the X and Y chromosome that are unpaired and therefore subject to 

meiotic sex chromatin inactivation (MSCI). This silencing occurs due to epigenetic modification of 

histone proteins. In mice with Rob fusion, chromosomes can be partially asynapsed (open) or fully 

asynapsed. These asynapsed regions can be marked with repressive histone modifications such as 

H3K9me3 (225). Heterologous interactions differ depending on the synaptic state of the Rob 

fusions. If the Rob fusion is in a synapsed configuration, then more centromeric associations of 

acrocentric chromosomes occur and the sex body is separated from the autosomes. However, if 

the Rob fusions fail to completely synapse, then intrachromosomal associations are disrupted and 

the sex body can be associated with the fused chromosomes (autosomes) (228). This can result in 

large regions of heterochromatin representing MSUC within a cell. 

Structural variations such as a reciprocal translocation or Robertsonian fusion, without significant 

loss of genetic material can affect gene expression, if post meiotic sex chromatin (PMSC) 

repression occurs and is maintained during spermiogenesis. This in turn could have evolutionary 

consequences if the genes involved alter the fertilising ability of the sperm. 

 

Figure 1-29: Pachytene spermatocytes of a 2n=32 simple heterozygous mouse and the constituent trivalents. 

a) Immunolabelling with the synaptonemal complex protein SYCP3 (red) and SYCP1 (green). Overlap of both 
proteins indicates synapsed regions. All eight trivalents (arrows) appear as closed configurations. Only the 
sex chromosomes (XY) have a large unsynapsed region. Telocentric bivalents are indicated by asterisks. bςd) 
Different degrees of synapsis found on trivalents. b) Complete heterologous synapsis of the telocentric 
chromosomes. c) Incomplete heterologous synapsis. d) hǇŜƴ ŎƻƴŦƛƎǳǊŀǘƛƻƴΦ ōςŘ ύ {ŎƘŜƳŀǘic 
representations of the trivalent configurations. Green and red colours represent the homologous regions 
within the trivalent, blue lines represent synapsis, yellow circles represent centromeres. e) Immunolabelling 
ǿƛǘƘ ǘƘŜ ǎȅƴŀǇǘƻƴŜƳŀƭ ŎƻƳǇƭŜȄ ǇǊƻǘŜƛƴ {¸/tо όƎǊŜŜƴύ ŀƴŘ ǘƘŜ a{¦/ ƳŀǊƪŜǊ ʴIн!· όǊŜŘύΦ aŀƴȅ ǘǊƛǾŀƭŜƴǘǎ 
ŀǇǇŜŀǊ ƛƴ ŀƴ ƻǇŜƴ ŎƻƴŦƛƎǳǊŀǘƛƻƴΦ aƻǎǘ ƻŦ ǘƘŜƳ ǎƘƻǿ ŀƴ ƛƴǘŜƴǎŜ ƭŀōŜƭƭƛƴƎ ǿƛǘƘ ʴIн!· ƛƴ ǘƘŜ ǳƴǎȅƴŀǇǎŜŘ 
region (arrows). Some of them appear associated to the sex chromosomes (XY), which also show a 
ŎƻƴǎǇƛŎǳƻǳǎ ʴIн!· ƳŀǊƪΦ {ƻƳŜ ǘǊƛǾŀƭŜƴǘǎ ƛƴ ƻǇŜƴ ŎƻƴŦƛƎǳǊŀǘƛƻƴ Řƻ ƴƻǘ ǎƘƻǿ ʴIн!· ƭŀōŜƭƭƛƴƎ όŀǊǊƻǿƘŜŀŘύΦ 
 Reproduced From: (50) with permission from Springer Nature under licence number 5581890493533. 
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1.9.5 Meiotic silencing of unsynapsed chromatin (MSUC) 
 

During meiosis unsynapsed (unpaired) chromatin on autosomes is marked by a kinase of the DNA 

damage response (DDR), Ataxia telangiectasia and Rad3 related (ATR). This kinase phosphorylates 

serine 139 of H2AX forming gammaH2AX (229) and this is termed meiotic silencing of un-

synapsed chromatin (MSUC) (230). Meiotic silencing may have evolved as a genome defence 

mechanism or to aid in the detection and elimination of cells with synaptic errors (199) (231). 

A key component of MSUC is a variant of the H2A histone protein, H2AX. H2AX is enriched in 

testis relative to other cell types (232) and is a key component of the nucleosome during meiosis 

(233). H2AX also has a central role in the DNA damage response (see section on GammaH2AX as a 

marker of DNA damage). H2AX phosphorylation by ATR (a kinase involved in DNA repair) (234) 

occurs at the zygotene to pachytene transition where it marks the X and Y chromatin, it is this 

histone modification that leads to transcriptional repression and Meiotic sex chromatin 

inactivation and MSUC. Mice lacking H2AX fail to undergo MSCI (233). The BRCA1 (breast cancer 

1, early onset) protein is required to target ATR to the X and Y chromosomes (234). 

Fayer et al 2016 (201) have investigated how Robertsonian translocations modify the genomic 

ŘƛǎǘǊƛōǳǘƛƻƴ ƻŦ ʴIн!C· ŀƴŘ IоΦо ƛƴ ƳƻǳǎŜ ƎŜǊƳ ŎŜƭƭǎΦ ¢ƘŜȅ ŦƻǳƴŘ ǘƘŀǘ ǘƘŜ ǇǊƻȄƛƳŀƭ сς15 Mb 

portions of the chromosomes involved in Robertsonian fusions in spermatocytes are prone to 

meiotic silencing and the non-translocated homologs may have a slightly increased risk of being 

silenced. They did not investigate meiotic silencing in Rob translocations in spermatids, therefore 

it is possible that spermatocyte silencing is not maintained into round spermatids and this has not 

been investigated previously.  In this thesis I will attempt to investigate this further, by looking at 

allele-specific expression in spermatids from mice with a Robertsonian fusion chromosome, to 

determine if either the fused or non-fused allele is preferentially expressed or whether there is 

equal expression of both alleles. 

 

1.9.6 Meiotic checkpoints in female gametogenesis 
 

The susceptibility of the male and female genomes to chromosomal defects differs, as does the 

response to chromosome mis-segregation, likely due to differences in the meiotic checkpoints 

between male and female gametogenesis. As in males, there are two checkpoints that operate 

during meiotic prophase 1 in oocytes, one that monitors DSB repair and another that monitors 

correct chromosome synapsis. However, in males there is a prompt cell death response to meiotic 



69 

 

arrest due to expression of the Y-ƭƛƴƪŜŘ άƳŜƛƻǘƛŎ ŜȄŜŎǳǘƛƻƴŜǊέ ƎŜƴŜ Zfy, which triggers mid-

pachytene apoptosis in cells arrested at either of these checkpoints. In females, there is no mid-

pachytene apoptotic response, likely due to the absence of Zfy. Elimination of arrested cells is 

therefore delayed until late pachytene or diplotene (235, 236). Similarly, the meiotic spindle 

assembly checkpoint in females is thought to not be as robust as the spindle assembly checkpoint 

ƛƴ ƳŀƭŜǎΦ Lƴ ŦŜƳŀƭŜ ƳƛŎŜ ǿƛǘƘ ǘƘŜ aƭƘмҍκҍ Ƴǳǘŀǘƛƻƴ ǿƘŜǊŜ ŀƭƳƻǎǘ ƴƻ ƳŜƛƻǘƛŎ ŎǊƻǎǎƻǾŜǊǎ ŦƻǊƳΣ 

univalents are produced in meiosis, but their oocytes occasionally progress through meiosis I to 

extrude a polar body (237), in contrast in males with the same mutation metaphase arrest occurs 

(238). Robertsonian chromosomes in males and females are also processed differently, male mice 

with a Robertsonian chromosome have a greater incidence of unpaired and non-aligned 

chromosomes in meiosis I and increased metaphase I arrest and apoptosis in spermatocytes 

(239), whereas in females metaphase arrest may not occur (47). 

Thus, in females, oocytes are prone to meiotic errors that lead to mis-segregation of entire 

chromosomes and production of aneuploid offspring. While the clinical consequences of this are 

profound, including maternal age effects on fertility and the risk of chromosomal disorders (240) 

there are few implications for genome structure evolution, since the majority of rearrangements 

originating in the female germline are non-viable and do not enter the evolutionary record. 

 

1.10 Overview of genomic, transcriptomic and epigenomic techniques 

1.10.1 Fluorescence-activated cell sorting (FACS) 
 
A fluorescent-activated cell sorter (FACS) is a machine that can be used to isolate different cell 

populations. The machine generates a narrow stream from a cell suspension by passing the 

suspension through a small nozzle. The stream (containing droplets of single cells) is passed 

through an excitation light source (laser beam) which refracts the light. The forward scatter (FSC) 

can be used to indicate the cells size and the side scatter (SSC) the granularity or complexity of the 

cell, but this can vary between samples and flow cytometers. The cells can be labelled with 

additional dyes or antibody correlated fluorochromes. The cells can be excited by lasers of 

different wavelengths, the lasers required will depend on the stains used. The emission spectra, 

after excitation of the sample by different lasers is collected and analysed by the cytometer. The 

cell droplet can be differentially charged depending on the sort gating criteria to either be 

deflected into a collection tube or into the waste. 

 
 
 
 



70 

 

1.10.2 Whole genome sequencing 
 

Whole genome sequencing (WGS) of DNA can now be carried out at relatively low cost and has an 

almost limitless range of uses from evolutionary biology research through to medical research. 

The importance of determining the conservation or variation of nucleotides in a species cannot be 

underestimated, both for genome structural analysis such as determining the presence of 

homologous synteny blocks and structural rearrangements and for small scale genomic 

rearrangements such as single nucleotide polymorphisms (SNPs) and small insertions and 

deletions (INDELs). This has been made possible by the unprecedented advancement of 

sequencing technologies in the last few decades. 

Next generation sequencing (NGS) technology uses massively parallel sequencing, (sequencing 

the genome many times in small and random fragments) to produce thousands to millions of 

sequences in parallel. This improves the speed and accuracy and reduces the cost. 

In NGS (Figure 1-30) the DNA is immobilised to a solid support; each nucleotide is then washed 

through the system separately. The enzyme ATP sulfurylase is used to convert pyrophosphate into 

ATP, which is then used as the substrate for luciferase. Light is produced in proportion to the 

amount of pyrophosphate (241) and there is a unique fluorescent signal for each nucleotide. 

Sequencing techniques then evolved to generate paired end data. This improves sequencing 

accuracy when mapping to the reference genome especially in repetitive DNA. 
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A) Denatured NGS library fragments are flowed across a flow cell and hybridize to the complementary 
Illumina adapter oligos. Complementary fragments are extended, amplified via bridge amplification PCR, 
and denatured; this results in identical single-stranded library clusters. B) Fragments are primed and 
sequenced utilizing reversible terminator nucleotides. laser excitation and fluorescence detection are used 
to identify the base pairs. C) The raw data is demultiplexed into individual libraries and assessed for quality 
using tools such as FastQC. Adapter reads can be removed to reduce technical noise (with tools such as 
Trimmomatic). Finally reads are aligned to the reference genome assembly. Reproduced from: (242). 
 

 
WGS can be used to determine nucleotide differences between two strains of mice, for example 

C57BL/6 (wild type) and a Robertsonian fusion line. This is done bioinformatically using the whole 

genome sequencing data. The wild type strain is used as the reference to which the other strain is 

mapped. Using a file of a known set of SNPs within the reference genome, SNPs in the other strain 

can be determined using bioinformatics pipelines such as those within the Genome Analysis Tool 

Kit (GATK) (243). The SNPs can be filtered for read depth and quality scores to obtain high 

confidence calls. WGS data can also be used to detect insertions and deletions (INDELs) as well as 

copy number variants. 

 

1.10.3 RNA-seq 
 

RNA sequencing is a next generation sequencing technique that can be used to interrogate either 

the whole transcriptome or the mRNA produced within a cell. It involves RNA extraction from a 

cell sample and then the removal of ribosomal RNA or the selection of mRNA. The RNA is then 

fragmented, and cDNA is produced. The libraries produced can either be stranded or unstranded. 

The RNA is reverse transcribed into cDNA, followed by second strand cDNA synthesis. After end 

repair, A-tailing is carried out to add dAMP to the 3'-ends of the double stranded cDNA. Adapter 

ligation is then carried out, where dsDNA adapters with 3'-dTMP overhangs are ligated to A-tailed 

library insert fragments. The additions of adapter sequences allow many libraries to be sequenced 

on the same lane. Dual indexed library fragments are then amplified by PCR and the resulting 

fragments are then purified and sequenced. 

1.10.4 Chromatin immunoprecipitation 
 

Chromatin immunoprecipitation or ChIP-seq is a technique that can be used to 

immunoprecipitate regions of DNA that are bound by an antibody of interest. It can be used to 

investigate histone marks, DNA repair proteins, double-strand breaks or any protein-DNA 

interaction. Briefly the DNA/proteins of interest are fixed with formaldehyde, the nuclei are 

isolated, and the DNA broken into fragments of approximately 300bp either by enzymatic 

Figure 1-30: Schematic illustrating the NGS workflow for whole genome sequencing. 
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digestion or sonication. Immunoprecipitation is then carried out to precipitate the DNA of 

interest, which is then amplified and sequenced. A variant of ChIP-seq termed DNA Break 

Immunocapture (DBrIC) has been used to detect double-strand breaks. In DBrIC nicks and gaps in 

the DNA are repaired using T4 ligase and polymerase. Then DSBs that remain are labelled with 

TdT and biotin-14-dATP. The DNA is fragmented using Shearase and immunoprecipitated. Like 

ChIP-seq the resolution is governed by the size of the sheared DNA fragments. ChIP-seq 

techniques have evolved into other methods such as Cut&Tag. 

1.10.5 Chromatin states 
 

Genomic regions with different combinations of chromatin marks (or states) can be 

bioinformatically identified from ChIP-seq data using tools such as ChromHMM. This enables 

chromatin stage changes across developmental trajectories to be investigated, or different 

chromatin states can be compared against another condition, such as the location of spermatid 

DSBs. Chromatin states can be classified into active, repressed, or poised states based on the 

intensity of different histone marks within the state (see section 1.1). For example, H3K27ac and 

H3K4me3 are active histone mark, H3K9me3 and H3K27me3 are repressive chromatin marks. 

States with both active and repressive chromatin marks are termed poised. 

  

1.10.6 Cut&Tag 
 

Cut&Tag stands for cleavage under targets and tagmentation and is a method that can be used to 

investigate the location of histone modifications or transcription factors like chromatin 

immunoprecipitation-seq (ChIP-seq). In contrast to ChIP-seq, Cut&Tag does not require sonication 

but instead uses a modified Tn5 transposase that is bound to protein-A (PA). The protein A 

recognises the antibody bound DNA and simultaneously cuts the DNA and adds sequencing 

adapters at sites where the protein of interest was bound. Cut&Tag is carried out on fresh (or 

cryopreserved) unfixed permeabilised cells which are bound to concanavalin A (con-A) coated 

magnetic beads to immobilise them. Antibody incubation is performed with cells in their native 

state. Once the primary antibody has bound its targets, a secondary antibody is added to amplify 

the signal. The PA-Tn5 transposase is then added which will bind to the secondary antibody. In the 

presence of magnesium, the Tn5 transposase will Cut&Tag the DNA (cut the DNA and insert 

sequencing adapters). The cells are then immobilised on a magnet via the con-A beads and 

extensive wash steps are then carried out to remove background signal with the antibody bound 

DNA remaining within the cells that are attached to the magnetic beads. This results in lower 
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background signal than standard ChIP-seq, therefore fewer cells are required as input and less 

sequencing depth is required.  

 
Figure 1-31: Schematic of Cut&Tag showing the different stages. 

adapted from www.activemotif.com.  

  

1.11 Specific predictions and aims 
 

We predict that post-meiotic spermatids share a number of specific vulnerabilities that will 

predispose them to the generation of novel structural variation, including: a high rate of DNA 

damage, dependence on error prone DNA repair processes, and the potential for non-Mendelian 

inheritance of variants due to competition between haploid gametes. 
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Therefore, in this thesis we will investigate: 

(a) The evolutionary breakpoint regions (EBRs) where genome rearrangements have 

occurred during rodent evolution. 

(b) The three-dimensional organisation of chromatin in the nuclei of germ cells throughout 

spermatogenesis.  

(c) The locations where DNA damage occurs in the male germline, with a particular focus on 

the round spermatid stages, to determine DNA motifs and chromatin states that 

predispose the genome to breakage. 

(d) The patterns of gene expression in spermatids from animals that are wild type, 

heterozygous or homozygous for a specific chromosomal rearrangement (a Robertsonian 

fusion of chromosome 6 and 16) that is claimed to undergo non-Mendelian inheritance in 

heterozygotes. 

Collectively, aims (a) to (c) test the various aspects of the Integrative Breakage Model of structural 

novelty formation, initiating via DNA strand breakage, proceeding via re-joining of DNA strands in 

close proximity, and ultimately generating structural variation. Further analysis of (a) will give 

clues to the selective dynamics that retain or eliminate specific types of rearrangements, while (d) 

will investigate whether structural variation can itself trigger non-Mendelian inheritance in the 

male germline and thus influence its own transmission. 
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2. Methods 
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2.1 The breeding and characterisation of Rob6.16 mice 

2.1.1 Rob6.16 mouse breeding 
 

Mice with a Robertsonian translocation of chromosome 6 and chromosome 16 were obtained 

from the Jackson laboratory (JAX stock:000885, strain Rb(6.16)24Lub) and transferred to Charles 

River Laboratories (Manston, UK). The original line was derived from mice that came from Alfred 

Gropp. The original breeding strategy that was used to generate the homozygous line is unknown. 

However, it is likely that the original wild caught mouse with the Robertsonian fusion was bred to 

a laboratory mouse strain. It is likely that a filial mating between heterozygous mice from the first 

few generations was then carried out to generate mice homozygous for the Rob6.16 fusion, which 

were then inbred for numerous generations before being transferred to the Jackson laboratory 

(see Figure 2-1). 

 

Figure 2-1: The Rob6.16 breeding strategy.  

The breeding strategy shown at the top of the figure (from the capture of wild mice with the Robertsonian 

fusion, up until the cryopreserved embryos were shipped to Charles River) is the likely strategy, as the 

actual steps taken are unknown. Homozygous Rob6.16 mice (blue) were mated to wild type C57BL/6 mice 

(green) to produce Het Rob6.16 mice (yellow). 
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C57BL/6 mice were obtained from Charles River laboratories (Manston, UK) to act as a wild type 

control strain. Homozygous Rob6.16 mice were bred to wild type C57BL/6 mice to generate 

heterozygous Rob6.16 mice. For the details of the mice used for experiments see Supplementary 

Table 8-1. 

 When comparing between the three genotypes (wild type, homozygous Rob6.16 and 

heterozygous Rob6.16), age matched adult mice between 22-24 weeks were used for 

experiments. The mice were older than the typical 8-12 weeks normally used (as the age range for 

adult mice), as we were limited by the availability of the Aria flow cytometers which we used at 

the Crick Institute in London. 

2.1.2 Karyotyping the Rob6.16 heterozygous and homozygous mice 
 

A ~1cm3 piece of mouse thigh muscle or both lungs was added to a small petri dish with 

approximately 1ml of RPMI media (containing 10% foetal bovine serum (FBS) and 1% Penicillin-

Streptomycin). The muscle or lung was fragmented into very small pieces using sterile scissors. 

This suspension was then transferred into an adherent T25 tissue culture flask and the volume 

made up to 5mls, this was incubated at 37°C 5% CO2. The aim was to culture primary fibroblasts 

from these tissues. Every 2 days the culture was topped up with an additional 1ml of media. After 

around 7 days, fibroblast cells started to attach to the bottom of the flask and 90% of the media 

was removed and discarded and replaced with fresh media. Once the cells were 80% confluent 

the primary culture was split 1:3 into one T75 flask (passage 1). The spent media was removed 

from the flask and discarded. The flask was washed with 2mls of phosphate buffered saline (PBS), 

which was then discarded. 1ml of 0.25% tryspin was added and the cells incubated until they just 

started to detach. The trypsin was stopped with 9mls of complete media and the cell suspension 

transferred to one T75 flask. The cells were monitored every 1-2 days and split 1:2 or 1:3 as 

required. Once the cells were growing in log phase, a T75 flask of cells was used for karyotyping. 

The cells were treated with 10µl/ml of a 10µg/ml stock of colcemid for 45 minutes at 37°C 5% CO2 

to arrest the cells in metaphase. They were then harvested as described above, keeping the time 

in trypsin to a minimum. Once the cells had detached the trypsin was inactivated by the addition 

of complete cell culture media. The cells were then centrifuged at 1900rpm for 5 minutes and the 

supernatant was discarded. The cell pellet was then resuspended in 10ml of 0.075M KCl pre-

warmed at 37°C and incubated for 10 minutes at 37°C. The sample was then centrifuged at 

1900rpm for 5 minutes and the supernatant was discarded (leaving about 0.5ml remaining above 

ǘƘŜ ǇŜƭƭŜǘύΦ ¢ƘŜ ŎŜƭƭǎ ǿŜǊŜ ǘƘŜƴ ŦƛȄŜŘ ƛƴ рƳƭǎ ƻŦ ŦǊŜǎƘ /ŀǊƴƻȅΩǎ ŦƛȄŀǘƛǾŜ όŀ оΥм Ǌŀǘƛƻ ƻŦ 

methanol:glacial acetic acid), while vortexing. 5mls more fixative was added, and the cells were 
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centrifuged at 1900rpm for 5 minutes. The supernatant was discarded, and the cell pellet was 

resuspended in 5mls more fixative, the sample was centrifuged again, and the supernatant was 

discarded. The cell pellet was resuspended in ~100µl of fixative (volume was adjusted depending 

on the cell density) and 2x5µl drops were spotted onto a humidified glass slide. Once dry the slide 

was washed in 70% acetic acid for 5 seconds. The slides were air dried and then two drops of 

vectashield containing DAPI was added, a coverslip was then placed on top. Excess DAPI was 

blotted from the slides, and they were viewed at 100X magnification under a fluorescence 

microscope. Images of optimally spread metaphase spreads at 100x were taken and the 

chromosomes were counted to confirm the genotype (chapter 3, Figure 3-11). 

2.1.3 Rob6.16 mice whole genome sequencing 
 

DNA was extracted from recently euthanised homozygous Rob6.16 mice from a tail sample which 

was harvested approximately 0.5 cm from the tail tip. The tail samples from two homozygous 

Rob6.16 mice (called Rob1 and Rob2) were obtained and stored separately at ς20°C until ready to 

proceed to DNA extraction. Before DNA extraction each tail sample was cut into several small 

pieces using a scalpel, and placed into a separate PCR clean 1.5ml Eppendorf tube. The samples 

were lysed overnight in lysis buffer (100mM Tris-HCL, 5mM EDTA pH8, 200nM NaCl [Fisher 

scientific S/3160/60], 0.2% SDS. Per sample 20µl of 20mg/ml proteinase K was added to the lysis 

buffer) and then DNA was extracted using a phenol chloroform-based approach. The DNeasy 

blood and tissue kit (Qiagen) was tested, however, RNA was carried over with this kit (as 

determined by Nanodrop readings), so a phenol-chloroform extraction was used instead. 

Briefly, 500µl of lysis buffer was added to the tail samples (which included proteinase K). The 

samples were vortexed at low speed to aid lysis and then they were incubated overnight at 56°C. 

After the overnight incubation any undigested bone/cartilage/hair was removed from the sample 

by centrifugation at 2000g for 3 minutes. The supernatant was transferred to a fresh 1.5ml tube. 

Phenol:Chloroform:Isoamyl Alcohol (25:24:1, v/v) (Fisher scientific 15593031 was warmed to 

room temperature before use and swirled gently to mix, 520µl was added to the lysed tail sample. 

The tubes were shaken vigorously to obtain a homogenous suspension. Samples were then 

allowed to separate into an upper aqueous and lower organic layer for ~15 minutes at room 

temperature. To separate the sample into a tight lower organic phase and an upper aqueous 

phase containing DNA the samples were spun at 13,000 rpm for 5 minutes at room temperature. 

The upper aqueous layer (containing DNA) was pipetted into a fresh tube (approx. volume 420µl). 

An equal volume of isopropanol ~420µl was added to the aqueous layer, the tubes were capped 

and inverted well to mix. Once small strands of precipitated DNA were visible the tubes were spun 

at 13,000rpm at 4°C for 30 minutes to pellet the DNA. The supernatant was discarded, and the 
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pellet was washed twice with 70% ethanol. The pellets were allowed to air dry at room 

temperature for 5-10 minutes until all traces of ethanol had evaporated. The DNA pellets were 

then resuspended by adding 80µl of TE buffer (100mM Tris-Cl, 1mM EDTA) to the pellets without 

pipetting. The tubes were placed at 4°C overnight to allow the pellets to fully hydrate. The next 

day DNA concentration was measured in duplicate using the Nanodrop. To obtain an accurate 

reading for DNA concentration alone, without RNA contamination skewing the absorbance 

readings, the DNA was also measured on a high sensitivity Qubit kit [Invitrogen] (first diluting the 

DNA 1:5). The DNA concentrations obtained ranged from 400-437ng/µl (Qubit measurement). The 

homozygous Rob6.16 DNA was diluted in TE buffer to 100ng/µl in 50µl of TE and sent to 

Novogene (Cambridge, UK) for whole genome sequencing at 27x coverage. 

2.1.4 Genotyping wild type C57BL/6 mice, Robertsonian Rob6.16 mice and 

heterozygotes Rob6.16 mice by PCR 
 

Using the SnpEff INDEL and SNP data (see section 2.12.1), 16 pairs of primers (four pairs for chr6 

and four for chr16) that spanned INDELS (see Table 2-1 and alignment maps Supplementary 

Figure 8-1 to Supplementary Figure 8-8), were designed to genotype the Rob6.16 mice. Therefore, 

different sized PCR products were obtained depending on the genotype of the sample (Table 3-6). 

NCBI genome data viewer was used to obtain FASTA files from the mm39 genome of a region 

~100bp upstream and ~ 100bp downstream of the INDEL. This sequence was then loaded into 

primer3, which was used to design primers using the default settings. If primer3 could not find a 

primer pair, then the sequence range was extended slightly. If a primer pair was still not found 

then primers were designed manually and checked in the Thermo Fisher Multiple Primer Analyzer 

tool: (https://www.Thermo Fisher.com/uk/en/home/brands/thermo-scientific/molecular-

biology/molecular-biology-learning-center/molecular-biology-resource-library/thermo-scientific-

web-tools/multiple-primer-analyzer.html) for the presence of cross primer dimer and self-primer 

dimer. 

Robertsonian FASTA sequences were obtained from the SnpEff VCF files, which had been split into 

a VCF file of INDELS and a VCF file of SNPs. gatk FastaAlternateReferenceMaker with the default 

settings was used with the FASTA file of the mm39 genome to produce the Robertsonian FASTA 

files (one FASTA of the SNPs and one FASTA of the INDELS). These files were then used in the 

MUSCLE aligner (244) to create alignments between the WT C57BL/6 reference and the 

Robertsonian samples. The position of any insertions and SNPs was marked, as was the location of 

the forward and reverse primers (see Supplementary Figure 8-1 to Supplementary Figure 8-8). 

The UCSC (University of California, Santa Cruz) In silico PCR tool (http://genome.ucsc.edu/cgi-

bin/hgPcr?db=mm39) was used to check for the presence of off target PCR products. The regions 

https://www.thermofisher.com/uk/en/home/brands/thermo-scientific/molecular-biology/molecular-biology-learning-center/molecular-biology-resource-library/thermo-scientific-web-tools/multiple-primer-analyzer.html
https://www.thermofisher.com/uk/en/home/brands/thermo-scientific/molecular-biology/molecular-biology-learning-center/molecular-biology-resource-library/thermo-scientific-web-tools/multiple-primer-analyzer.html
https://www.thermofisher.com/uk/en/home/brands/thermo-scientific/molecular-biology/molecular-biology-learning-center/molecular-biology-resource-library/thermo-scientific-web-tools/multiple-primer-analyzer.html
http://genome.ucsc.edu/cgi-bin/hgPcr?db=mm39
http://genome.ucsc.edu/cgi-bin/hgPcr?db=mm39
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amplified by these PCR primers are repetitive regions, so off target products are possible. We 

minimised this where possible or made sure that any off-target bands were of a different size to 

the target product/products. 

The primer pairs were tested on the wild type C57BL/6 DNA first to determine that a product of 

the correct size was obtained. Primers that successfully amplified a wild type band were tested on 

the Robertsonian sample. To obtain heterozygous DNA, wild type and Robertsonian DNA of equal 

concentration were mixed in a 1:1 ratio and then run in the PCR reaction. This was because tissue 

samples from heterozygous mice were not available to extract DNA from, at the time of the PCR 

genotyping optimisation. 

Table 2-1: PCR primers designed for Rob6.16 genotyping reactions. 

 

 

PCR primers at 25nM scale and standard purification were obtained from Integrated DNA 

Technologies (IDT). The primers were diluted to a stock concentration of 100µM in nuclease free 

water. Working stocks at 10µM were used to set up the PCR reactions. (2.5µl of 10µM working 

stock in a 50µl PCR reaction gave a final concentration of 0.5µM). 

15ng of input DNA was used per PCR reaction, with 1µl of 10mM dNTP mix, 0.5µM each of the 

forward and reverse primer, 0.25units of DNA polymerase, 10µl of 5X Green GoTaq polymerase 

buffer, 2mM MgCl2 and nuclease free water up to a final volume of 50µl.  

The DNA polymerase used was from Promega (GoTaq® G2 Flexi DNA Polymerase, catalogue 

number M7801). The GoTaq polymerase buffer contains loading dye, so post PCR the reactions 

were loaded directly onto a gel. 

chr6_fwd_1 ACACACCAAGCCAGAGAAAA  

chr6_rev_1 TTGGTTACTGCGCCAACA 

chr6_fwd_2 GCAGATATCACAGCAGCACC 

chr6_rev_2 ATGGAGGGGTGAGGTTTCTG 

chr6_fwd_3 AGGAGACCAGACTGAACACT 

chr6_rev_3 CCCACTCCTCTCTTGCACC 

chr6_fwd_4 AGTTCAAATCCCAGCAACCAC 

chr6_rev_4 TGATCATCATGGCAGGACGT 

chr16_fwd_1 TGGAGAAAGAGGGGAGAGGG    

chr16_rev_1 GAATGAGTTCCAGGACAGCC 

chr16_fwd_2 ACCCTCCTCTCCAGTCTCTT 

chr16_rev_2 AAATGGGAGGGGCAGGAAAA 

chr16_fwd_3 GGCCTCCCATTACCTGTG 

chr16_rev_3 AGTGCTTAAGGTTGGAGGCT 

chr16_fwd_4 CAGGCACCTCATATCCTCCA 

chr16_rev_4 TGTCTCCTCACAGCAAACCA 
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The melting temperatures of the primers were designed to be as close as possible with a 

maximum difference ideally being 5°C. The melting temperature was used as a guide to inform 

the annealing temperature of the PCR reactions. 

The IDT website was used to calculate the annealing temperature of the primers with 0.5µM 

forward and reverse primer per reaction with 2mM MgCl2. The primers spanning the INDELs had 

annealing temperatures of around 58°C.  

Two rounds of primer testing were carried out (one on wild type C57BL/6 DNA and one on 

Robertsonian 6.16 DNA) before a blind genotyping exercise was run to determine if the primers 

could be used to identify, a wild type, a Robertsonian or a mixed wild type/Robertsonian sample 

(the equivalent of a het sample). 

The cycling conditions used for the PCR were as follows: 95°C for 2 minutes, then 30 cycles of 95°C 

for 15 seconds, 58°C for 30 seconds, 72°C for 30 seconds. Then a final incubation of 72°C for 5 

minutes. Post PCR 20µl of each PCR reaction was run on a 2% agarose gel (containing SYBR safe) 

at ~100V for ~1 hour. 

 

2.2 Testis digestion for FACS and spermatid sorting on the FACS Aria and FACS JAZZ 
 

The tubule digestion protocol differed depending on if the sample was sorted on the Aria or the 

Jazz FACS. We used the Aria flow cytometers at the Crick Institute in London and the Jazz flow 

cytometer at the University of Kent. 

In summary (Figure 2-2), both testes were dissected out from a mouse. The outer coat (Tunica 

albuginea) was snipped and then the tubules were gently squeezed out from the testis into 

dissociation buffer by running forceps along its length. The coat was discarded. 

 

2.2.1 Testis digestion and staining for the FACS Aria 

For sorting on the Aria dissociation buffer was composed of 5mg/ml Collagenase, 2.5mg/ml 

Dispase II, 2.5mg/ml DNase I in HBSS. The tubules were allowed to digest at 37°C for 30 minutes 

shaking at 800rpm, tapping the tube every 10 minutes. Digestion was then blocked by transferring 

the digested tubule cell suspension from one testis into 20 ml of DMEM + 10% FBS. The 

dissociated testis cell suspensions from the same mouse were then combined into one tube and 

filtered through a 30µm smart cell strainer to remove any cell clumps. The cell suspension was 

then aliquoted into tubes for: 

a. Unstained control (500µl taken from 40ml dissociated sample) 

b. PI control (500µl from 40ml) 

c. Hoechst control (500µl from 40ml) 



82 

 

d. Hoechst + PI sample to sort (remaining 38.5ml) 

 

Cells were then spun down at 300g for 5 minutes at 14oC, using a swing-out rotor at this step and 

all other spinning steps. The supernatant was removed and discarded.  The cells were 

resuspended in DMEM + 10% FBS (1ml for the control samples and 10ml for the combined 

Hoechst and propidium iodide (PI) bulk sample). The samples not containing Hoechst were then 

spun down to wash, to be used as controls for FACS set up, before the bulk and control Hoechst 

samples were stained. 

Hoechst 33342 staining: 

a. 5µl of 1mg/ml Hoechst 33342 solution to 1ml of cell suspension in control 

samples 

b. 50µl of 1mg/ml Hoechst 33342 solution to 10ml sorting sample for a final 

concentration of 5µg/ml. 

 

The samples were stained at 37oC for 45 minutes in dark, then spun down at 500g for 3 minutes. 

The supernatant was discarded. The cells were then resuspended in 1ml of PBS 1% FBS 2mM 

EDTA to wash and spun down again at 500g for 3 minutes. The supernatant was discarded, and 

the cell pellets were resuspended in 1ml of PBS 1% FBS 2mM EDTA and filtered through a 70µm 

strainer into 5ml round-bottom FACS polystyrene tubes. Just before sorting 20µl of 50µg/ml PI 

was added to 1ml of cell suspension for a final concentration of 1µg/ml. The cells were kept on ice 

until they were sorted. Cells were sorted into chilled 1.5ml Eppendorf tubes that contained a 

small amount of PBS 1% FBS, 2mM EDTA. 

Round spermatids were sorted on a FACS Aria equipped with a UV laser. For sorting of round 

spermatids, the following sorting strategy was performed: A forward scatter (FSC) and side scatter 

(SSC) plot was created to exclude dead cells and debris (which has low FSC) from the analysis. 

Dead cells were excluded based on high propidium iodide (PI) staining and a gate of viable cells 

was created (Figure 2-2B). As elongating spermatozoa are very small, exclusion based on low FSC 

will also eliminate much of their contribution from the analysis and sorting. 

The viable cells were plotted as Hoechst Blue Height (x-axis) vs Hoechst Blue Area (Y-axis) and a 

gate of single cells were selected. The single cells were then gated on Hoechst blue 450/50 (Y-axis) 

against Hoechst red 660/20 LP635 530/30. This staining pattern was used to determine the 1n 

spermatid population (Figure 2-2B). 

Three wild type, three Rob6.16 heterozygous and three Robertsonian homozygous mice were 

sorted. 300,000 cells were sorted per 1.5ml tube, with an approximate sort volume of 1.2mls. 

Depending on the sorting speed, four to five 1.5ml tubes each containing 300,000 cells were 

collected per mouse. 30,000-200,000 cells were collected into one 1.5ml tube from each mouse 

to stain with PNA-lectin and DAPI to use as a purity check. The tubes containing 300,000 cells 
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were spun at 300g for 5 minutes and the supernatant was discarded. The cell pellets were 

resuspended in 250µl of lysis solution (RNAqueous micro total RNA isolation kit, AM1931) and 

snap frozen on dry ice and then transferred to -80°C storage. 

Immunofluorescence purity check: 

The 30,000-200000 sorted cells were fixed with an equal volume of 4% PFA solution, giving 2% 

final and incubated for 5 minutes at room temperature. Approximately half of this cell suspension 

was then cytospinned per slide at 1000rpm for 5 minutes. The slides were then stained with a 

1:500 dilution (in PBS 0.1% triton) of a 1mg/ml PNA lectin Alexa Fluor 488 stock for 30 minutes at 

room temperature in the dark. The slides were then washed twice gently in PBS before being 

allowed to air dry. One drop of VECTASHIELD anti-fade mounting media containing DAPI was then 

added per slide and a coverslip placed on top. Excess DAPI was blotted from the slides, and they 

were visualised using a fluorescent microscope with DAPI and FITC filters. 200 cells were counted 

per slide (or as many as possible if cell density was low) and cells were classified as either round 

spermatids, elongating spermatids or neither of these categories (for example spermatogonia). 

The purity obtained with this approach was 97.5%-100% round and elongating spermatids per 

sample, with approximately 20% elongating spermatids per sample. 

2.2.2 Testis digestion and staining for the FACS Jazz 
 

Digestion buffer of a similar composition to that used for testis digestion for the Aria was used. 

The digestion protocol was based on the method used by Bhutani et al 2021 (185). 

Two digestion solutions were used and heated to 37°C before use, solution 1 containing 1mg/ml 

Collagenase type I and 6 units/ml DNase I and solution 2 containing 1mg/ml Collagenase type I, 6 

units/ml DNase I and 0.05% trypsin. The tubules from both testes were squeezed out into 12mls 

of digestion solution 1. The tubules were incubated at 37°C for 10 minutes with gentle agitation. 

The tubule fragments were then left to settle and the supernatant containing somatic cells was 

discarded. The tubule fragments were then transferred into 12mls of lysis solution 2. Incubation 

at 37°C for 12.5 minutes was performed with gentle agitation. The solution was gently pipetted 

every 5 minutes. Digestion solution two was then spiked with an extra 0.025% trypsin to a final 

concentration of 0.075%. The tubules were incubated for a further 12.5 minutes at 37°C. A sample 

of the digested tubules was taken and visualised under a light microscope to confirm that 

digestion was complete. If not, the sample was incubated for a few more minutes. The dissociated 

testis cell suspension was then filtered through a pre-wetted 70µm filter to remove cell clumps. 

0.5ml of cell suspension was taken for an unstained control, 0.5ml for a PI only sample and 0.5ml 

for a Hoechst only sample. The remaining cell suspension was used for a bulk Hoechst/PI-stained 

sample. The bulk and Hoechst only sample were stained with Hoechst at 5µg/ml final for 45 



84 

 

minutes in the dark and the samples were processed as described above. PI at 1µg/ml final was 

added just before the samples were processed. 

 

 

Figure 2-2: Schematic showing the steps of spermatid sorting. 

A) Testis dissection method. Briefly, the testes are dissected from the mouse and the tunica albuginea is 
removed and discarded. The tubules are chopped into small fragments and transferred to dissociation 
buffer containing collagenase type I, DNase I and trypsin. Digestion is carried out until a single cell 
suspension is obtained. The cell suspension is filtered through a 70µm filter to remove cell clumps. The 
sample is stained with PI and Hoechst 33342 and sorted on the FACS. Cell purity is confirmed by 
immunofluorescence (IF) staining with DAPI and PNA-lectin. B) Flow sorting gating strategy. RS=round 
spermatids. 
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2.3 RNA extraction from sorted spermatids and library preparation 
 
RNA was isolated from spermatids of three wild type mice, three homozygous Rob6.16 mice and 

three heterozygous Rob6.16 mice. From each mouse RNA from two pools of 300,000 spermatids 

was extracted with the RNAqueous micro kit (Thermo Fisher) on two columns with DNase I 

ǘǊŜŀǘƳŜƴǘ ŀǎ ǇŜǊ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ hƴŎŜ ǘƘŜ wb! ǿŀǎ ŜƭǳǘŜŘ ŦǊƻƳ ǘƘŜ ŎƻƭǳƳƴǎΣ 

RNA from the same animal was pooled. This gave three biological replicates per genotype, with 

each RNA sample originating from 600,000 spermatids. RNA was quantified on the Nanodrop. The 

RNA was eluted from the columns in the smallest volume possible to obtain the highest RNA 

concentration per µl possible (approx. 17µl). 

~1.2µg of RNA per sample was sent to Novogene (Cambridge, UK) for paired end 150bp library 

preparation and sequencing using the Illumina NovaSeq platform. RNA quality was checked on a 

bioanalyzer before library preparation. RIN values ranged from 8.7-9.7. Messenger RNA was 

purified from total RNA using poly-T oligo-attached magnetic beads. After fragmentation, the first 

strand cDNA was synthesized using random hexamer primers followed by second strand cDNA 

synthesis. The libraries were then end repaired, A-tailing was carried out and adapters were 

ligated. Size selection was then carried out, libraries were amplified by PCR, and then finally 

purified before sequencing. Only replicate three of the Rob6.16 heterozygous sample was split 

over more than one lane of the sequencer; the remaining samples were not split over different 

lanes, but were sequenced on different flow cells. For RNA-seq statistics please refer to Table 5-3. 

 

2.4 Cut&Tag  
 

Cleavage under targets and tagmentation (Cut&Tag), a variant of ChIP-seq was used to investigate 

R-loop signals and gammaH2AX in a DSB inducible cell line (DIvA U20S). DSBs can be induced at 

specific sites in the DIvA cells by the addition of 4-Hydroxytamoxifen (4OHT) to the cell culture 

media. 

2.4.1 DIvA cell culture 
 

DIvA cells are a human U20S cell line developed by Lacovoni et al and Massip et al (245, 246), 

which allow the generation of DSBs at defined positions in the genome. The DIvA cell line 

expresses the AsiSI restriction enzyme fused to a modified oestrogen receptor ligand binding 

domain and to an auxin-inducible degron (AID-AsiSI-ER) (both under puromycin selection). 

Treatment of the DIvA cells with 4-hydroxy tamoxifen (4OHT) causes the nuclear localization of 

the AsiSI restriction enzyme and the rapid induction (<1 hour) of multiple (approximately 150) 

sequence-specific DSBs, widespread across the genome (245). 

https://www.novogene.com/eu-en/technology/platforms/
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DIvA cells are an adherent cell line, which were grown in T75 flasks at 37°C, 5% C02. The media 

was composed of DMEM Glutamax + glucose 4.5g/L ςpyruvate (Invitrogen 61965), 1mM sodium 

pyruvate (Fisher 11548876), 10% FBS, 1% Pen/Strep (Fisher 11548876), and Puromycin at 1 µg/ml 

(Fisher 15490717). The cells were split 1:2 to 1:6 depending on their growth rate, and they were 

not allowed to get more than 80 % confluent. Media was changed approximately every 3 days. 

Splitting was carried out as follows: The spent media was removed from the flask and discarded, 

the adherent cells were rinsed in PBS (no calcium, no magnesium) and this was discarded. 3mls of 

0.25% trypsin was added and the cells were incubated at 37°C, 5% C02 until the cells detached. 

Complete cell culture media up to a total volume of 10mls was then added to inactivate the 

trypsin and a portion of the cell suspension was carried forward for splitting. 

To induce DSBs at AsiSI restriction sites throughout the genome, the DIvA cells were treated with 

300nM (Z)-4-Hydroxytamoxifen (4OHT Sigma-Aldrich H7904) [diluted in100% ethanol] for 4 hours 

at 37°C 5% C02. 4OHT was not added to some flasks to act as a control. Post DSB induction, the 

induced DIvA cells or control cells were harvested using Enzyme Free Cell Dissociation Solution 

Iŀƴƪ ǎ .ŀǎŜŘ όaŜǊƪ {-004-C) with gentle scraping. This was to maintain the cell surface receptors 

that are required for the cells to bind to the con-A beads at the start of the Cut&Tag protocol. The 

cells were then counted using trypan blue to assess viability. Aliquots of 1e5 cells or multiples of 

1e5 cells were then frozen down in 1.5ml PCR clean tubes in freeze media (10% FBS, 40% 

complete media, 10% DMSO). 

2.4.2 Checking DSB induction efficiency  
 

To assess the efficiency of DSB induction both a sample of control cells and induced cells were 

fixed in 4% PFA (diluted in PBS) for 30 minutes at 4°C. The cells were then washed twice in ice cold 

PBS and stored in PBS at 4°C. 15,000 fixed cells were cytospinned per slide, with 3 slides per 

control cells and 3 per induced cells. The cells were then permeabilized as follows: 1 minute in 

cytoskeletal (CSK) buffer 0.1% triton. CSK buffer is composed of 10mM PIPES pH to 6.8, 300mM 

sucrose, 100mM NaCl, 3mM MgCl2, 1mM EDTA, made up in deionized water, filter-sterilized and 

stored in aliquots at -20°C. The cells were then rinsed twice in PBS and incubated for 20 minutes 

on ice in CSK buffer 0.5% triton. The slides were then washed twice in TBS 0.025% triton and 

blocked with TBS 10% FBS, 1% BSA for 2 hours at room temperature. 

Immunofluorescence staining was carried out with one antibody per slide of either GammaH2AX, 

S9.6 or a secondary antibody only as a control. Anti-phospho-Histone H2AX (ser139) Millipore 05-

636 was used at 1:400. Anti-DNA-RNA Hybrid Antibody, clone S9.6 R-loop antibody MABE109 was 

used at 1:50. Staining was carried out overnight at 4°C in a humidified chamber. The secondary 

antibodies were washed from the slides with 3x 5-minute washes in TBS 1% BSA. 
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Goat Anti-Mouse IgG H&L (Texas Red) Abcam ab6787 was used as the secondary at 1:500 and 

incubated for 2 hours at room temperature in the dark. Slides were then washed 3x 5 minutes 

with TBS 1% BSA and mounted using VECTASGIELD anti-fade mounting media containing DAPI. 

 

2.4.3 DIvA Cut&Tag 
 

To determine if the Cut&Tag protocol would work on the DIvA cell line, an initial pilot experiment 

was carried out using 80,000 fresh cells per reaction, with a control and an induced library 

prepared with gammaH2AX. Libraries of the correct size and concentration were obtained and 

sent for sequencing at the Earlham Institute (Norwich, UK). 

The Cut&Tag protocol outlined in Figure 1-31 was run using the Active Motif kit 53160 as per the 

kit instructions. The cryopreserved DIvA cells were prepared as follows: 1e5 cryopreserved DIvA 

cells from either Control (not induced for DSBs) or induced samples were used per Cut&Tag 

reaction. The cells were thawed quickly in a 37°C water bath and the DMSO in the freeze media 

was diluted out by the addition of PBS. Cells were spun at 200g for 5 minutes. The supernatant 

was removed and discarded, and the cell pellet was resuspended in 1ml of PBS. The cells were 

spun again at 200g for 5 minutes and the supernatant was discarded. The protocol as described in 

the Active Motif kit catalogue number 53160 was then followed. Briefly, Cut&Tag uses an 

antibody-based enzyme tethering strategy to target specific histone modifications or proteins of 

interest.  Instead of sonication of fixed chromatin and immunoprecipitation as performed in ChIP-

seq, in Cut&Tag, unfixed cells were bound to concanavalin A beads (to facilitate the washing 

steps), and the antibody incubations were performed with cells in their native state. The cells are 

first permeabilized then the primary and secondary antibodies are added, the chromatin was 

digested and next generation sequencing (NGS) libraries were prepared in a single step by 

tagmentation using the protein A-Tn5 (pA-Tn5) transposase enzyme that has been pre-loaded 

with sequencing adapters (Figure 1-31). Tn5 was activated by the addition of a buffer containing 

magnesium. This results in the chromatin being cut close to the antibody bound site, with the 

addition of sequencing adapters to the cut ends. Library preparation is then carried out by PCR 

with the addition of specific sequencing indexed primers, so that the libraries can be multiplexed. 

The libraries were purified using solid phase reversible immobilization (SPRI) magnetic beads and 

quantified on a high sensitivity Qubit kit (Invitrogen). 

Cut&Tag requires lower cell inputs than ChIP-seq and can be used with between 50-500,000 cells 

per reaction. The primary antibody is specific to the protein of interest in this instance gamma 

H2AX or DNA:RNA hybrids. The addition of the secondary antibody helps to amplify the signal. As 
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the DNA is cut close to the antibody binding site, robust results can be achieved with a lower 

sequencing depth of 3-5 million reads per sample. 

The following antibodies were used: Anti-phospho-Histone H2A.X (Ser139) antibody, clone 

JBW301, Merk 05-636 (1µg per reaction). Anti-DNA-RNA hybrid antibody, clone S9.6 MABE1095 

Merk Sigma-Aldrich (2µg per reaction). 

To degrade R-loops (DNA:RNA hybrids), RNase H (20U per reaction of NEB M0297S) was added for 

the duration of the primary antibody incubation). Primary antibody incubations were carried out 

overnight at 4°C with shaking. 1µg of Rabbit Anti-mouse IgG H&L ab46540 secondary antibody 

was used per reaction and incubated for one hour at room temperature. 

A unique combination of i7 and i5 index was added to each PCR reaction, for the separate 

libraries, so that the libraries could be pooled (multiplexed) and sequenced on one lane. 

Three technical replicates of the DIvA cells were carried out. Replicate 1 was produced with 14 

PCR cycles as per the cycling conditions of the Active Motif protocol. To increase the library yield 

to meet library sequencing requirements, replicates 2 and 3 were produced with 16 PCR cycles. 

Library QC and sequencing was carried out by Novogene UK, with 10 million reads requested per 

library at 150bp PE (paired-end), equivalent to 3Gb of data. See Table 3-2 for library statistics.   

 

2.4.4 Dissociated testis Cut&Tag 
 

To determine if the Cut&Tag protocol would work on a dissociated testis sample, (without further 

optimization) a pilot experiment was carried out using a freshly dissociated testis (prepared with 

0.25% trypsin digestion in DMEM (no glucose, no glutamine, no phenol red (A14430-01, Thermo 

Fisher Scientific)) and 100,000 cells per reaction. A frozen formaldehyde fixed testis sample was 

also tested, but library preparation was not successful (see Figure 3-10), so only cryopreserved 

unfixed samples were used. A library was prepared with gammaH2AX (Millipore 05-636, 1/100 

dilution) and one with H3K27me3 (ab6002 Abcam, also 1/100 dilution). Libraries of suitable 

concentration and size were obtained and sent to the Earlham Institute (Norwich, UK). The aim of 

the data analysis was to determine if the libraries had the correct read length periodicity and 

whether enrichment of gammaH2AX and depletion of H3K27me3 reads were observed on the sex 

chromosomes compared to the autosomes. 
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2.4.5 Cut&Tag data analysis 
 

The Cut&Tag data analysis pipeline developed by the Henikoff lab was followed: 

(https://yezhengstat.github.io/CUTTag_tutorial/). Briefly FASTQ files of raw 150bp PE data were 

obtained from Novogene and analysed on the high-performance computer at the University of 

Kent. The libraries were all sequenced on one lane and between 0.9-3Gb of data was obtained per 

library. Read quality was checked using FastQC (v0.11.9, Andrews 2020). Cut&Tag reads will often 

fail FastQC, on the per base sequence content as there is discordant sequence content at the 

beginning of the reads, but this does not mean that the data is of poor quality (see Figure 3-1). 

Reads were trimmed using Trimmomatic (v0.39) (247) using the PE setting and AVGQUAL:20 to 

remove reads with an average phred score below 20. This removed between 0.01-0.03% of all 

reads. If required post-trimming, FastQC can be re-run to determine if the trimming settings were 

stringent enough. Since the percentage of trimmed reads was so low and that trimming of reads 

for Cut&Tag analysis is not recommended, untrimmed reads were aligned to the hg38 genome 

(from which random and unplaced chromosomes had been removed) using bwa-mem (v0.7.17-

r1188, Li, 2013). Samtools flagstat (v1.7-22-gf9e5e35) was used to obtain alignment statistics. 

Samtools index was used to index the bam files. 

The periodicity of the libraries was calculated by converting the aligned bam files to sam format 

using samtools view -h and extracting data from the 9th column, which contains information on 

the fragment size. Library periodicity plots were generated in R using ggplot2 with geom_line. The 

level of duplicate reads was calculated using Picard. Sam files were sorted by coordinate using 

PicardCMD SortSam and the duplicates were marked using PicardCMD MarkDuplicates. If 

duplicate read levels were below 1% then duplicate reads were not removed. For the DIvA library 

prep, duplicate reads levels typically ranged from 0.65-0.85%. 

For data visualization of the read density over the AsiSI sites, further processing of the bam files 

was required. From sorted bam files Deeptools bamCoverage (248) was used to generate a 

BigWig file, which was then used as input to Deeptools computeMatrix (v3.5.1) (248). The 

computeMatrix output was used in Deeptools plotHeatmap to plot the read density centred over 

the top 80 most cut AsiSI sites. Plots extending 1kb upstream and downstream of the AsiSI sites 

were produced. The data for the 80 most cut AsiSI read sites was obtained from Clouaire et al 

2018 (249). 

Cut&Tag blacklisted regions were not removed from the files before analysis. I tested whether the 

presence of blacklisted regions made a difference to the deeptools plots at the 1kb scale, and it 

did not - because we were looking specifically at the AsiSI sites and there were no blacklisted 

https://yezhengstat.github.io/CUTTag_tutorial/
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regions ~+/- 1kb from in the vicinity of these sites. However, for larger scale analysis blacklisted 

regions would likely be present and so should be removed before plotting. 

 

2.5 Data set mining 
 

To investigate the correlation of spermatid DSBs to different repeat sequences, histone marks and 

Non-B DNA sequences data was gathered from the NCBI repository and the Non-B database 

(Table 2-2). 

Table 2-2: Publicly available data files used for analysis. 

Accession  study Ref files downloaded Mark Cell type 

ERX1946916 

PRJEB20038  

Grégoire 
et al., 2018  

ERR1886418.1 DSBs 
steps 1-9 

spermatids 

ERX1946917 ERR1886419.1 DSBs 
steps 1-9 

spermatids 

ERX1946918 ERR1886420.1 DSBs 
steps 15-16 
spermatids 

ERX1236388 

PRJEB11644 
Kocer A et 
al., 2015 

ERR1162981 WT sample 
WT Cauda 
epididymal 

spermatozoa 

ERX1236389 ERR1162982 
Oxidative 
damage 

Gpx5-/ - cauda 
epididymal 

spermatozoa 

ERX1236390 ERR1162983 
Oxidative 
damage 

Gpx5:SnGPx4-/ - 
cauda 

epididymal 
spermatozoa 

SRX207541 GSM1046836 

Erkek et 
al., 2013 

SRR625509 
input for 
DSB data 

sonicated 
sperm DNA 

SRX207545 GSM1046840 SRR625513 
H3K4me3 

rep1 
ST 

SRX207546  GSM1046841 SRR625514 
H3K4me3 

rep2 
ST 

SRX207547 GSM1046842 SRR625515 
H3K27me3 

rep1 
ST 

SRX207548 GSM1046843 SRR625516 
H3K27me3 

rep2 
ST 

SRX332345 GSM1202707 

Hammoud 
et al., 2014 

SRR948800.2 H3K4me3 ST 

SRX332348 GSM1202710 SRR948805.2 H27me3 ST 

SRX332350 GSM1202712 SRR948807 H3K4me1 ST 

SRX332353 GSM1202715 SRR948811.2 H3K27ac ST 

SRX332363  GSM1202725 SRR948825.2 input ST 

SRX332356 GSM1202718 SRR948814.1 5hmC ST 

SRX332360 GSM1202722 SRR948819/SRR948820 H2AZ ST 

SRX099896 GSM810677 Tan M et 
al., 2011 

SRR350906.2 Kac ST 

SRX099897 GSM810678 SRR350907.2 Kcr ST 

SRX719833 GSM1519002 SRR1596612.1 BRD4 ST 

https://www.ncbi.nlm.nih.gov/bioproject/PRJEB20038
https://www.ncbi.nlm.nih.gov/sra/SRX207548%5baccn%5d
https://www.ncbi.nlm.nih.gov/sra/SRX332360%5baccn%5d
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Accession  study Ref files downloaded Mark Cell type 

SRX719834  GSM1519003 

Bryant 
JM et al., 

2015 

SRR1596613.1 H3K9me3 ST 

SRX719835 GSM1519004 SRR1596614.1 H3K9ac ST 

SRX719836 GSM1519005 SRR1596615.1 H4K5ac ST 

SRX719837 GSM1519006 SRR1596616.1 H4K8ac ST 

SRX719838  GSM1519007 SRR1596617.1 H4K12ac ST 

SRX719839 GSM1519008 SRR1596618.1 H4K16ac ST 

SRX719840 GSM1519009 SRR1596619.1 H4Kac ST 

DRX117176   

Yamaguchi 
K et al., 
2018 

DRR124323.1    
H3-C 

method 1 
sperm 

DRX117177   DRR124324.1   
H3-C 

method 2 
sperm 

DRX117176   DRR124330.1   
H3-N 

method 1 
sperm 

DRX117177   DRR124335.1    
H3-N 

method 2 
sperm 

DRX117176   DRR124328.1 
 H3K4me3 
method 1 

sperm 

DRX117177   DRR124333.1   
  H3K4me3 
method 2 

sperm 

DRX117176   DRR124329.1 
H3K9me3 
method1 

sperm 

DRX117177   DRR124334.1  
H3K9me3 
method 2 

sperm 

DRX117176   DRR124331.1 
H4  

method 1 
sperm 

DRX117177   DRR124336.1 
H4  

method 2 
sperm 

SRX3697622 GSE110582 

Marsico G 
et al., 2019 

GSM3003548_Mouse_all
_w15_th-

1_minus.hits.max.PDS.w
50.35.bed 

G-
Quadruplex 
experiment

al 

 Mouse skin 
C57BL/6J strain 

N/A N/A 

https://no
nb-
abcc.ncifcr
f.gov/apps
/Query-
GFF/featur
e/  

Non-B DNA DB mm38 Z-DNA 
predicted from 
mm38 genome 

N/A N/A 

https://no
nb-
abcc.ncifcr
f.gov/apps
/Query-
GFF/featur
e/  

Non-B DNA DB mm38  
G-

quadruplex 
predicted from 
mm38 genome 

N/A N/A 

https://no
nb-
abcc.ncifcr
f.gov/apps
/Query-
GFF/featur
e/  

Non-B DNA DB mm38  
 short 

tandem 
repeat 

predicted from 
mm38 genome 

https://www.ncbi.nlm.nih.gov/sra/SRX719834%5baccn%5d
https://www.ncbi.nlm.nih.gov/pubmed/25691659
https://www.ncbi.nlm.nih.gov/pubmed/25691659
https://www.ncbi.nlm.nih.gov/pubmed/25691659
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE110582
https://nonb-abcc.ncifcrf.gov/apps/Query-GFF/feature/
https://nonb-abcc.ncifcrf.gov/apps/Query-GFF/feature/
https://nonb-abcc.ncifcrf.gov/apps/Query-GFF/feature/
https://nonb-abcc.ncifcrf.gov/apps/Query-GFF/feature/
https://nonb-abcc.ncifcrf.gov/apps/Query-GFF/feature/
https://nonb-abcc.ncifcrf.gov/apps/Query-GFF/feature/
https://nonb-abcc.ncifcrf.gov/apps/Query-GFF/feature/
https://nonb-abcc.ncifcrf.gov/apps/Query-GFF/feature/
https://nonb-abcc.ncifcrf.gov/apps/Query-GFF/feature/
https://nonb-abcc.ncifcrf.gov/apps/Query-GFF/feature/
https://nonb-abcc.ncifcrf.gov/apps/Query-GFF/feature/
https://nonb-abcc.ncifcrf.gov/apps/Query-GFF/feature/
https://nonb-abcc.ncifcrf.gov/apps/Query-GFF/feature/
https://nonb-abcc.ncifcrf.gov/apps/Query-GFF/feature/
https://nonb-abcc.ncifcrf.gov/apps/Query-GFF/feature/
https://nonb-abcc.ncifcrf.gov/apps/Query-GFF/feature/
https://nonb-abcc.ncifcrf.gov/apps/Query-GFF/feature/
https://nonb-abcc.ncifcrf.gov/apps/Query-GFF/feature/
https://nonb-abcc.ncifcrf.gov/apps/Query-GFF/feature/
https://nonb-abcc.ncifcrf.gov/apps/Query-GFF/feature/
https://nonb-abcc.ncifcrf.gov/apps/Query-GFF/feature/
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Accession  study Ref files downloaded Mark Cell type 

SRX7176634 GSM4175885 
Srinivasan 
et al., 2020 

GSM4175885_GFP-
Zscan_GFP_ChIP.bw 

ZCAN4 
Embryonic stem 
cells (ESC) cell 
line: E14Tg2a 

SRX7756509 

GSE145598 
Bouwman 
B et al., 
2020 

GSM4322063_Enterocyt
e_High_M1.bed 

sBLISS 
 Enterocyte 
(Intestine) 

SRX7756512 
GSM4322066_Enterocyt

e_High_M2.bed 
sBLISS 

 Enterocyte 
(Intestine) 

SRX332343   
Hammoud 
et al 2014  

SRR948796.1/SRR94879
97.1/SRR948798.1  

H3K4me3  Spermatogonia  

SRX332344   
Hammoud 
et al 2014  

SRR948799.2  H3K4me3 Spermatocytes 

SRX332345  
Hammoud 
et al 2014  

SRR948800.2  H3K4me3 Spermatids  

SRX332346  
Hammoud 
et al 2014  

SRR948801.1/SRR94880
2.1/SRR948803.1  

H27me3 Spermatogonia  

SRX332347  GSE49621 
Hammoud 
et al 2014  

SRR948804.2  H27me3 Spermatocytes  

SRX332348  
Hammoud 
et al 2014  

SRR948805.2  H27me3 Spermatids 

SRX332351  
Hammoud 
et al 2014  

SRR948808.1/SRR94880
9.1  

H3K27ac Spermatogonia  

SRX332352  
Hammoud 
et al 2014  

SRR948810.2  H3K27ac Spermatocytes  

SRX332353  
Hammoud 
et al 2014  

SRR948811.2  H3K27ac Spermatids  

SRX332361  
Hammoud 
et al 2014  

SRR948821.1/SRR94882
2.1/SRR948823.1  

input  Spermatogonia  

SRX332362  
Hammoud 
et al 2014  

SRR948824.2  input  Spermatocytes  

SRX332363  
Hammoud 
et al 2014  

SRR948825.2  input Spermatids 

SRX3114879  
Maezawa 
et al 2018  

SRR5956512 ATAC-seq   Spermatocytes  

SRX3114880 PRJNA399533  
Maezawa 
et al 2018  

SRR5956513  ATAC-seq  Spermatocytes  

SRX3114883  
Maezawa 
et al 2018  

SRR5956516  ATAC-seq  Spermatids  

SRX3114884  
Maezawa 
et al 2018  

SRR5956517  ATAC-seq  Spermatids  

 

2.5.1 Data types 
 

Various data types were downloaded from NCBI and a brief description of each is outlined below. 

 

https://www.ncbi.nlm.nih.gov/bioproject/PRJNA399533
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2.5.1.1 Spermatid DSB data (DBrIC) 
 

To study spermatid DSB locations, data obtained by DNA break Immunocapture (DBrIC) was 

analysed using the same parameters described in the original study (84). DBrIC involves nick and 

gap repair using T4 ligase and polymerase. The DSBs that remain are labelled with TdT and biotin-

14-dATP. The DNA is fragmented using Shearase and immunoprecipitated. This technique does 

not show precise DSB locations, but indicates the near vicinity of each labelled DSB, with the 

resolution governed by the size of the sheared DNA fragments.  

Three fastq files were downloaded from NCBI, ERR1886418 and ERR1886419 (spermatids steps 1-

9), and ERR1886420 (spermatids steps 15-16) (84) (Table 2-2). These data files were chosen to 

avoid methodological bias, as the data was obtained from the same publication and generated by 

the same technique.  

2.5.1.2 DSB detection by sBLISS (in enterocytes)  
 

To study enterocyte DSB locations (to use this data as an alternative source of DSB data to 

compare to the spermatid DBrIC DSB locations data), sBLISS (in-suspension break labelling in situ 

and sequencing) data was downloaded from NCBI (GSE145598) (250). This cell type was chosen 

solely on the basis that a suitable data set of DSBs was available within the same mouse strain 

(C57BL/6) as the spermatid DSB data. In sBLISS the cells are harvested, fixed and crosslinked. DSB 

ends are then blunted, and adapters are ligated, followed by next generation library preparation 

and sequencing. This method does not require an immunoprecipitation step. sBLISS also indicates 

the precise location of each detected DSB. Both sBLISS files used were replicates from enterocytes 

with high levels of the cell surface markers CD73 representing cells from the tip of the villus. CD73 

is a cell surface glycosylphosphatidylinositol-anchored glycoprotein. It is essential for the 

generation of extracellular adenƻǎƛƴŜ ŦǊƻƳ р-ŀŘŜƴƻǎƛƴŜ ƳƻƴƻǇƘƻǎǇƘŀǘŜ όр-AMP) (251). 

2.5.1.3 Histone marks 
 

ChIP-seq FASTQ files from either spermatogonia, spermatocytes, round spermatids or epididymal 

sperm (80, 81, 252ς255) were downloaded from NCBI (Table 2-2), reads were pre-processed as 

described below. Samtools merge was used to combine BAM files of the same histone mark into 

one file. 

2.5.1.4 Oxidative damage data 

 

Paired end cauda epididymal sperm oxidative damage (OD) data was obtained from PRJEB11644 

(141) see Table 2-2. Three data files were downloaded, one control and two with oxidative 

https://www.ncbi.nlm.nih.gov/bioproject/PRJEB11644


94 

 

damage. Data from file ERR1162982 with a Gpx5 mutation will be referred to as moderate OD and 

data from file ERR1162983 with both a Gpx5 and SnGPx4 mutation will be referred to as severe 

OD. The oxidative damage data was obtained by Oxidized DNA Immuno-Precipitation (OxiDIP). A 

method which uses an anti-8-OHdG antibody that specifically recognizes 

oxidized guanine residues, (a fingerprint of oxidative DNA damage) to immunoprecipitate oxidised 

regions (256). 

2.6 Pre-processing of raw data files obtained from NCBI 
 

All raw data downloaded from NCBI was passed through a pre-processing quality control pipeline. 

This involved checking read quality and trimming the reads where necessary. The raw reads 

downloaded from NCBI ranged from 54.5 to 66.5 million for the DBrIC samples, 3.1-31.7 million 

for the oxidative damage samples, 13.4-305.1 million for the spermatid marks and 4.9-40.9 million 

for the retained histone samples from epididymal sperm. Read quality was checked using FastQC 

(v0.11.9, Andrews 2020). This tool enables visual representation of the quality of raw sequencing 

reads and enables the user to determine what further trimming of the reads is required, before 

proceeding to read alignment. FastQC can identify whether the sequencing quality at the end of 

the read falls below an average quality threshold and it can be used to determine if adapter 

sequences are still present. Raw reads were further processed with the tool Trimmomatic (v0.39) 

(247) see Table 2-3. Adapter sequences (as determined by FastQC were removed within 

Trimmomatic using the ILLUMINACLIP option. Trimmed FASTQ files were then aligned to the 

mouse genome mm10 using bwa-mem with default parameters (v0.7.17-r1188, Li, 2013). The 

percentage of mapped reads ranged from 87.6-92.0% for the spermatid DBrIC samples, 96.9-

97.0% for the oxidative damage samples, 80.7-99.2% for the spermatid marks and 95.7-99.5% for 

the retained histone data. 

 

Table 2-3: Preprocessing pipeline for the different data files downloaded from NCBI. 

Files FastQC Trimmomatic settings 
Bwa-mem v0.7.17-

r1188, Li, 2013). 

Spermatid 
DSB files 

Run before & 
after 

Trimmomatic 

AVGQUAL:30 (to remove reads with an 
average Phred score of <30) 

MINLEN:30 (to remove reads with an 
average length <30) 

Default settings 

Histone marks 
& ATAC-seq 

Run before & 
after 

Trimmomatic 

SE, ILLUMINACLIP (to remove any 
adapter sequences). 

AVGQUAL:20, (to remove reads with an 
average length <20). 

Default settings 

 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/guanine
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2.7 Peak calling 

2.7.1 Spermatid DSBs, histone marks and ATAC-seq data 

 

The tool MACS2 (Model based analysis of ChIP-seq) (MACS2 v.2.2.7.1) (257) was used to identify 

DSB, histone and ATAC-seq peaks. MACS2 can be used to identify either broad or narrow peaks 

within the data and can be used with a control (or input sample) to increase the specificity of peak 

calling. The ςbroad setting will link nearby peaks. For the DSB data, peaks were called using the 

same parameters described in the original study (84). Briefly, MACS2 with the default settings and 

--bw600 -q0.01 --broad --broad-cutoff 0.1 was used (see Supplementary Table 8-5 for peak 

statistics). The broad setting is suitable for the DSB peak detection as we were not interested in 

defining the exact location of each DSB peak, but broader regions where DSBs occur. --broad-

cutoff 0.1 means that the q value cutoff for the broad peak setting will be 0.1. -q 0.01=Minimum 

FDR (q-value) cutoff for peak detection. ςbw600=band width for picking regions to compute 

fragment size. This value is only used when building the shifting model. The band width of the 

peaks is half of the estimated sonication fragment size with a default of 300bp. The band width 

was kept the same as the original paper as it relates to the fragment sizes of the peaks obtained in 

the ChIP-seq experiment. DSB peaks called with these settings ranged from 146bp to 6662bp with 

a mean of 267bp (see Supplementary Table 8-5). For the histone data either the default settings 

of callpeak to produce narrow peaks or with --broad --broad-cut-off 0.05 to produce broad peaks 

was used. Histone marks were defined as narrow or broad based on the ENCODE project (258). 

For marks not defined on ENCODE, the broad settings were used. (See Supplementary Table 8-5 

for peak statistics and Figure 4-15 and Supplementary Table 8-3 for coverage of histone marks per 

chromosome). Single end ATAC-seq data was analysed with the default settings of callpeak to 

produce narrow peaks with the same parameters described in the original study (255) (MACS2 

with the default setting of callpeak and -q 0.2). 

 

2.7.2 Oxidative damage data 
 

Paired end cauda epididymal sperm oxidative damage data was obtained from PRJEB11644 (141). 

Data from file ERR1162982 with a Gpx5 mutation was termed moderate OD and data from file 

ERR1162983 with both a Gpx5 and SnGPx4 mutation was termed severe OD. A windowed data 

analysis approach was used to calculate the amount of oxidative damage in 50kb windows (259). 

Briefly read 1 and read 2 FASTQ files were independently aligned to the mouse genome mm10 

using bwa-mem (v0.7.17-r1188). The bam files were sorted and read 1 read 2 files were merged 

using samtools merge (260) to treat the files as SE as per the original paper. 50kb windows of the 

mm10 genome were created using bedtools makewindows (261). Bedtools coverage (261) with 



96 

 

the ςmean was used to calculate the mean coverage at each 50kb window. A global scaling factor 

was calculated as the mean read coverage in a low-damage subset (10%) of the 50kb bins, these 

bins had the lowest 10% read coverage in the 50kb windows over the mean of all three files 

downloaded. This global scaling factor was used in a custom Perl script to calculate scaled OD 

values per 50kb window of the mm10 genome. Relative enrichment of DNA damage was assessed 

through the fold change of the enriched OD samples over input WT sample.  

Any 50kb window of the genome which overlapped with GSAT_MM regions from the 

RepeatMasker track was removed from both OD files. The top 1% of the highest damaged 

windows were used for further analysis (see chapter 4 Table 4-5).  

 

2.7.3 Non-B DNA sequences 
 

The non-B DNA data was not peaks per se, but regions of the genome predicted to form non-B 

DNA sequences. Predicted non-B DNA sequences (Z-DNA, short tandem repeats (STR) and G-

quadruplex) were downloaded from the Non-B DNA Database (https://nonb-

abcc.ncifcrf.gov/apps/Query-GFF/feature/) from the mm10 genome. Per Non-B DNA type, data 

for each chromosome was merged into a master file. For the predicted Z-DNA and STR samples 

bedtools intersect (261) was used with the ςv option to obtain a file of predicted Z-DNA regions 

that did not overlap STR and a file of STR regions that did not overlap predicted Z-DNA. While 

experimentally validated G-quadruplex regions were obtained from GSE110582 (262).  

 

2.8 Further processing of the peak data 

2.8.1 Spermatid DSBs 

 

To assess whether peak files of the different round spermatid stages (stage 1ς9 and stage 15ς16) 

could be merged to facilitate cross-comparison with datasets not stratified into different 

developmental stages in spermatids. We first examined the overlap between files by using an 

UpSetR plot (263). To generate the UpsetR plot, first we generated 1kb windows of the mm10 

genome and then intersected each DSB peak file with these windows. Per sample we then 

summed the number of DSB peaks within each window, these values were then input into 

UpSetR. A 1kb windowed UpSetR analysis showed a good correlation between the different DSB 

files (Figure 4-9). A 5kb windowed UpSetR analysis showed more overlap, as expected 

(Supplementary Figure 8-9). We then performed a correlation analysis with the 1kb windows 

using corrplot (Supplementary Figure 8-10), which also showed a good correlation. Therefore, 

https://nonb-abcc.ncifcrf.gov/apps/Query-GFF/feature/
https://nonb-abcc.ncifcrf.gov/apps/Query-GFF/feature/
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peaks files of the different round spermatid stages (stage 1-9 and stage 15-16) were merged for 

further analysis.  

2.8.2  sBLISS enterocyte data and comparison to spermatid DBrIC data 
 

For an initial comparison of the degree of concordance between spermatid DBrIC DSB locations 

and enterocyte DSB locations, the enterocyte files (GSM4322063 termed sBLISS 63 and 

GSM4322066 termed sBLISS 66) were analysed separately and the DSB locations analysed at 

maximum (1bp) resolution (Figure 4-13). A high degree of overlap would indicate that the sites of 

DSB in spermatids and enterocytes were similar, despite differences in the physiological 

environments. A low degree of overlap would indicate that the DSBs were occurring at distinct 

sites within spermatids and enterocytes. For further analysis both the sBLISS 63 and sBLISS 66 files 

were extended +/-133bp to simulate peaks the same size as the mean of the peaks obtained in 

the spermatid DBrIC data. Any peaks overlapping regions of centromeric satellite repeats 

(GSAT_MM from the RepeatMasker track) were removed. Bedtools intersect (version bedtools2-

2.29.2) (19) with the -u option was used to obtain a unique file of the extended sBLISS 63 peaks 

that overlapped the extended sBLISS 66 peaks. This file was then used for motif analysis and 

permutation testing. We finally used this file with bedtools intersect with the -v parameter to 

identify spermatid DSB peaks not overlapping enterocyte DSBs. 

 

2.9 ChromHMM 
 

ChromHMM (v1.22) (264) was used for chromatin state analysis of the spermatid ChIP-seq data.  

ChromHMM is a tool which can be used to divide the genome into different states based on the 

ƛƴǘŜƴǎƛǘȅ ƻŦ ƘƛǎǘƻƴŜ ƳŀǊƪǎΦ ά/ƘǊƻƳIaa ƭŜŀǊƴǎ ŎƘǊƻƳŀǘƛƴ-state signatures using a multivariate 

hidden Markov model (HMM) that explicitly models the combinatorial presence or absence of 

each mark. ChromHMM uses these signatures to generate a genome-wide annotation for each 

ŎŜƭƭ ǘȅǇŜ ōȅ ŎŀƭŎǳƭŀǘƛƴƎ ǘƘŜ Ƴƻǎǘ ǇǊƻōŀōƭŜ ǎǘŀǘŜ ŦƻǊ ŜŀŎƘ ƎŜƴƻƳƛŎ ǎŜƎƳŜƴǘέ (264). 

The first step of the analysis involves producing a tab separated table (the cellmark file), which 

contains all the information relating to the data files to use in the analysis, such as the cell type, 

the histone mark, the name of the bam file and the name of the control file. The next step is 

binarization of the data, for which bam files of the histone marks are required, the cellmark file, a 

file of the size of the chromosomes of the genome used for alignment to produce the bam files, as 

well as the desired binsize. The corresponding cell type specific input was used as a control to 

adjust the binarization threshold locally. The default binsize of 200bp was used with the 

concatenated strategy. Once binarization was completed the model was learned with varying 

numbers of states. To run the learnmodel script the binarized data is supplied to the learnmodel 
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script, with the desired number of output states and the genome of the files used. (Figure 4-2). 

See Table 4-1 for coverage of the states per chromosome. The number of states should be 

adjusted to obtain maximum resolution between the different states but without obtaining states 

with extremely similar profiles. For the spermatid data, as 16 chromatin marks were used 16, 20, 

30 and 50 states were tested, with 16 states chosen as the optimum model. 

ChromHMM (v1.22) (264) was also used for chromatin state analysis across different 

developmental stages of spermatogenesis (Table 2-2ύ ōȅ ŀǇǇƭȅƛƴƎ ǘƘŜ ŘŜŦŀǳƭǘ ōƛƴǎƛȊŜ ƻŦ нлл ōǇ 

with the concatenated strategy. The corresponding cell type specific input was used as a control 

to adjust the binarization threshold locally (as for the 16 histone mark spermatid data). Once 

binarization was completed the model was learned with varying numbers of states (4-9), with 8 

states (from E1 to E8) chosen as the optimum model. 

To identify how chromatin states change during spermatogenesis, genomic locations of states in 

each cell type (spermatogonia, spermatocytes and spermatids) were compared using bedtools 

intersect (261). Regions of the genome missing a ChromHMM state in any cell type were 

removed. The dominant states in any of the three cell types (E7, E3 and E1) (Figure 4-2) were 

merged into a joint state named E0. Genomic locations were then labelled according to the states 

in each cell type, and the transitions from one chromatin sate to another were plotted using 

ƎƎŀƭƭǳǾƛŀƭ ǿƛǘƘ ƎƎǇƭƻǘн ƛƴ wΦ /ƻƴǎŜŎǳǘƛǾŜ нлл ōǇ ǊŜƎƛƻƴǎ ǿƛǘƘ the same three-cell type state 

combination were merged, and 34 combinations with more than 0.1% genomic coverage were 

identified. This cut off was chosen because the total coverage of all these regions represented 

>98% of the mm10 genome. 

 

2.10 Statistical analysis 

2.10.1 Permutation tests 
 

RegioneR (1.22.0) (265) run with R 4.0.3 was used for permutation testing between the merged 

spermatid DBrIC DSB locations file and the histone ChIP-seq data or files of DNA structure 

(Supplementary Table 8-6 and Figure 4-10). Randomization was carried out per standard 

chromosome with an unmasked mm10 genome, 1,000 permutations and nonoverlapping=FALSE. 

Genomic association tester (GAT 1.3.4) (266) was used to compute the fold change between the 

merged spermatid DBrIC DSB locations file, the top 1% of moderate and severe OD damage 

regions, the histone ChIP-seq data and files of DNA structure Figure 4-18. The spermatid DBrIC 

DSB locations file, OD damage, non-B DNA files or histone ChIP-seq files were used as the 

segment file, the workspace was the mm10 genome and the annotation file was either the DBrIC 

DSB locations file, OD damage, a histone ChIP-seq file, or a file of DNA structure. All iterations 

were run with --num-samples=10,000. 
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2.10.2 DSB motif analysis 
 

MEME 5.1.1 (267), (the most commonly used tool to search for nucleotide sequence motifs), was 

used to search for the top three motifs in the merged spermatid DSB sample with the option ς

revcomp, using both the given strand and the reverse complement strand when searching for 

motifs. The same settings were used to search for motifs in the spermatid specific breaks, 

enterocyte specific breaks, shared spermatid/enterocyte breaks and all enterocyte breaks (Table 

4-3). From the input fasta files, MEME will output position-dependent letter probability matrices 

that describe the probability of each possible letter at each position in the pattern. The motifs do 

not contain gaps. MEME uses statistical modelling to automatically choose the best width and the 

number of occurrences of the motif. Each motif is given an E-value to describe the statistical 

significance of the motif. The MEME tool describes the E-ǾŀƭǳŜ ŀǎ άŀƴ ŜǎǘƛƳŀǘŜ ƻŦ ǘƘŜ ŜȄǇŜŎǘŜŘ 

number of motifs with the given log likelihood ratio (or higher), and with the same width and site 

count, that one would find in a similarly sized set of random sequences (sequences where each 

Ǉƻǎƛǘƛƻƴ ƛǎ ƛƴŘŜǇŜƴŘŜƴǘ ŀƴŘ ƭŜǘǘŜǊǎ ŀǊŜ ŎƘƻǎŜƴ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ōŀŎƪƎǊƻǳƴŘ ƭŜǘǘŜǊ ŦǊŜǉǳŜƴŎƛŜǎέ 

(267). 

Bedtools getfasta was used to extract the sequence contained within the extended enterocyte 

DSB peak file described above. 

From the total number of peaks in the input file and the number of peaks with a given motif, the 

motif occurrence as a percentage of the total peaks can be calculated. This will allow comparison 

of motif abundance between different data sets, such as the spermatid and enterocyte DSBs. 

2.10.3 Gene ontology enrichment 

Using BioMart v2.46.1 in R v4.0.3, unique protein coding gene IDs in mm10 or mm39 for each 

classification were identified. These were input into the PANTHER db (268) for the gene ontology 

(GO) enrichment. Statistical overrepresentation test was selected with either GO biological 

process complete or PANTHER (v17.0) pathways. Where statistically significant results were 

ƻōǘŀƛƴŜŘ ƻƴƭȅ Dh ǘŜǊƳǎ ǿƛǘƘ җмΦр-fold enrichment aƴŘ C5w ғ лΦлр ǿŜǊŜ ŎƻƴǎƛŘŜǊŜŘ ǎǘŀǘƛǎǘƛŎŀƭƭȅ 

significant. Plots were created with ggplot2 v3.3.5 in R.  

2.11 Data visualization 
 

Circular plots were created using the R tool circlize_0.4.15 (269) within R 3.6.1 with the outer 

track as the mm10 Ideogram. The UpSetR plots were created using the R tool UpSetR_1.4.0 (263) 

within R 3.6.1 using either 1kb or 5kb binarized DSB data as input. PyGenomeTracks-3.6 (270, 271) 
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was used to visualize the same genomic regions from different browser tracks, to illustrate 

regions of overlap between samples. The PyGenome scripts make_tracks_file and 

pyGenomeTrack were used. Heatmaps were generated in R 4.0.3 using the program pheatmap 

(v1.0.12, Kolde, 2019). The 1kb DSB corrplot was created using the R tool corrplot (v0.92, Wei and 

Simko 2021) within R 4.0.3. SNP density per 1Mb window per chromosome was plotted using 

ggplot2. The region of interest (ROI) of chr6 and chr16 was plotted using gggenes (version 0.5.0) 

in R, to show the different categories of genes within the ROI. 

2.12 SNP identification methods 
 

Raw FASTQ files of whole genome sequencing data (from mouse tail) were obtained from 

Novogene for two homozygous Rob6.16 samples, Rob1 and Rob2. The data was processed using 

the High-Performance Computer (HPC) at the University of Kent, through a GATK bioinformatics 

pipeline. The aim was to obtain filtered homozygous SNPs that were concordant between the two 

Rob6.16 samples sent for sequencing. Concordant SNPs were selected to remove SNPs that were 

due to the variation between individuals. Heterozygous SNPs were excluded from analysis, as the 

Rob6.16 animals are inbred. Only high confidence SNPs supported by multiple reads (>15) were 

carried forward, to ensure that the SNPs identified were real and not artefactual. 

The mouse genome (mm39) was downloaded from NCBI. GATK CreateSequenceDictionary was 

used to convert the mm39 genome into FASTA format. Samtools index was used to create an 

index of this genome. Fastp was used for read trimming with the following settings, --n_base_limit 

15, --qualified_quality_phred 5, --unqualified_percent_limit 50. Paired end reads were aligned to 

the mm39 reference genome with bwa-mem 0.7.17-r1188, using the -M option to mark shorter 

split hits as secondary for Picard compatibility in later steps. The coverage of the bam files was 

checked using samtools idxstats with the default parameters. Samtools was used to check the 

read groups of the bam files and GATK AddOrReplaceReadGroups was used to replace any missing 

parameters, with read group parameters required to run Picards mark duplicates at later steps. 

GATK MarkDuplicatesSpark (4.3.0.0) was used with the default parameters to mark duplicate 

reads, so that they could be ignored in downstream processes. GATK SetNmMdAndUqTags script 

was then run with the default parameters to calculate NM, MD, & UQ tags by comparing with the 

mm39 reference, samtools index (1.10) was then used to index the resulting output files. Known 

Mus musculus variants were downloaded from Ensembl (file date 20220807, ##source=ensembl; 

version=108; url=https://e108.ensembl.org/mus_musculus). This file is required for the 

subsequent BQSR step of the GATK pipeline, and it used to determine which SNPs are in fact 

known Mus musculus variants. GATK IndexFeatureFile with the default settings was used to index 

this VCF file. The GATK BQSRPipelineSpark script was used for base quality score recalibration 

(BQSR) with the default settings. GATK HaplotypeCaller was used to call raw unfiltered SNPs and 
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indels simultaneously, with the options --native-pair-hmm-threads 50 (50 threads used per native 

pairHMM implementation) and -ERC GVCF mode for emitting reference confidence scores. GATK 

GenotypeGVCFs was then used to convert the output of HaplotypeCaller into VCF format (which is 

required to run the select variants script). GATK SelectVariants script with the default settings was 

used to create separate files of SNPs and INDELS. GATK VariantFiltration was used to filter 

variants for high confidence calls. This script does not remove the variants it only marks them as 

failing, so failed variants were removed in a subsequent script. The GATK recommended filtration 

settings of, --filter-name "QD_filterLessThan2" -filter "QD < 2.00", --filter-name "QUAL30" -filter 

"QUAL < 30.00",  --filter-name "FS_filterGreaterThan60" -filter "FS > 60.000",   --filter-name 

"MQ_filterLessThan40" -filter "MQ < 40.00", --filter-name "SOR_filterGreaterThan3" -filter "SOR > 

3.000, --filter-name "ReadPosRankSum-8" -filter "ReadPosRankSum < -8.00",  --filter-name 

"MQRankSum-12.5" -filter "MQRankSum < -12.500" were used. 

Filter QD is filtering on quality by depth, it is the variant confidence (from the QUAL field) divided 

by the unfiltered depth of non-hom-ref samples. This annotation is intended to normalize the 

variant quality to avoid inflation caused when there is deep coverage. 

The QUAL filter is filtering on variant confidence quality score. QUAL is the Phred-scaled 

probability that the site has no variant, so by filtering on QUAL <30, only sites with >99.9% 

probability of a variant are kept. 

Variants that failed the hard filtering were removed using VCFtools (0.1.16) using the option --

remove-filtered-all. GATK VariantFiltration was used to mark the Het genotypes using the options 

-G-filter "isHet == 1" and   -G-filter-name "isHetFilter". GATK SelectVariats was used to transform 

filtered variants to no call using --set-filtered-gt-to-nocall. These no call variants were then 

removed from the VCF file using grep. Heterozygous variants were removed from the analysis 

because we sequenced homozygous samples and we only wanted to investigate homozygous 

variants, as the mouse line Rob6.16 24lub is inbred and we were not interested in the variation 

between individual mice. The VCF files were then further filtered on read depth (DP) and 

genotype quality (GQ) using VCFtools with the parameters --minDP 15 --maxDP 1500 --minGQ 30. 

This marked the variants that failed these parameters as no call which were then subsequently 

removed. 

GATK IndexFeatureFile was used to index the second VCF file, both files were then used in GATK 

SelecVariants script with the -conc option to filter for concordant variants. VCFtools was then 

used to produce VCF files of just chr6 and chr16 with the options --chr chr6 or --chr chr16. SnpEff 

(5.0e) (272) was used for variant annotation with the following settings used to obtain mostly 

protein coding annotations: -no-downstream -no-intergenic -no-intron -no-upstream -no-utr. 

SnpSift part of the SnpEff tool was used to obtain one variant type per line of the VCF file, so that 
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further filtering could be carried out. Only protein coding annotations of HIGH, MODERATE or 

LOW impact were selected for further analysis. From this file, a list of genes containing HIGH and 

MODERATE impact SNPs was obtained for chr6 and chr16. This gene list was intersected with a list 

of genes likely not shared between spermatids (see section 2.14). 

 

2.12.1 Identifying the size of the region of interest (ROI) on the Robertsonian 6.16 

chromosome 
 

GATK selectvariants was used to select all concordant filtered homozygous SNPs in the 

Robertsonian 6.16 data. Bedtools makewindows was used to make 50kb and 1Mb windows of the 

mm39 genome (with random and unplaced chromosomes removed). The selectvariants SNP data 

was then intersected using bedtools intersect with the 50kb and 1Mb windows of the mm39 

genome. The number of SNPs within each genomic window was then summed using an awk 

script. This data was plotted using ggplot facet_grid in R to determine the size of the region at the 

start of chr6 and chr16 with increased SNP density. VCFtools with the option --window-pi with the 

hard fiƭǘŜǊŜŘ D!¢Y ǾŀǊƛŀƴǘ ŦƛƭŜ ǿŀǎ ŀƭǎƻ ǳǎŜŘ ǘƻ ŎŀƭŎǳƭŀǘŜ ƴǳŎƭŜƻǘƛŘŜ ŘƛǾŜǊǎƛǘȅ όˉύΦ CǊƻƳ ǘƘŜ 

chromosomal start, ǘƻ ǘƘŜ Ǉƻƛƴǘ ŀǘ ǿƘƛŎƘ ǘƘŜ ˉ ǾŀƭǳŜ ŘǊƻǇǎ ƛǎ ŎƻƴǎƛŘŜǊŜŘ ǘƘŜ ǊŜƎƛƻƴ ƻŦ ƛƴǘŜǊŜǎǘ 

(ROI). It is within this region that genes involved in transmission ratio distortion of the fusion 

chromosome may be located. 

 

2.13 Spermatid RNA-seq data analysis 
 
Data analysis was carried out on the high-performance computer at the University of Kent. The 

fastq files obtained from Novogene were run through FastQC (273) to determine if there were any 

overrepresented adapter sequences (there were none). Raw read depth ranged from 19.4-30.1 

million reads per sample (Table 5-3). The RNA-seq reads were trimmed using Trimmomatic (v0.39) 

(247) with the PE option and MINLEN:100 AVGQUAL:30 (to remove reads with a minimum length 

of <100 and reads with an average quality score of <30). Trimmed reads were aligned to the 

mm39 genome using STAR (v 2.7.5c) (274). The mm39 genome was first indexed and then STAR 

was run with the following options to align the reads to the mm39 genome: --outSAMtype BAM 

Unsorted SortedByCoordinate --readFilesCommand zcat --quantMode TranscriptomeSAM 

GeneCounts. For samples split over more than one lane of the sequencer multiple 1P and 2P fastq 

files were specified within STAR. 
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2.14 Identifying genes within the ROI on chr 6 and chr16 that are not shared between 

spermatids 

 
Genes whose transcripts are not shared between spermatids have been termed genoinformative 

markers or GIM by Bhutani et al 2021 (185). They carried out single cell RNA-sequencing to 

quantify allele-specific biases in spermatids and developed a new computational technique to 

jointly infer genotype and allelic expression biases (both technical and biological) in single haploid 

cells. The majority of GIM that they identified were autosomal although they did identify some 

GIM genes on the sex chromosomes. 

The genoinformative marker (GIM) data from single cell RNA-sequencing of cells obtained from 

four mice (from F1 offspring from a cross of the distantly related inbred mouse strains C57BL/6 

and PWK/PhJ) was downloaded from the Bhutani paper (185). Bhutani et al developed a Bayesian 

inference framework to jointly infer the haploid genotypes of each cell and the tendency of each 

gene to have genoinformative expression (i.e., incomplete sharing across cytoplasmic bridges). 

ά¢ƘŜ .ŀȅŜǎƛŀƴ ƳƻŘŜƭ ǿŀǎ Ŧƛǘ ǘƻ ǎƘǳŦŦƭŜŘ Řŀta and the posterior distributions for the parameters 

between real and shuffled data were compared. Cutoffs for confident GIMs were selected to 

achieve worst-ŎŀǎŜ ŦŀƭǎŜ ŘƛǎŎƻǾŜǊȅ ǊŀǘŜǎ ƻŦ лΦн ŦƻǊ ŜŀŎƘ ƛƴŘƛǾƛŘǳŀƭέ (185). Using R the data was 

filtered to contain only the gene stable IDs of the confident GIMs on chr 6 and chr16. BioMart was 

then used to obtain the gene start and gene end coordinates of the gene stable IDs. This file was 

then further filtered to only contain the genes within the ROI of chr 6 and chr 16. The output file 

was saved in bed format, so that bedtools intersect could be used to intersect the high confidence 

GIM gene list with the output file from our SnpEff analysis. 

A list of genes within the ROI obtained from SnpEff with high or moderate predicted SNP effects 

was compiled and this was then intersected with the confident GIM markers within the ROI 

(Figure 5-3). Genes containing SNPs with high or moderate predicted effects that overlapped the 

GIM data were of particular interest (Supplementary Table 8-11). A literature search was carried 

out to determine if any of the GIM genes were involved in the acrosome reaction or affected 

sperm motility or fertility. These are marked in Supplementary Table 8-11 In the comments 

column. 

Genes with high and moderate effect SNPs that did not overlap the confident GIM genes from the 

Bhutani paper (Supplementary Table 8-12) were also identified. It is possible that these genes if 

they are not shared could also lead to TRD, if the gene products are involved in sperm motility or 

fertilisation. 
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2.15 Protein modelling of missense mutations within the ROI 

 

UCSC genome browser (mm39) was used to obtain the AlphaFold (275, 276) models of the 

PLA210 and the Protamine 2 proteins (both proteins having been identified as containing 

missense mutations from the WGS data). The confidence scores (pLDDT values) of the models 

were low and so further structural prediction analysis was not carried out. 

 

2.16 Calculating differential gene expression between WT-Het and Het-Hom Robertsonian 

samples 
 

FeatureCounts (v2.0.6) (277) was used with the aligned.sortedByCoord.bam files output by STAR 

to obtain one file of all read counts per feature for all 9 samples (3 WT, 3 Het and 3 Hom). This file 

was then used to determine which genes with high or moderate effect SNPs within the ROI were 

expressed with a count җ 10 in all round spermatid samples. 15 out of 18 genes with high and 

moderate effect SNPs within the ROI of chr6 were expressed with a count җ 10 in all samples. 44 

out of 61 genes with high and moderate effect SNPs within the ROI of chr16 were expressed with 

a count җ 10 in all samples. 

The FeatureCounts output file was then used in the R package DESeq2 (v1.40.2) (278). Rows with 

a count <10 (across all the samples) were removed from the dds (DESeq2 data set). The dds was 

releveled to the wild type genotype. Then files of WT to Het, WT to Hom and Het to Hom were 

ƎŜƴŜǊŀǘŜŘ ǳǎƛƴƎ ǘƘŜ ΨŎƻƴǘǊŀǎǘΩ ƻǇǘƛƻƴ ƛƴ 59{ŜǉнΣ ǎǇŜŎƛŦȅƛƴƎ ŀƭǇƘŀҐлΦлр όǘƻ ƻƴƭȅ ƛƴŎƭǳŘŜ ŦŜŀǘǳǊŜǎ 

(genes) with a p-value of <=0.05). The contrast output files form DESeq2 were then manipulated 

further in excel. Gene IDs, chromosome number, gene start position and gene end positions were 

downloaded from BioMart (279) and combined with the DESeq2 output file based on the gene 

IDs. Genes with p-ŀŘƧǳǎǘŜŘ ǾŀƭǳŜǎ ƻŦ ҖлΦлр ƛƴ ōƻǘƘ ǘƘŜ ²¢-Het and Het-Hom comparisons were 

highlighted. Then only genes in the region of interest on chr6 and chr16 that were significantly (P 

ҖлΦлр) differentially expressed (in either direction) in both comparisons were taken forward for 

further analysis. This list of genes was then input into STRING-DB (280) and the PANTHER db (268) 

to look for enriched pathways or biological processes. Any gene that was differentially expressed 

(in either direction) in WT-Het and Het-Hom that contained a missense mutation was searched for 

in the Ensembl database to determine if there was a known fertility phenotype. 

Genes that were significantly (P<=0.05) down regulated within the ROI in the WT-Het (a negative 

Log2 fold change) and in the Het-Hom (a positive Log2 fold change) DESeq2 comparisons were 

listed. These may represent genes that are silenced through post-meiotic sex chromatin 

repression (PMSCR). 
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2.17 Calculating allele-specific expression in the heterozygous Robertsonian samples  
 

The bam files output by STAR (274) were sorted by coordinate and read group information was 

added using the picard script AddOrReplaceReadGroups. The high confidence concordant hard 

filtered homozygous Robertsonian SNPs were converted to heterozygous calls in the VCF file (0/1 

or 0|1) using gsub. Only heterozygous biallelic SNPs should be used to calculate allelic expression, 

but since we only sent for sequencing the homozygous Robertsonian samples, this is the only data 

source available for use. The SNPs obtained from the homozygous sample were high confidence 

concordant homozygous SNPs, that must be heterozygous in the F1 hybrid males that were made 

by crossing the Rob6.16 homozygous mice with wild type C57BL/6 mice. 

GATK (243) ASEReadCounter tool was used to calculate the raw read counts for each allele of each 

SNP within the heterozygous samples. 

The allele-specific expression score (ASE) was then calculated per SNP as follows: 

ASE score= (abs(Reference sum /Total count - 0.5) + 0.5) 

This can give values ranging from 0.5 to 1. 

The ASE score was then used to carry out a binomial test within R, using the function binom.test. 

The data was first rounded to give integers using the function Round within R. The ASE score * 

total count was used as x (the number of successes), the total count as n (the number of trials) 

and a median value of 0.5 as p (the hypothesized probability of success). The p-values obtained 

ǿŜǊŜ ǘƘŜƴ ŀŘƧǳǎǘŜŘ ǳǎƛƴƎ ǘƘŜ ŦǳƴŎǘƛƻƴ ǇΦŀŘƧǳǎǘ ǿƛǘƘ ǘƘŜ άŦŘǊέ ƳŜǘƘƻŘΦ ¢ƘŜ ǎƛƎƴƛŦƛŎŀƴŎŜ ǘƘǊŜǎƘƻƭŘ 

was set to an adjusted p-value threshold of 0.05. 

 

ASE was also calculated per gene (as opposed to per SNP). To do this, genome information was 

first obtained from BioMart GRCm39 (279) of chromosome, gene start, gene end, gene ID and 

gene name. For genes without any gene name information, awk was used to add the name 

Ψ¦bYbh²bΩ ǎƻ ǘƘŀǘ ŀƭƭ ƭƛƴŜǎ ƻŦ ǘƘŜ ŦƛƭŜ ŎƻƴǘŀƛƴŜŘ ǘƘŜ ǎŀƳŜ ƴǳƳōŜǊ ƻŦ ŎƻƭǳƳƴǎ. The 

ASEReadCounter output data was then intersected with this file of gene information using 

bedtools intersect. The data was then further processed in R. The reference and total allele counts 

per SNP for the three replicates were then summed. The file was then grouped by gene name and 

the sum of all the reference and total counts for SNPs within the same gene calculated, then 

averaged per SNP. For example, if the reference read sum (of het1, het2 and het3) of a gene was 

1000 and the gene contained four SNPs, then the reference read average per gene per SNP would 

be 250. The same calculation was carried out for the total count per SNP per gene. 

The ASE score per gene was then calculated in R using the following formula: 
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ASE score per gene= (abs(Average Reference sum of Het1/2/3 per SNP per gene / Average Total 

count Het1/2/3 per SNP per gene - 0.5) + 0.5). 

The per gene ASE score was then used to carry out a binomial test within R, using the function 

binom.test. The data was first rounded to give integers using the function Round within R. The 

binomial test was carried out with the per gene ASE score * the average total count per SNP per 

gene, as x (the number of successes), the average total count per SNP per gene as n (the number 

of trials) and a median value of 0.5 (the expected ASE score if there is no allelic imbalance, as p 

the hypothesized probability of success). 

The p-ǾŀƭǳŜǎ ƻōǘŀƛƴŜŘ ǿŜǊŜ ǘƘŜƴ ŀŘƧǳǎǘŜŘ ǳǎƛƴƎ ǘƘŜ ŦǳƴŎǘƛƻƴ ǇΦŀŘƧǳǎǘ ǿƛǘƘ ǘƘŜ άŦŘǊέ ƳŜǘƘƻŘΦ ¢ƘŜ 

significance threshold was set to an adjusted p-value threshold of 0.05. 

 

2.18 Code availability 
 

No new data was generated for the spermatid DSB analysis study. Code used for plotting can be 

found at https://github.com/Farre-lab/Spermatid_DSB_paper 

https://zenodo.org/record/7433522#.Y5iePXbP1PZ and https://github.com/Farre-

lab/EBRs_HiC_Spermatogenesis_paper 

 

https://github.com/Farre-lab/Spermatid_DSB_paper
https://zenodo.org/record/7433522#.Y5iePXbP1PZ
https://github.com/Farre-lab/EBRs_HiC_Spermatogenesis_paper
https://github.com/Farre-lab/EBRs_HiC_Spermatogenesis_paper
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3. Method development 
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3.1. Background 

To investigate the chromatin architecture around double-strand breaks and the transmission 

dynamics of a Robertsonian fusion (chr6.16) claimed to undergo non-Mendelian inheritance, state 

of the art methods were required. These methods were not fully developed or established at the 

University of Kent and so the first step was method development and in vitro testing, to 

determine if they could be used to answer our experimental questions. I will now outline the 

methods that I tested or developed. 

Cut&Tag stands for Cleavage Under Targets and Tagmentation (see methods). This protocol can 

be used to map chromatin features through immunoprecipitation of genomic regions bound by a 

specific antibody and is a successor to Cut and Run, a variant of ChIP-seq. It was developed by the 

lab of Dr S Henikoff and was first published in 2019 (281). The method differs from ChIP-seq: In 

Cut&Tag a primary antibody is used to bind to the regions of interest (as in ChIP-seq), but then a 

secondary antibody is used to amplify the signal. Once antibody is bound, a fusion of Protein A or 

Protein G, and transposase Tn5 (pAG-Tn5) is added. This selectively cuts the DNA and ligates 

sequencing adapters at the antibody-bound chromatin loci. The protocol can be carried out in 

intact nuclei (or cells), whereas nuclei are always used in ChIP-seq. Chromatin fragments in the 

vicinity of the target are amplified using primers that recognize the adapter-ligated DNA. The DNA 

is purified, and then sequenced. 

Cut&Tag is faster than ChIP-seq, as steps such as end repair and adapter ligation are not required. 

It requires fewer cells (as few as 10,000), whereas for ChIP-seq 100s of thousands or millions of 

cells are required depending on the cell type. Cut&Tag has an improved signal to noise ratio, as 

the target bound chromatin is separated from the intact nuclei as part of the protocol. 

Consequently, the sequencing cost per sample is significantly reduced as only ~5 million reads are 

required per sample as opposed to > 20 million for ChIP-seq. 

In this thesis, I used Cut&Tag as part of two different experiments: (i) I tested the resolution of 

Cut&Tag with different kinds of marks, including broad marks, gammaH2AX and R-loops; and (ii) I 

determined whether the protocol was amenable for use with primary cells either formaldehyde 

fixed frozen cells (to allow for easy shipping of material) or fresh cells.  

A second set of methods were established to characterise the genomic landscape of the 

homozygous Robertsonian 6.16 mouse. Using whole genome sequencing we determined the SNPs 

and INDELs characterising the homozygous Robertsonian mice when compared to the mouse 

reference genome (mm39). Using these SNPs and INDELs we designed a rapid PCR genotyping 

assay to screen new animals from extracted DNA. This method speeds up our existing approach 

based on cell culture and karyotyping (see methods). Moreover, the identification of SNPs 
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characterising Robertsonian mice is key to allowing us to detect allele-specific expression analysis 

through RNA-sequencing. 

Finally, we improved upon published protocols, to separate round spermatids from a dissociated 

testis sample by FACS analysis. The protocol was not previously established at the University of 

Kent, and it required optimisation of the FACS setting to obtain high purity samples (>90%). Such 

high purity samples are needed for RNA-seq experiments, so that spurious reads from a 

contaminating cell population do not skew the resulting analysis.  

 

3.1. Cut&Tag pilot experiments 
 
In general, histone marks may be either well-localised to specific regions of DNA, or more broadly 

present across large swaths of the genome. Localised marks may be present as small signal peaks 

spanning a few hundred base pairs, up to wider peaks (also known as broad marks) spanning 

regions up to a megabase of DNA. In contrast, more diffuse marks may show enrichment over 

much larger areas of the genome, up to chromosome scale, in the context of marks associated 

with sex chromosome silencing. We wished to determine whether Cut&Tag methodology was 

suitable for the detection of peaks at different scales. To test this, we carried out Cut&Tag 

profiling of gamma-H2AX in two different systems (the DIvA cell line and dissociated testis, see 

methods sections 2.4.1 and 2.2.1). During the DNA damage response (DDR) gamma-H2AX 

accumulates ƛƴ άŦƻŎƛέ ŀǘ ǘƘŜ ǎƛǘŜǎ ƻŦ 5{.ǎΦ ¢ƘŜǎŜ ŀǊŜ ƛƴƛǘƛŀƭƭȅ ǎƳŀƭƭ ōǳǘ ǊŀǇƛŘƭȅ ŜȄǇŀƴŘ ǘƻ 

encompass the whole TAD containing the DSB. Thus, in this context we expect to see localised 

peaks of ~1Mb at DSB sites. In contrast, during meiotic sex chromosome inactivation, 

gammaH2AX is highly enriched throughout the entirety of the sex chromosomes (232), and thus 

we expect to see a global enrichment of reads mapping to the X and/or Y chromosomes in testis 

samples. 

 

3.1.1.  Looking at punctate marks using Cut&Tag with DIvA cells 
 
To assess whether Cut&Tag is a suitable technique to detect punctate marks, we used the human 

DIvA cell line (DSB inducible via AsiSI). This cell line is an experimental system in which DSBs can 

be induced at defined locations (~ 100 AsiSI restriction sites) throughout the genome upon 

treatment of the cell line with 4OHT. The cell line expresses an AsiSI restriction enzyme fused to 

an oestrogen receptor ligand-binding domain. This is activated by 4OHT addition to the cell 

culture media, which causes relocation of the enzyme from the cytoplasm into the nucleus, 

leading to DSBs at approximately 100 defined locations in the human genome. GammaH2AX was 

used in a Cut&Tag assay to tagment DNA in the vicinity of the AsiSI cut sites. In addition to the 

known cut sites, gammaH2AX will also be present at any other DSBs occurring within the cultured 
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cells. These break sites will be quasi-randomly distributed across the genome, generating a diffuse 

background signal with the potential for peaks at fragile sites that are frequently broken. Analysis 

of the background signal outside the vicinity of AsiSI cut sites is beyond the scope of this thesis. 

 

3.1.1.1. Pilot analysis of gammaH2AX localisation in DIvA cells 
 
A pilot experiment was carried out to determine if Cut&Tag libraries could be produced from the 

DIvA cell line, when following the Cut&Tag ƪƛǘ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΣ ŦƻǊ ƎŀƳƳŀIн!·, with 

both an induced (4OHT treated) and a control sample. FastQC was used to determine the read 

quality for each library, the reads were 25bp in length and the number of raw reads obtained is 

shown in Table 3-1. The samples failed the FastQC per base sequence content flag as shown in 

Figure 3-1. This is normal for Cut&Tag libraries see 

(https://yezhengstat.github.io/CUTTag_tutorial/) and does not mean that the library preparation 

step failed. The pattern observed for the per base sequence content may be caused by the 

cleavage preference of the Tn5 transposase, which is mainly άdictated by intrinsic parameters, 

including DNA motif and DNA shapeέ (282). 

 

 

Figure 3-1: The typical per base sequence content observed for a Cut&Tag library from an induced DIvA 
sample immunoprecipitated with gammaH2AX. 
The discordant sequence content at the beginning of the reads (which causes the library to fail the per base 
sequence content FastQC flag) is not common for other library types but is common in Cut&Tag. 

 

Bowtie2 was used to obtain the alignment rate for each of the libraries shown in Table 3-1. 

 

https://yezhengstat.github.io/CUTTag_tutorial/
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Table 3-1: Bowtie2 alignment summary statistics for the first pilot experiment using DIvA cells and a 
dissociated testis. 

Sample 
Number of 
raw reads 

Overall 
alignment 

rate 

Aligned 
concordantly 
exactly one 

time 

aligned 
concordantly 

> 1 times 

Sequencing 
depth (fold) 

DIvA gammaH2AX control 2,312,344 94.77% 68.20% 26.58% 0.0196 

DIvA gamma H2AX treated 2,428,024 94.38% 72.43% 21.95% 0.0206 

Dissociated testis 
gammaH2AX 

(see section 3.1.2) 

5,299,757 96.77% 71.07% 25.69% 0.0486 

Dissociated testis 
H3K27me3 

(see section 3.1.2) 

6,884,132 93.34% 78.97% 14.37% 0.0631 

 

The overall alignment rate was high (94.77% for the control DIvA sample and 94.38% for the 

induced sample), so further analysis was carried out. From the total number of raw reads and the 

read length, the sequencing depth was calculated (Table 3-1). The sequencing depth obtained 

from a Cut&Tag library will depend on the prevalence of the histone mark that is being 

immunoprecipitated. The depth obtained for the libraries was low as was expected. The fold 

coverage of gammaH2AX was slightly higher for the induced DIvA cells, 0.02 compared to 0.019 

for the uninduced sample.  

 

To determine the success of the library prep, the mapped fragment size distribution can be 

plotted.  The transposase used in Cut&Tag will specifically tagment (insert sequencing adapters) 

into accessible chromatin. In a cellular context, this is governed by two factors. Firstly, linked DNA 

between adjacent nucleosomes is more accessible than nucleosome-bound DNA. This leads to a 

ǇǊƛƳŀǊȅ άƭŀŘŘŜǊƛƴƎέ ǇŀǘǘŜǊƴ ƻŦ ŦǊŀƎƳŜƴǘ ǎƛȊŜǎ ǿƛǘƘ ŀ ǇŜǊƛƻŘƛŎƛǘȅ ƻŦ ŀǊƻǳƴŘ мулōǇΦ {ŜŎƻƴŘƭȅΣ for 

nucleosome-bound DNA, the DNA surface in contact with the nucleosome has lower accessibility 

than the surface facing outwards from the nucleosome. This leads to a secondary pattern with a 

periodicity of ~10bpΣ ƻŦǘŜƴ ǘŜǊƳŜŘ ΨǎŀǿǘƻƻǘƘ ǇŜǊƛƻŘƛŎƛǘȅΩ. The combination of these two patterns 

leads to the characteristic library fragment distribution shown in Figure 3-2.  

Figure 3-2 from the protocols.io website of the developers of the Cut&Tag protocol 

(https://www.protocols.io/view/bench-top-cut-amp-tag-kqdg34qdpl25/v3 ) (281) shows the 

fragment length distribution at single base pair resolution for histone modifications, which shows 

ǘƘŜ ǘȅǇƛŎŀƭ Ψǎŀǿ-ǘƻƻǘƘΩ ǇŀǘǘŜǊƴ of 10bp periodicity, which occurs in a successful Cut&Tag 

experiments, as well as the tri-modal distribution of peaks which represent peaks approximately 

the length of one, two and three nucleosomes. Higher order fragments representing 4+ 

https://www.protocols.io/view/bench-top-cut-amp-tag-kqdg34qdpl25/v3
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nucleosomes are possible in theory, but are excluded during standard library preparations which 

aims for fragment sizes < 500bp. 

 

 

Figure 3-2: An example of the expected Cut&Tag periodicity. 
Reproduced from the protocols.io website (https://www.protocols.io/view/bench-top-cut-amp-tag-
kqdg34qdpl25/v3) of the developers of the Cut&Tag protocol (281).  
CTCF, H3K4me3 and H3K27me3 all show a tri-modal pattern of peaks whereas the IgG control shown in 
blue does not. 

 

Figure 3-3 shows the periodicity obtained from our test run on DIvA cells. 

These library preps were successful as library fragments with the correct periodicity were 

obtained (the 10bp sawtooth pattern was evident, as were peaks representing the length of a 

nucleosome), with a similar distribution to that described in the analysis pipeline developed by 

the Henikoff lab (https://yezhengstat.github.io/CUTTag_tutorial/), see Figure 3-2. 

  

https://www.protocols.io/view/bench-top-cut-amp-tag-kqdg34qdpl25/v3
https://yezhengstat.github.io/CUTTag_tutorial
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Figure 3-3: Fragment size distribution obtained from DIvA Cut&Tag libraries. 
¢Ƙƛǎ ǿŀǎ ŀ ŦƛǊǎǘ Ǌǳƴ ΨǇǊƻƻŦ ƻŦ ǇǊƛƴŎƛǇƭeΩ ŜȄǇŜǊƛƳŜƴǘ ǘƻ ŘŜǘŜǊƳƛƴŜ ƛŦ ƭƛōǊŀǊƛŜǎ ǿƛǘƘ ǘƘŜ ŎƻǊǊŜŎǘ ǎƛȊŜ ŘƛǎǘǊƛōǳǘƛƻƴ 
could be produced from induced and control DIvA cells. The 10bp sawtooth pattern of periodicity was 
obtained as well as peaks representative of the length of one, two and three nucleosomes. Shown in blue is 
the uninduced or control DIvA sample and in orange the DSB induced (treated) DIvA sample. 
 
 

As part of the analysis for the Cut&Tag DIvA cell line, we plotted the gammaH2AX signal around 

the 80 most cut AsiSI sites identified by Clouaire et al 2018 (249).  

At a scale corresponding to the typical size of gammaH2AX foci surrounding DSBs, this showed the 

expected pattern, with ~1Mb regions of gammaH2AX enrichment surrounding each induced DSB. 

 

Figure 3-4: ChIP-seq and Cut&Tag plots of gammaH2AX signal around the 80 top AsiSI cut sites within the 
DIvA cell line. 
 A) ChIP-seq of gammaH2AXl in induced DIvA cells +/-0.5Mb from the top 80 AsiSI sites. Figure A 
reproduced with permission from the Thesis of Ane Stranger (raw data originally from Clouaire et al 2018 
(249). B) Cut&Tag with gammaH2AX on control and induced DIvA cells +/- 0.5Mb from the top 80 AsiSI cut 
sites. The narrow peaks of largest signal represent blacklist regions as these were not removed from the 
input data. 

 
However, at a finer scale there were intriguing deviations from the expected signal pattern. We 

were expecting a drop in gammaH2AX signal at the break site, as has been previously published 

by Lacovoni et al 2010 (245) for ChIP-seq of gammaH2AX in the DIvA cell line as shown in Figure 

3-5A, but we observed the opposite pattern shown in Figure 3-5B. A drop in gammaH2AX at the 
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DSB sites is expected due to two factors ς firstly histones are removed to allow DSB repair factors 

to access the DNA, and secondly the DNA strands opposing the break are resected to give single-

stranded overhangs which are not a substrate for standard adaptor ligation protocols. These two 

factors mean that sequences immediately adjacent to the break are specifically lost from typical 

ChIP-Seq libraries (283). 

 

  

Figure 3-5: GammaH2AX profiles obtained by ChIP-seq and Cut&Tag in the DIvA cells lines. 
A) Plot showing the previously published gammaH2AX signal +/- 8kb from the AsiSI site for ChIP-seq in DIvA 
cells (reproduced from (284)ύΦ Lǘ ǎƘƻǿǎ ǘƘŀǘ ʴIн!· ƛǎ ŘŜǇƭŜǘŜŘ ƛƴ ǘƘŜ ƛƳƳŜŘƛŀǘŜ ǾƛŎƛƴƛǘȅ (~+/- 2kb) of AsiSI 
sites. 
B) Deeptools plot from my own data showing the gammaH2AX signal at the top 80 most cut AsiSI sites, 
labelled as ΨDSBΩ. Notably, there is a peak of gammaH2AX signal at the AsiSI DSB sites when using Cut&Tag, 
in contrast to the dip observed in the published ChIP-Seq experiments. 
 

 

Consequently, we wished to investigate the possible cause of this unexpected signal. We 

hypothesised that the increase in signal in the vicinity of the breaks could be due to the Tn5 

transposase cleavage preference. It has recently been shown that following strand resection 

during DSB repair, RNA is synthesized at the break site ς thus rather than forming ssDNA 

overhangs at the DSB site (as previously believed), these regions actually form DNA:RNA 

heteroduplexes adjacent to the break site (134). While heteroduplex DNA is not a substrate for 

DNA ligase (explaining the loss of these regions during conventional ChIP-Seq adapter ligation), 

heteroduplexes can be cleaved by Tn5 transposase (285). Thus, sequences immediately proximal 

ǘƻ ǘƘŜ 5{.ǎ ƳƛƎƘǘ ōŜ ŘŜǘŜŎǘŜŘ ōȅ /ǳǘϧ¢ŀƎ ŘŜǎǇƛǘŜ ōŜƛƴƎ άƛƴǾƛǎƛōƭŜέ ǘƻ ŎƻƴǾŜƴǘƛƻƴŀƭ /ƘLt-Seq. 

We therefore wished to test if the peak of gammaH2AX signal decreased or disappeared if the 

DIvA cells were treated with RNase H (that preferentially degrades DNA:RNA hybrids) before 

antibody addition and tagmentation. The experiments run to investigate this are described below. 

 

3.1.1.2. Understanding the unexpected signal proximal to break sites in DIvA cells 
 
Having observed the unexpected peak of Cut&Tag gammaH2AX signal at AsiSI DSB sites in the 

DIvA cell line we wished to investigate whether this was caused by the cleavage preferences of 

the Tn5 transposase, i.e. preferential cleavage of DNA:RNA hybrids or R-loops (285) which might 
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be present at the DSB sites, as Ohle et al 2020 (134) have suggested that R-loops form at DSBs to 

help stabilise them. 

 

We investigated the association of R-loops and DSBs in the human U20S DIvA cell line, in which 

DSBs can be induced throughout the genome by the addition of 4OHT to the cell culture media 

(see Cut&Tag methods section). We induced some DIvA cells for DSB and kept a population of 

DIvA cells as a control. We cryopreserved the cells using the optimised method published on the 

active motif website (https://www.activemotif.com/catalog/1320/cut-tag-service) and tested the 

efficacy in Cut&Tag. Cryopreserved cells are expected to perform well in Cut&Tag (if the post 

thaw viability is high).  A caveat here, is that owing to limited sample amounts, we were unable to 

check the viability of the sample aliquots used for this experiment. Future Cut&Tag experiments 

will either require additional aliquots to be set aside for the purpose of viability testing, or be 

conducted on fresh non-cryopreserved cells.  

  
Pre-Cut&Tag we then treated some of the samples with RNase H to try and degrade DNA:RNA 

hybrids (R-loops) which are the substrate for RNase H. By comparing the gammaH2AX signal pre 

and post RNase H treatment as well as R-loop signal from the S9.6 antibody in the final Cut&Tag 

libraries we hoped to be able to determine the contribution of DNA:RNA hybrids to the peak of 

signal at the DSB sites. 

 

To determine if DSB induction in the DIvA cell line was successful, immunofluorescence (IF) was 

used to visualise the gammaH2AX foci as well as any signal obtained from the S9.6 R-loop 

antibody. Figure 3-6 panel F clearly shows an increase in gammaH2AX foci, relative to the control 

cells, so these samples were carried forward for library preparation. 

Library preparation from control and induced DIvA samples with 1e5 cells as input was successful, 

as libraries with the expected periodicity were obtained (Figure 3-7). 

 

https://www.activemotif.com/catalog/1320/cut-tag-service
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Figure 3-6: Immunofluorescence images of DIvA cells from control and induced samples. 
Induced samples were treated with 300nM 4-OHT for 4 hours to induce DSBs. Gray represents DAPI staining 
of the nucleus and red signal from the secondary antibody Goat Anti-Mouse IgG H&L (Texas Red ®) Abcam 
ab6787 (1:500). Panels A & B show signal in the absence of a primary antibody. Panels C & D show control 
& induced cells with S9.6 antibody (for R-loop detection) as the primary. Panels E & F show control and 
induced cells with gammaH2AX antibody as the primary, the white arrows represent examples of gamma 
H2AX foci. Panel F clearly shows the gamma H2AX foci within the cells (white arrows). All images are x100 
magnification. 
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Figure 3-7: Cut&Tag library fragment length from all the technical replicates of control and DSB induced DIvA 
cells. 
A) Periodicity of the three technical replicates of control (C) uninduced DIvA cells (not induced for DSBs), 
immunoprecipitated with gamma H2AX. B) Periodicity of the three technical replicates of induced (I) DIvA 
cells (induced for DSBs with 4OHT treatment), immunoprecipitated with gamma H2AX. C) Periodicity of the 
three technical replicates of induced (I) DiVA cells (induced for DSBs with 4OHT treatment), treated with 
RNase H, then immunoprecipitated with gammaH2AX antibody. D) Periodicity of the three technical 
replicates of control (C) uninduced DIvA cells, (not induced for DSBs) immunoprecipitation with the S9.6 
antibody targeting R-loops. E) Periodicity of the three technical replicates of induced (I) DIvA cells (induced 
for DSBs with 4OHT treatment), treated with RNase H, then immunoprecipitated with gammaH2AX 
antibody. 
 
The Cut&Tag data was analysed as described at https://yezhengstat.github.io/CUTTag_tutorial/ 

(see methods). The raw data obtained per library and the percentage duplication rate per library 

is shown in Table 3-2. Between 6.03 to 20.02 million reads were obtained per library with 100,000 

cryopreserved DIvA cells as input. The % of duplicated reads was low and ranged from 0.64 to 

0.85%, indicating that a large number of duplicates were not introduced during the PCR step of 

library amplification. 

  

https://yezhengstat.github.io/CUTTag_tutorial
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Table 3-2: Summary statistics from the DIvA Cut&Tag libraries. 

Library 

Library 
concentration 

(Qubit 
ng/µl)*  

Raw 
Reads 

Raw data 
(Gb) 

Read 
duplication 

% 

Control_DIvA_rep1_S9.6 0.840 18031754 2.7 0.705 

Control_DIvA_rep2_S9.6 1.970 17584126 2.6 0.664 

Control_DIvA_rep3_S9.6 1.150 17391962 2.6 0.708 

Control_DIvA_rep1_gammaH2AX 0.508 11163946 1.7 0.682 

Control_DIvA_rep2_gammaH2AX 0.644 18873428 2.8 0.670 

Control_DIvA_rep3_gammaH2AX 0.508 16226214 2.4 0.789 

Induced_DIvA_rep1_S9.6 1.160 6032614 0.9 0.638 

Induced_DIvA_rep2_S9.6 1.570 19458916 2.9 0.802 

Induced_DIvA_rep3_S9.6 0.970 18362292 2.8 0.840 

Induced_DIvA_rep1_gammaH2AX 0.774 18092066 2.7 0.636 

Induced_DIvA_rep2_gammaH2AX 1.200 18140534 2.7 0.652 

Induced_DIvA_rep3_gammaH2AX 0.432 16375970 2.5 0.847 

Induced_DIvA_rep1_RNase H_gammaH2AX 0.844 19291490 2.9 0.636 

Induced_DIvA_rep2_RNase H_gammaH2AX 0.740 20219862 3.0 0.711 

Induced_DIvA_rep3_RNase H_gammaH2AX 0.606 19444128 2.9 0.826 

*All libraries were eluted in a volume of 20µl. 
 

Deeptools (248) was used to produce a plot of the read density at the top 80 most cut AsiSI 

restriction sites as determine by Clouaire et al in 2018 (249) (Figure 3-8), with density 1kb 

upstream and 1kb downstream plotted. This clearly shows an increased relatively narrow peak of 

gamma H2AX signal in the induced cells as previously obtained in the pilot experiment (Figure 

3-5B). Treatment with RNase H did not decrease the gammaH2AX signal and there was not an 

appreciable signal obtained with the R-loop antibody. 
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Figure 3-8: Deeptools plot showing the read density for the top 80 AsiSI sites, 1kb upstream and 1kb 
downstream from the AsiSI site for one technical replicate (replicate 1). 
Control_DIvA represents cells NOT induced for DSB formation and DIvA_induced represents cells induced 

for DSBs formation by the addition of 4OHT to the culture media. For H2AX libraries, DNA was 

immunoprecipitated with an anti-gammaH2AX antibody. For R-loop libraries DNA was immunoprecipitated 

with the S9.6 antibody which recognises DNA:RNA hybrids.  
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From these experiments taken together, we therefore conclude that: 

¶ Cut&Tag is indeed suitable for profiling of localised histone marks such as gammaH2AX 

and faithfully reproduces most of the known features of gammaH2AX localisation in the 

DIvA cell line. 

¶ Cut&Tag appears to give increased signal in the immediate vicinity of DSBs undergoing 

repair. The reasons for this are unclear but do not appear to be related to DNA:RNA 

heteroduplex formation since RNase H treatment does not eliminate the signal. 

Moreover, the anti-R-loop antibody gave no signal in the vicinity of the AsiSI sites, 

indicating that the extent of RNA:DNA heteroduplex formation at these sites under the 

conditions tested is not detectable. It is likely that any such heteroduplexes are only 

transiently present during the repair process. 

 

3.1.2. Looking at chromosome-scale marks via Cut&Tag in freshly dissociated versus 
fixed testis cells 
 

 

To determine whether Cut&Tag worked on primary cells, a freshly dissociated testis was used to 

produce two libraries (one prepared with gammaH2AX and the other with H3K27me3). This also 

allowed us to test the utility of Cut&Tag for detecting extremely broad whole-chromosome 

enrichment or depletion of specific histone marks.  

 

Specifically, in pachytene spermatocytes undergoing MSCI, gammaH2AX is highly enriched on the 

sex chromosomes. In other germ cell stages, and on the autosomes at all germ cell stages, this 

mark is very low abundance as it is specific for DNA damage. Therefore, in a dissociated testis with 

all germ cell stages present the vast majority of the gammaH2AX will be derived from pachytene 

cells and will be strongly enriched on the sex chromosomes, as observed by immunofluorescence 

(233). Conversely, the broad mark H3K27me3 is depleted on the sex chromosomes during MSCI, 

and this depletion is maintained into round spermatids, as has been shown by Moretti et al (2016) 

(286) using ChIP-seq. Therefore, in a dissociated testis with all germ cell stages present, the vast 

majority of cells present will show a depletion of this mark on the sex chromosomes. Therefore, 

by examining read counts for the autosomes and the sex chromosomes we can determine if we 

obtain the expected pattern.  

 

As per the previous experiment, mapping statistics were obtained from bowtie2 (Table 3-1) and 

the periodicity of the mapped reads was plotted to determine if the libraries had the correct 

fragment size (Figure 3-9). 
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Figure 3-9: Fragment size distribution obtained from dissociated testis Cut&Tag libraries.  
The gammaH2AX sample is shown in blue and the H3K27me3 is shown in orange. The expected 10bp 
sawtooth periodicity was obtained as well as peaks representative of the length of approximately one, two 
and three nucleosomes. 

 

 

As per our expectation, we observed a strong chromosome-wide enrichment of gammaH2AX on 

the sex chromosomes and depletion on the autosomes (Table 3-3). Conversely, we observed 

H3K27me3 enrichment on the autosomes and depletion on the sex chromosomes (88). 

 

Table 3-3: Cut&Tag reads per kb, on a dissociated testis sample. 

Mark  
chr X 

reads/kb 

chr Y 
reads/

kb  

autosomal 
reads/kb  

chr X 
enrichment/depletion 

(fold) *  

chr Y enrichment/ 
depletion (fold) *   

gamma 
H2AX 

6.4 5.2 3.55 3.6 2.9 

H3K27me3 0.6 0.4 5.10 -4.2 -6.3 

*Reads on the autosomes were divided by two, to count them as haploid when calculating fold enrichment/ 
fold depletion. 

  

 

Following the success of the work on freshly dissociated cells, library preparation was attempted 

from a 1% formaldehyde fixed frozen dissociated testis sample (in duplicate) with H3K27me3. In 

this experiment, libraries with the correct periodicity were not obtained (Figure 3-10). The 

libraries had the periodicity pattern obtained for an IgG control like that shown in Figure 3-2. The 

sawtooth 10bp periodicity was obtained as per Figure 3-2, but the inter-nucleosome periodicity 

was lost. Since the reason for this change was unclear, we decided not to continue with 
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experiments on fixed cells and that Cut&Tag should only be carried out with fresh or 

cryopreserved unfixed cells.  

 

 

Figure 3-10: Fragment size distribution of formaldehyde fixed testis sample used for library preparation 
with H3K27me3 antibody. 
These samples had been fixed in 1% formaldehyde and frozen at -80C before library prep. S=sample. 

 
 

Table 3-1 shows the raw reads obtained for the Cut&Tag libraries, for the two DIvA samples 

tested in the pilot experiment, 2.31 and 2.42 million reads were obtained from ~80,000 cells as 

input, from which we could resolve inter-nucleosomal fragments. 

From the dissociated testis samples, we obtained 5.30 and 6.88 million reads and from this 

relatively low read number we were able to obtain the expected pattern of enrichment and 

depletion of gammaH2AX and H3K27me2 on the sex chromosomes. This is in stark contrast to the 

number of reads required to obtain accurate results from ChIP-seq as the Encode website 

(https://www.encodeproject.org/chip-seq/histone/#restrictions) states that for narrow marks 20 

million reads per sample are required and 45 million reads for broad peak experiments. However, 

these numbers will vary will depending on the cell type. Lannelli et al 2017 (287) carried out ChIP-

seq on induced DIvA cells and obtained 37.5 million reads per sample. This was ~7 fold higher 

than the number of reads required for the gammaH2AX Cut&Tag (~5.3 million). This highlights the 

substantially reduced sequencing costs of data obtained by Cut&Tag due to the reduced 

sequencing depth required. 

 

Overall, these pilot experiments trialling Cut&Tag in the DIvA cells line and in a dissociated mouse 

testis show that Cut&Tag can detect both gammaH2AX foci at DSBs and broad gammaH2AX 

domains as well as broad H3K27me3 marks in both fresh DIvA cells as well as in a suspension of 

freshly dissociated testis. However, Cut&Tag is not a viable option for cells fixed in formaldehyde 

and frozen (as library periodicity is lost (Figure 3-10)). Cryopreserved cells are expected to 
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perform well in Cut&Tag (if the post thaw viability is high) and methods for successful 

cryopreservation have been published on the active motif website 

(https://www.activemotif.com/catalog/1320/cut-tag-service). Using this cryopreservation 

method, we obtained Cut&Tag libraries of the correct periodicity and size, so cryopreserved cells 

can be used as input for Cut&Tag library preparation. 

 

 

3.2. Whole genome sequencing to identify haplotype-specific SNPs that distinguish the 
fused vs unfused chromosomal copies of chromosomes 6 and 16 

 
We first had to establish a breeding colony of Rob6.16 mice before we could sacrifice animals to 

use for whole genome sequencing. 

 

3.2.1 Breeding Robertsonian mice to use as the model to study non-Mendelian 
inheritance 

 
We obtained the Rb(6.16)24Bnr strain (#000885) from the Jackson laboratory, which was used to 

produce an F1 generation of homozygous Rob6.16 pups (see methods). We karyotyped the line to 

determine it was homozygous for the Rob6.16 fusion (Figure 3-11A). Tail clips from two of these 

male pups (siblings) were used for whole genome sequencing to obtain the SNPs and INDELs 

present within this line. The remaining homozygous F1 mice, once sexually mature were mated to 

wild type C57BL/6 mice to produce heterozygous mice. The presence of one fusion chromosome 

was confirmed by karyotyping (Figure 3-11B). Once these male mice reached ~22 weeks they 

were used for spermatid sorting (section 3.3) for RNA-seq analysis. 

 

                                                              

Figure 3-11: Metaphase spreads of homozygous and heterozygous Rob.16 mice. 
Shown in A is a homozygous male- the metacentric Rob6.16 fusions are marked with white arrows. Shown 
in B is a heterozygous male, the metacentric fusion is marked with the white arrow. 
 
 

 
 

https://www.activemotif.com/catalog/1320/cut-tag-service
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3.2.2  Whole genome sequencing statistics for the Robertsonian samples 
 
The whole genome sequencing data (from DNA extracted from two homozygous Rb6.16 24Lub 

mouse tails) was processed as described in the methods section. Fastp was used for read 

trimming (see methods) and to obtain the duplication rate. Fastp filtered out 0.04% of the reads 

for Rob1 and 0.02% for Rob2. The percentage duplication rate was 12.3% for sample 1 and 12.8% 

for sample 2. Samtools idxstats was used to calculate the fold coverage of the mapped reads 

within the bam files across the whole genome and per chromosome. The fold coverage for the 

whole genome for both the Robertsonian samples was 27X. Fold coverage per chromosome of the 

bam files Rob1 and Rob2 is shown in Table 3-4. This shows that the fold coverage for chr6 was 

slightly higher than the fold coverage for chr16. Chr6 had coverage of 27.7 and 27.5-fold (for Rob1 

and Rob2) and chr16 had coverage of 25.8 and 25.7-fold (Rob1 and Rob2). Samtools flagstat was 

used to calculate the % of mapped reads per sample (Table 3-5), the % of properly paired reads 

was high at ~97%. Samtools coverage was used to calculate the number of reads obtained per 

chromosome for both the Rob1 and Rob2 samples ( Supplementary Table 8-2). For the Rob1 

sample this was 28,076,914 for chr6 and 17,172,180 for chr16. The % coverage per chromosome 

was also calculated, for the Rob1 sample this was 97.3% for chr6 and 96.4% for chr16 ( 

Supplementary Table 8-2). 

 

Table 3-4: Fold coverage per chromosome for the whole genome sequencing data for the 
Robertsonian6.16 samples Rob1 and Rob2 calculated using samtools idxstats. 

 Fold coverage 

Chr Rob1 bam file Rob2 bam file 

chr1 26.7 26.6 

chr2 46.2 45.2 

chr3 26.0 25.8 

chr4 26.6 26.6 

chr5 26.6 26.6 

chr6 27.7 27.5 

chr7 26.6 26.7 

chr8 26.3 26.3 

chr9 48.0 46.9 

chr10 26.4 26.3 

chr11 26.4 26.5 

chr12 27.8 27.6 

chr13 26.5 26.4 

chr14 26.8 26.7 

chr15 25.9 25.8 

chr16 25.8 25.7 

chr17 26.3 26.3 

chr18 25.7 25.6 

chr19 25.4 25.5 

chrX 14.1 14.2 

chrY 9.2 9.7 
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Table 3-5: Samtools flagstat results from the WGS of Rob1 and Rob2 samples. 

Samtools flagstat filters Rob1 Rob2 

Total read number (QC passed & QC failed) 520,124,555 516,596,458 

% mapped 99.21 99.30 

% properly paired 97.32 97.59 

% singletons 0.46 0.38 

 

Having processed the WGS data through the GATK pipeline and SnpEff (see methods) to obtain 

the SNPs and INDELs present within the homozygous Rob6.16 mouse, the INDELs can be used to 

differentiate between Rob6.16 homozygous, Rob6.16 heterozygous and wild type C57BL/6 mice. 

Concordant INDELs present within the homozygous Rob6.16 sample were identified as part of the 

SNP pipeline and were separated into a file of INDELs for chr6 and a file of INDELs for chr16. There 

were 33,088 concordant INDELs (annotated and unannotated) on chromosome 6 and 16,233 on 

chromosome 16 for the two homozygous Rob6.16 mice sent for WGS. 

By designing PCR primers that span the INDELs present in the Rob6.16 homozygous mouse line, 

two PCR products will be produced for heterozygous mice and one band for homozygous and wild 

type mice. The wild type and homozygous band will differ in size, the size being dependant on 

whether the primers spanned an insertion or a deletion. 

 

3.2.3  Genotyping PCR design for the Robertsonian mice 
 
INDELs of approximately >20bp insertion or deletion were chosen to be able resolve bands of 

different sizes on a 2% agarose gel. The INDELs chosen were as close to the fusion point (the start 

of chr6 and chr16) as possible. PCR primers that spanned INDELs in the homozygous Rob6.16 

mouse line were designed as described in section 2.1.4 and they were tested in several rounds of 

PCR.  

The first round of testing was carried out on wild type DNA from C57BL/6 mice (Figure 3-12A), to 

determine the specificity of the primers. Table 3-6 shows the expected product sizes.  

 
 
Table 3-6: Expected product sizes of the PCR reactions: 

Primer 
Product size 

WT (bp) 
Product size 

Rob (bp) 
Comments 

chr6_1 286 377 
Insertion in Rob (will also give a non-specific product of 

195bp) 

chr6_2 224 284 Insertion in Rob 

chr6_3 160 185 Insertion in Rob 

chr6_4 153 204 Insertion in Rob 

chr16_1 163 198 Insertion in Rob 

chr16_2 179 308 Insertion in Rob 

chr16_3 220 175 Deletion in Rob 

chr16_4 184 224 Insertion in Rob 
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Figure 3-12: Primer optimisation on Wild type C57BL/6 DNA (panel A) and Rob6.16 DNA, panels B1/B2. 
WT=C57BL/6 DNA and Rob=Rb6.16 24Lub DNA. (*= non-specific product of 195bp) 
 
 

Figure 3-12A shows that Chr6 primer pairs 1-4 tested with WT C57BL/6 DNA all gave bands at the 

correct size. Chr6 primer pair 1 also gave a known non-specific band at 195bp (marked with the 
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*). Chr16 primer pair 1 on the C57BL/6 DNA gave a smear without a strong specific band, so it was 

not tested further. 

The second round of testing was with Robertsonian DNA and all the primer pairs, except chr16 

primer pair 1 which was not tested, for the reason outlined above. The results are shown in Figure 

3-12 B1/B2. 

 

Chr6 primer pair 1 was not further tested due to the high intensity of the non-specific band. 

A sample of wild type, homozygous Robertsonian and mixed wild type/Robertsonian DNA (Het 

equivalent, as Het mice were not yet available at the time of PCR optimisation) was tested blind 

to determine whether from the pattern of bands in PCR reactions, chr6 primer pairs 2,3,4 and 

chr16 primer pair 2,3,4 could be used to determine the genotype (Figure 3-13). 

 

 

          Figure 3-13: Blind genotyping of a wild type, homozygous Robertsonian chr6.16 sample and a mixed 
wild type/homozygous chr6.16 Robertsonian sample. 
10µl of a 50µl PCR reaction was run on the gel for the wild type and homozygous chr6.16 Robertsonian 
PCR reactions to compare the product size to the unknown genotyped samples A-C. The figure shows 
that chr6 primer pair 2 can clearly identify A as the Het sample, B as the wild type and C as the 
homozygous chr6.16 Robertsonian sample, although the Robertsonian product is larger than expected 
at ~500bp. Lanes 7-11 contain the PCR reactions for chr6 primer pair3. When loading 10µl of a 50µl 
PCR reaction, the band of the homozygous chr6.16 Robertsonian sample is not visible in lane 8. A 
single feint band larger than the wild type band is observed in lane 11 (when loading 20µl of the PCR 
reaction), this also identified sample C as the homozygous chr6.16 Robertsonian sample. Lanes 12-15 
and comb 2 lane 2 show chr6 primer pair 4. There are 2 band obtained for chr6 A_4, indicating that 
this is the heterozygous sample, although the band for the Robertsonian sample is quite feint. Lanes 4-
15 gel 1 comb 2 and gel 2 show genotyping reactions for chr16.  The Robertsonian bands for these 
chromosomes are more intense and therefore easier to identify, than the chr6 genotyping reaction. 
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For chr6 primer pairs 3 and 4, the Robertsonian band was hard to identify when loading 20µl of a 

50µl PCR reaction and running on a 2% gel. The bands will be easier to identify if a larger volume 

of the PCR product is loaded. 

Primer pair 2 for chr6 unexpectedly detected an insertion of ~300bp in the Robertsonian fusion, 

although only a 60bp insertion was expected. This was consistent across multiple technical 

repeats during primer validation, and also across multiple individual Rob fusion animals 

genotyped with these primers. Inspection of the raw data file showed no obvious reason for this 

discrepancy. We speculate that there may be a tandem repeat insertion in the Rob line which is 

collapsed in the WGS comparison to WT. Alternatively there may be secondary structures in the 

region that impairs accurate sequencing of the region. We did not further characterise this 300bp 

insertion by Sanger sequencing, as the purpose of the experiment was simply to identify 

differences between the haplotypes that could be genotyped. 

 
Chr16 primer pairs 2-4 give more consistent bands than Chr6 primer pairs 2-4. However, bands 

are still visible for the Robertsonian genotype for the chr6 primer pairs, especially if more PCR 

product was loaded per well. Therefore, chr6 primer pairs should be used in conjunction with the 

chr16 primer pairs for a high confidence genotype call. Genotyping the SNPs within the ROI of the 

fused chr6/16 provides an alternative to karyotype analysis, which is slower and requires more 

input material, such as a whole spleen as opposed to an ear clip (live animals) or tail snip 

(following culling) for DNA extraction and genotyping by PCR. The primers can be used to confirm 

the genotype of the mice sent for RNA-sequencing. 

 

 

3.3. Fluorescent-activated cell sorting of round spermatids 
 
Round spermatids used for RNA-Seq analysis (chapter 5) were sorted at the Francis Crick Institute 

ǿƛǘƘ ǘƘŜ ŀǎǎƛǎǘŀƴŎŜ ƻŦ 5Ǌ ±ŀƭŘƻƴŜ aŀŎƛǳƭȅǘŜ ŦǊƻƳ 5Ǌ ¢ǳǊƴŜǊΩǎ ǊŜǎŜŀǊŎƘ ƎǊƻǳǇΣ ŀƴŘ ǘƘŜ C/L Ŧƭƻǿ 

sorting (FCI) core. BD Aria and Fusion FACS machines were used at the Crick Institute (London) to 

sort wild type, heterozygous and homozygous Rob6.16 mice. These machines are equipped with a 

UV laser and can simultaneously detect red and blue fluorescence from the Hoechst 33342 dye 

(see Supplementary Figure 8-11). This enables the use of standardised protocols (288) which give 

high purity sorts. The purity of the flow sorted Robertsonian 6.16 homozygous samples was 

confirmed by immunofluorescence staining with PNA-lectin and DAPI. Purity was 99.5% round 

and elongating spermatids, with approximately 20% elongating spermatids per sample (see Table 

3-7). The viable (PI negative) cells post dissociation ranged from 44.6-51.7% for the three 

homozygous Rob6.16 samples sorted, 51-60.4% for the three wild type samples sorted and 19.9-

55.2% for the three heterozygous samples sorted. 
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Table 3-7: Immunofluorescence classification of the cell counts obtained from the WT, Het and Hom 
Rob6.16 samples sorted at the Crick in London on Aria and Fusion BD FACS machines. 

Sample 
Number of 

Round 
spermatids 

Number of 
Elongating 
spermatids 

Other 
% round & elongating 

spermatids 

WT_1 185 15 - 100% 

WT_2 188 11 1 99.5% 

WT_3 176 22 2 99.0% 

Het_1 181 14 5 97.5% 

Het_2 176 26 3 98.5% 

Het_3 157 20 3 98.5% 

Hom_1* 43 7 - 100% 

Hom_2* 156 40 4 98% 

Hom_3* 32 12 - 100% 

*Fewer cells were collected for the immunofluorescence purity check, so instead of 200 cells as many cells 
ŀǎ ǇƻǎǎƛōƭŜ ǿŜǊŜ ŎƻǳƴǘŜŘ ǇŜǊ ǎƭƛŘŜΦ ΨhǘƘŜǊΩ ǊŜŦŜǊǎ ǘƻ ŎŜƭƭǎ not identified as round or elongating spermatids 
often pre-leptotene or pachytene cells. 
 
 

In addition, we wished to establish our own flow sorting protocol at Kent to facilitate follow-up 

experiments. This type of work requires round spermatids of high purity for RNA-seq and/or ChIP-

Seq analysis, to prevent reads from contaminating cell types skewing the results. The FACS Jazz 

flow cytometer at the University of Kent is not equipped for simultaneous detection of red/blue 

signal from Hoechst dye staining, instead the separate detector channels are coupled to separate 

laser pinholes. This means that side population analysis with Hoechst blue and Hoechst red signal 

cannot be carried out as is common in other protocols (289). Flow sorting of wild type round 

spermatids at the University of Kent was therefore carried out using a modified sorting strategy.  

The dissociated testis was stained with Hoechst 33342 and propidium iodide (PI). PI staining was 

used to distinguish live cells from dead cells, while round spermatids were identified using a 

combination of Hoechst staining in the blue channel (V450/50, indicating ploidy) and forward 

scatter signal (indicating approximate cell size). The dissociated testis was prepared as described 

in the methods section 2.2. The Jazz settings were optimised daily to obtain the optimal sorting 

rate and cell recovery, such as flow rate and drop delay. See Figure 3-14 for the typical dot and 

density plots obtained. Per mouse aliquots of 200,000 round spermatids were sorted into 1.5ml 

tubes. A total yield of ~1.5e6 round spermatids was obtained per mouse. Post sorting an aliquot 

of the cell suspension was manually counted to check cell recovery. For the same sort, recovery 

ranged from 60-89% depending on the tube counted. The purity of the sorted samples was 

checked with PNA-AF488 and DAPI staining and then manual cell counting using an 

immunofluorescence microscope. Purity ranged from 90-93% round spermatids per tube for the 

same sort settings and animal (Table 3-7). See Figure 3-15 for the typical immunofluorescence cell 

classification categories. The high purity obtained means that this protocol is suitable for 

collecting cells to carry out RNA-seq or Cut&Tag experiments. 
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Figure 3-14: Typical gating strategy on the FACS Jazz flow cytometer for a dissociated mouse testis. 
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Figure 3-15: Representative images showing round, elongating, pre-leptotene and pachytene cells stained 
with PNA-AF-488 (2µg/ml) and DAPI (Vectashield 1.5µ/ml). 
The nucleus is shown in blue (stained with DAPI) and PNA-AF488 staining is shown in green (representing 
the acrosome). Round spermatids are identified by the presence of an acrosome and a single DAPI-dense 
chromocenter, while elongating spermatids are additionally identifiable by their characteristic asymmetric 
morphology. Other cell types typically have symmetrical nuclei and lack acrosomes. Different germ cell 
stages are distinguished by size and chromatin distribution. 
 

Table 3-8: Round spermatid immunofluorescence purity check from a cell sort on the BD Jazz flow 
cytometer. 

Slide 
Number of 

Round 
Spermatids 

Number of 
Elongating 
spermatids 

Number of 
Pachytene 

cells 

Number of 
Pre-

leptotene 
cells 

other 
Round 

spermatid 
purity 

RS_1 154 26 1 14 5 90% 

RS_2 158 26 0 13 3 92% 

RS_3 156 23 0 4 17 90% 

RS_4 156 27 1 15 6 92% 

RS_5 93 38 1 4 1 96% 

RS_6 166 20 0 10 4 93% 

Where possible 200 cells were counted per slide. Slides RS_1 to RS_6 represent different aliquots of cells 
collected from the same sample. For representative cell images of the different categories see Figure 3-15. 
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3.4. Discussion 
 
The overall goals for this part of the project were to (1) validate Cut&Tag for the study of both 

punctate and chromosome-wide epigenetic marks, (2) identify specific sequence variants present 

in the Rob fusion model to facilitate genotyping of animals and allow analysis of allele-specific 

gene expression, and (3) ensure we had working protocols to sort round spermatids for analysis. 

We were able to achieve all these goals.  

 
In terms of Cut&Tag validation, we chose this method for epigenetic analysis because Cut&Tag 

will only solubilize the DNA that has been tagmented by the transposase, and this is what will be 

sequenced. This gives a lower background signal than ChIP-sequencing. The cell input 

requirements are also much lower with 50-500,000 cells required for Cut&Tag whereas between 

300,000 to many millions of cells can be required for ChIP-seq depending on the cell type and 

mark immunoprecipitated. We showed that Cut&Tag detects punctate and whole-chromosome 

enrichment for gammaH2AX in DIvA cells and whole dissociated testis respectively, reflecting the 

presence of specific DSBs in DIvA cells and MSCI in pachytene spermatocytes. Therefore, the 

method will also be applicable to flow sorted spermatids, or pachytene cells. This will enable 

epigenetic studies to be carried out in conjunction with RNA-sequencing or whole genome 

sequencing on the same sample.  

 
Unexpectedly, we detected increased signal in the vicinity of the DSBs in the DIvA cell work, and 

conducted a follow-up experiment to determine if this was due to Tn5 tagmentation of DSB-

associated RNA/DNA heteroduplexes. We did not see a decrease in the gammaH2AX signal at the 

DSB site in the sample treated with RNase H, indicating that either RNase H is not effective at 

cleaving the R-loops in this system, (Active motif have investigated the combination of RNase H 

and RNase A instead, personal communication) or that the peak of gammaH2AX at the cut sites is 

not due to the presence of R-loops. The increased gamma H2AX signal at the cut site is however 

unlikely to be an artifact as it was observed in two biological replicates.  Instead, this peak may be 

due to some other undefined factor, such as the cleavage preferences of the Tn5 transposase. 

Alternatively, it is possible that the peak of gammaH2AX signal at the break sites that we observed 

could be specific to the gammaH2AX antibody that we have used (Millipore 05-636, clone 

JBW301). A Cut&Tag library preparation with an alternative clone of gamma-H2AX antibody 

would determine if the increased signal at the DSB sites is still observed.  We also did not observe 

a strong increase in read depth at the top 80 AsiSI sites in the control compared to the DSB 

induced DIvA cells with the R-loop antibody (S9.6) in the Cut&Tag experiments. This could be due 

to several factors: 1) The S9.6 antibody is not able to bind the R-loops within the DIvA cells, due to 

the DNA conformation. 2) R-loops are only present at relatively low percentage cut sites (e.g. if 

these are only transiently formed) - not enough to see a large increase in read density. 3) R-loops 
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are not present at the cut sites. To further investigate the presence of R-loops in the DIvA cell line, 

additional experiments would have to be carried out to determine the optimal conditions for 

RNase activity within the constraints of the Cut&Tag buffer of the primary antibody incubation 

step. Or a separate RNase digestion could be carried out before starting the Cut&Tag protocol to 

enable optimal enzymatic conditions. Despite the experimental conditions tested not being 

optimal to detect R-loops this method has potential to be used to investigate other epigenetic 

marks surrounding the DSBs. Since carrying out the Cut&Tag experiments to try and detect R-

loops, using the standard anti-mouse Active Motif kit, Active Motif have brought out a kit 

specifically designed to detect R-loops (catalogue number 53167). This kit contains optimized DNA 

Binding Buffer and modified DNA purification columns, suggesting that the binding conditions of 

the original kit for R-loop detection were sub-optimal. 

 

In terms of genetic characterisation of the Rob fusion model, we successfully obtained and 

analysed almost 30x genome coverage for two separate homozygous individuals from the 

Rob6.16 line. This enabled robust identification of sequence variants present in this line, and the 

development of simplified genotyping protocols to trace inheritance of the fusion chromosome. 

Further characterisation of the genetic landscape of this model is presented in Chapter 5, section 

5.1, and RNA-Seq work from sorted round spermatids in Chapter 5 section 5.3. 

 

In terms of spermatid flow sorting from dissociated mouse testis, we were able to both 

successfully reproduce an existing flow sorting protocol using Hoechst 33342 side population 

analysis (red and blue signal) obtained with a UV laser on the FACS Aria and develop our own 

protocol using Hoechst 33342 signal on the violet laser of the FACS Jazz. Propidium iodide staining 

was used to exclude dead cells in both types of sorts. Both Hoechst 33342 and propidium iodide 

are relatively cheap reagents, amenable to staining other cell types. More than 1 million round 

spermatids could be obtained per mouse, enough for RNA-sequencing analysis, epigenetic studies 

(such as Cut&Tag) and a purity estimate. The purity obtained sorting with the UV laser on a FACS 

Aria was higher (98-100% round spermatids) compared to ~93% when using the violet laser alone 

(FACS Jazz). To optimise the recovery of the round spermatids we found that the collection tubes 

should contain some FBS (to prevent spermatids sticking to the sides of the tubes) and it was 

essential to optimise the drop delay of the FACS to achieve the optimal purity and 

recovery. Without optimal drop delay the purity of the sorted samples was below 75% (on the 

Jazz) and the yield was very low. When sorting the testis cell suspension from multiple animals, 

we staggered the dissociation steps. This ensured that the cells were as fresh as possible for the 

start of the sort, this reduced the time that the samples were sitting on ice and helped to improve 

the % viability of the sample. 
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Instead of flow sorting, round spermatids could be eluted by centrifugal elutriation, where 

separation by FACS is not possible. Centrifugal elutriation equipment was not available at the 

University of Kent. Centrifugal elutriation does not rely on cell staining but separates cells 

according to their sedimentation velocity. Prolonged staining with propidium iodide can lead to 

cell death, this is not required with centrifugal elutriation. Without the need for Hoechst staining, 

cells purified by centrifugal elutriation are amenable for use in immunofluorescence studies or 

other assays where it would be disadvantageous to use Hoechst-stained cells. Aliquots of round 

spermatids can be cryopreserved post sorting and used for epigenetic studies such as Cut&Tag, or 

other studies where intact viable cells are required.  Ideally the cryopreservation media and cell 

density per vial would be optimised to obtain the maximum recovery of viable cells post thaw. 

This was beyond the scope of this thesis, however in pilot experiments I have shown that Cut&Tag 

can be carried out with cryopreserved DIvA cells.  

In summary: in this chapter I have validated an epigenetics profiling method for use in studying 

chromatin from separated germ cells, identified the sequence polymorphisms that will underpin 

the analysis, and validated the cell sorting methods required to prepare the samples. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



135 

 

4. Where does DNA damage occur during   
mouse spermatogenesis and what are the 
evolutionary consequences of this 
damage? 

 

 
This chapter reports the results from the following papers: 
 
Burden, F., Ellis, P.J.I., Farré, M., ! ǎƘŀǊŜŘ ΨǾǳƭƴŜǊŀōƛƭƛǘȅ ŎƻŘŜΩ ǳƴŘŜǊǇƛƴǎ ǾŀǊȅƛƴƎ ǎƻǳǊŎŜǎ ƻŦ 5b! 
damage throughout paternal germline transmission in mouse, Nucleic Acids Research, Volume 51, 
Issue 5, 21 March 2023, Pages 2319ς2332, https://doi.org/10.1093/nar/gkad089  
 
Álvarez-González, L., Burden, F., Doddamani, D., Malinverni, R., Leach, E., Marín-García, C., Marín-
Gual, L., Gubern, A., Vara, C., Paytuví-Gallart, A., Buschbeck, M., Ellis, P. J. I., Farré, M., & Ruiz-
Herrera, A. (2022). 3D chromatin remodelling in the germ line modulates genome evolutionary 
plasticity. Nature communications, 13(1), 2608. https://doi.org/10.1038/s41467-022-30296-6 
(Joint first author with L.Álvarez-González and D.Doddamani)  
 
 
 

 
 

https://doi.org/10.1093/nar/gkad089
https://doi.org/10.1038/s41467-022-30296-6
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Studying the structural changes that have occurred in related mammalian genomes is an 

important area of evolutionary biology which helps to unravel the genomic basis of speciation. 

Comparative genomics has shown that large genomic regions are maintained syntenic with the 

same order of loci in several species, while these regions are demarcated by breaks of synteny, so 

called evolutionary breakpoint regions (EBRs) (39, 40, 290, 291) (see Section 1.3.3). These EBRs 

are caused by chromosomal rearrangements (CRs) and are not randomly distributed in the 

genome, instead they tend to cluster in certain locations. Theoretical work suggests that CRs must 

originate in the germ line to be passed onto the next generation and occur in regions accessible in 

germ cells and/or early totipotent developmental stages (44). As such, heritable chromosomal 

reorganisations can occur before meiosis (in proliferating primordial germ cells, spermatogonia 

and oogonia), during meiotic division (in spermatocytes and oocytes) or in post-meiotic stages 

(i.e., round spermatids), highlighting the existence of a constraining role of EBRs in the germ line 

that needs further investigation. 

For a chromosome rearrangement to take place, a break in DNA and an incorrect repair must 

occur. Possible mechanisms of DNA breakage and repair during spermatogenesis can occur 

through several different sources (i) formation and repair through homologous recombination 

(HR) and non-allelic homologous recombination (NAHR) of meiotically programmed double-strand 

breaks (DSBs) catalysed by SPO11 during early prophase I (i.e., primary spermatocytes in 

leptotene and pachytene stages) (292), (ii) formation and repair through non-homologous DNA 

end joining (NHEJ) or microhomology-mediated end joining (MMEJ) of DSBs generated in later 

stages of spermatogenesis (i.e., round spermatids) (84, 293), and (iii) zygotic repair of SSBs (single 

strand breaks) and DSBs generated by oxidative damage in mature sperm (294). However, the 

exact relation of EBRs and DSBs in the germline is still unknown. Moreover, there is a fine balance 

between chromatin remodelling, architectural proteins and cell-specific gene expression during 

spermatogenesis (103, 225, 295, 296) that can affect the potential outcomes of genetic damage in 

the germ line. It is not known, however, which of these sources contribute most to the formation 

of transmissible evolutionary chromosomal reorganisations.  

In this chapter we study how DNA and chromatin change during male gametogenesis, and how 

this is related to evolutionary chromosome rearrangements. In mammals the production of 

fertilisation-competent sperm involves a drastic reduction in nuclear sizeτover 75% reduction in 

cell volume (79), to produce streamlined and hydrodynamic cells capable of fast independent 

motility. This dramatic loss of cytoplasmic content is accompanied by an equally drastic 

transformation of chromatin structure and organization (297). During the elongating stage of 

spermiogenesis, the genome is remodelled via the replacement of histones by protamines, 
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resulting in a highly compact sperm nucleus and consequently the sperm head (Figure 1-16). 

While not all histone proteins are replacedτestimates for retention range from 1% to 10% in 

different species, fully protaminated chromatin packing is extremely space-efficient and 

approaches the theoretical crystal limit for DNA condensation (298). Protamine bound DNA is less 

supercoiled than histone bound DNA because wider supercoils are produced (82, 299). 

Consequently, the remodelling process requires significant changes in the DNA winding number 

to eliminate the free negative supercoils produced during histone replacement. This is believed to 

be enzymatically mediated by topoisomerase II beta (TOP2B) (or similar enzymes (88, 300, 301). 

These enzymes catalyse the scission of DNA strands to allow free rotation of the helix and/or 

unknotting of tangled strands. It is estimated that this chromatin remodelling requires between 5 

and 10 million transient double-strand breaks (DSBs) per cell (88). If these transient breaks are not 

correctly re-ligated by the enzyme generating them, this leads to damage that must be repaired 

by one of several DNA DSB repair processes (145) (302) (See section 1.5.2). Any unrepaired breaks 

remaining in the mature sperm have the potential to affect the next generation, if not repaired by 

the oocyte. For example, increased sperm DNA fragmentation index (DFI) is associated with 

miscarriage (303). As such, determining the context in which DSBs occur within mouse spermatids 

(post meiotic cells) is a pivotal question both for understanding evolutionary transformations in 

genome structure and also for delineating the vulnerability of different regions of the sperm 

genome to clinically significant DNA damage. 

Previous work in this field (84) has shown that spermatid DSBs are not randomly distributed, but 

rather are associated with particular categories of genomic repeats (LINE, satellite and simple 

repeats). Further work looking at mature sperm has shown that genomic repeats, in particular 

SINEs, are also enriched for oxidative damage occurring during epididymal maturation, and that 

this form of damage is also correlated with histone retention in sperm, and with 3D localisation in 

the sperm nucleus (141). Lǘ ƛǎ ŀǎ ȅŜǘ ǳƴŎƭŜŀǊ ǿƘŜǘƘŜǊ ǘƘŜǊŜ ƛǎ ŀ ŎƻƳƳƻƴ ΨǾǳƭƴŜǊŀōƛƭƛǘȅ ŎƻŘŜΩ ƛƴ 

which particular sequence or topological features underlie the susceptibility of sperm chromatin 

to multiple different types of damage at successive developmental stages. 

The aims of this chapter are: 

 1) To investigate the epigenetic context of EBRs and their association to DSBs in the male 

germline.  

 2) To understand the genetic and epigenetic factors associated with the distribution of DSBs in 

the male germline, and their relation to gametogenesis and early embryonic stages.  
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4.1 Identifying EBRs in the mouse lineage 
 

The EBR data that I have used in this thesis was produced by D. Doddamani as part of the paper 

ά3D chromatin remodelling in the germ line modulates genome evolutionary plasticityέ. Briefly, 

DESCHRAMBLER (304) was used to determine evolutionary rearrangements of rodent genomes by 

using 14 Rodentia chromosome-level genome assemblies and two outgroups (human and rabbit) 

(Figure 4-1). First, pairwise alignments using mouse as a reference genome were run with LASTZ 

and reconstructed ancestral chromosome fragments (RACFs) were generated by DESCHRAMBLER. 

The EBRs in each lineage were identified within the mouse genome. EBR locations were 

determined as the regions between RACFs, with the smallest size shared across all lineages 

considered as the breakpoint. EBRs were then phylogenetically classified depending on the 

lineage in which they occurred as: 1) ancestral if they occurred before the Myodonta species; 2) 

recent, if they occurred between the Myodonta ancestor and Muridae ancestors; or 3) mouse-

specific, if they happened after the split of mouse and rat. We identified 134 recent EBRs, 44 

ancestral EBRs and 54 mouse specific EBRs. This gave a total of 232 EBRs with a median size of 

21,502bp (305). 

 

Figure 4-1: Phylogenetic tree of the rodent and outgroup species included in the DESCHRAMBLER analysis.  
The chromosomal rearrangements between the ancestors are shown for each node: in blue the number of 
inversions, in red the number of inter-chromosomal rearrangements. Green coloured dots denote ancestral 
lineages; blue dots represent recent ancestors (Muridae, Eumoroidea, Muroidea and Myodonta, 
respectively), the red dot depicts the mouse specific. Figure produced by D. Doddamani, taken from the 
paper άо5 ŎƘǊƻƳŀǘƛƴ ǊŜƳƻŘŜƭƭƛƴƎ ƛƴ ǘƘŜ ƎŜǊƳ ƭƛƴŜ ƳƻŘǳƭŀǘŜǎ ƎŜƴƻƳŜ ŜǾƻƭǳǘƛƻƴŀǊȅ ǇƭŀǎǘƛŎƛǘȅέ (305). 
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4.2   Chromatin state dynamics during the transition through spermatogenesis 
 

To investigate the relationship between EBRs and epigenetic context in mouse germ cells, we first 

analysed the landscape of the higher-order chromatin organisation during spermatogenesis. As 

spermatogenesis progresses, three main cell types in different developmental stages can be easily 

isolated using FACS. Here, I focus on adult germinal stem cells (AGSC) or spermatogonia (pre-

meiotic cells), spermatocytes (meiotic cells) and spermatids (post-meiotic cells) (Figure 4-3A and 

Table 2-2) as described in Alverez-Gonzalez et al, 2022 (305). Epigenetic data for the three cell 

types was obtained from one study Hammoud et al, 2014 (252) to avoid any methodological bias. 

These three cell types represent different developmental stages of spermatogenesis and thus 

allowed me to determine how the chromatin state differed through spermatogenesis. The 

ChromHMM tool (264) (see methods section 2.9) was used to bioinformatically divide the genome 

into different states or regions depending on the intensity of the histone marks in the input files. 

Three histone marks were analysed, two marks of active chromatin (H3K4me3 and H3K27ac), and 

one repressive (H3K27me3) (Figure 4-2). ChromHMM was run with the concatenated option, 

which integrated the three histone marks from spermatogonia, spermatocytes and spermatids to 

produce a single set of states. The percentage of the genome covered by each histone varied 

slightly between the cell types, H3K4me3 ranged from 1.3 to 4.6% in spermatogonia and round 

spermatids, H3K27me3 from 1.7% to 3.8% while H3K27ac from 1.1% to 1.3% of the mouse 

genome, respectively. Using ChromHMM, I defined eight chromatin states in each cell type 

(Figure 4-2 and Table 4-1). The states were named according to the intensity of the marks present 

in each state. For example, state E2 with a high concentration of the active mark H3K27ac was 

termed an active state, whereas state E4 with a high concentration of the repressive chromatin 

mark H3K27me3 was termed a repressed state. The background state (states E1, E3 and E7), was 

so called because of low coverage of all three histone marks. 
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Figure 4-2: ChromHMM overlap plots for the spermatogonia, spermatocyte and spermatid data run with 
H3K27me3, H3K4me3 and H3k27ac. 
The higher the intensity of blue, the higher the intensity of the histone mark.  
ChromHMM analysis was run using the concatenated model, learned with 8 states, showing that states 6 
and 8 (with high coverage of H3K4me3) are enriched at CpG islands in AGSC and SC. In ST state 6 is also 
enriched at CpG islands but state 8 is enriched at a lower level than in AGSC and SC. 
AGSC= Adult germinal stem cells, SC=spermatocytes, ST=spermatids  
 
 
Table 4-1: ChromHMM emission state E1-E8 statistics.  

State 

Spermatogonia Spermatocytes Spermatids 

% Cov Max (bp) 
Avera

ge 

(bp) 
% Cov Max (bp) 

Average 
(bp) 

% Cov Max (bp) 
Average 

(bp) 

 
E1 

Background  
1.37 72,200 6,537 8.01 234,200 11,895 48.97 281,800 11,910  

E2 Active 1.10 35,200 2,129 2.23 61,200 3,282 26.39 121,000 4,876  

E3 
Background 

1.18 62,000 4,560 78.57 769,600 24,808 10.62 120,600 6,208  

E4 
Repressed 

0.31 28,000 2,186 4.44 40,200 1,632 5.11 95,200 1,968  

E5 Poised 11.48 23,200 611 0.05 4,400 534 0.01 3,400 550  

E6 Trivalent 0.07 4,000 669 0.88 11,400 992 2.94 38,600 1,802  

E7 
Background  

82.30 3,103,000 4,216 3.67 3,106,800 20,900 3.05 3,109,400 50,753  

E8 Poised 2.19 16,600 1,827 2.15 23,400 1,882 2.91 20,400 1,379  

Cov=coverage. The states are those shown in Figure 4-2. The colours of the states refer to those used in 
Figure 4-3 and are used to differentiate the different state types. 

 
Calculating the genomic coverage of each state in each cell type showed that the dominant state 

consists of low histone marks (Table 4-1). This was state E7 in spermatogonia, E3 in 

spermatocytes and E1 in spermatids, with 82.30, 78.57 and 48.97% coverage, respectively. We 

then classified the states accordingly to the histone marks, as: E1 background, E2 active (enriched 

in H3K27ac associated to active enhancers), E3 background (with low coverage of all histone 

marks), E4 repressed (enriched in the repressive chromatin mark H3K27me3), E5 poised (with 

both an active and repressive chromatin mark), E6 trivalent (due to a strong signal from all three 

histone marks), E7 background (low coverage of all histone marks) and E8 poised (with a different 

combination of histone marks to the posed state of E5). The active state E2 (enriched in H3K27ac), 



141 

 

increased from a coverage of 1.1% of the genome in spermatogonia to 26.4% in round spermatids 

(Figure 4-3 B). State E4, however, was dominated by the repressive chromatin mark H3K27me3, 

spanning between 0.31% and 5.11% of the genome in spermatogonia and round spermatids, 

respectively. As for poised chromatin (states E5 and E8 with both H3K27me3 and H3K4me3 

marks) it covered from 13.7% in spermatogonia to 2.92% in round spermatids; while state E6 

(labelled as trivalent chromatin showing all three histone marks) covered 0.07% to 2.94% in 

spermatogonia and spermatids (Figure 4-3 B). As all three chromatin states E1, E3 and E7 had low 

coverage of histone marks they were classified as background state, which we termed E0 (Figure 

4-2). 

To assess the dynamics of chromatin state transitions throughout spermatogenesis I then 

compared the transition of chromatin states from spermatogonia to spermatocytes and then to 

round spermatids for a given genomic region (Figure 4-3C). This allowed the investigation of 

which regions of the mouse genome change epigenetic status during gametogenesis. A total of 

192 combinations of cell type and chromatin state were identified, with 34 combinations covering 

overall >98% of the genome with at least 0.1% each. All the other combinations were discarded 

for subsequent analysis. Because of the interesting nature of the trivalent state, although it 

represented less than 0.1% of the genome, we included it in the following analysis (Table 4-2).  

 

https://www.nature.com/articles/s41467-022-30296-6#Fig2
https://www.nature.com/articles/s41467-022-30296-6#Fig2
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Figure 4-3: Epigenetic landscape dynamics during mouse spermatogenesis. 
A) Schematic representation of mouse spermatogenesis. Adapted from (44, 45). Diploid (2n) and haploid (n) 
numbers are indicated for each cell type as well as the number of chromatids per chromosome (4c, 2c, or 
c). B) ChromHMM chromatin states based on marks H3K27me3, H3K4me3 and H3K27ac. Numbers in the 
table indicate the percentage of genome coverage for chromatin states in the three cell types analysed 
(spermatogonia, primary spermatocytes and round spermatids). A total of 6 major chromatin states were 
found, including background (states 1, 3 and 7; grey), active (state 2; red), repressed (state 4; blue), poised 
(states 5; purple and 8; pink) and trivalent (state 6; yellow). C) Alluvial plots representing chromatin state 
transitions from spermatogonia to primary spermatocytes and round spermatids. Chromatin states 1, 3 and 
7 from panel (B) were merged into state 0 (background). D) Chromosome 13 region-specific heatmaps at 
рл ƪōǇ ǊŜǎƻƭǳǘƛƻƴ όŦǊƻƳ рр aōǇ ǘƻ ср aōǇύΣ ŦƻǊ ŀƭƭ ǘƘǊŜŜ ŎŜƭƭ ǘȅǇŜǎ ŘŜǇƛŎǘƛƴƎ ŎƻƳǇŀǊǘƳŜƴǘ ǎƛƎƴŀƭ όA, B), 
chromatin states, H3K4me3, H3K27ac, H3K27me3, RNA-seq (represented as log FPKM), CTCF and cohesin 
peaks (REC8 and RAD21L) and ATAC-seq. The genomic locations of EBRs are displayed (salmon highlight) in 
each cell type. Abbreviations ς EBRs evolutionary breakpoint regions, FPKM fragments per kilobase of 
transcript per million fragments mapped. Figure reproduced from (305) . 
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Table 4-2: Epigenetic transitions during male gametogenesis.  
Three-cell type state statistics for the 34 states with >0.1% coverage and the trivalent state E6-E6-E6. Mean 
region size, median size and max length of a given transition in the mouse genome. 

 
state Mean 

(bp) 
Median 

(bp) 
Max (bp) min 

(bp) 
 % coverage 

E0-E0-E0 3,390 1,800 3,102,800 200 54.45 

E0-E0-E2 2,424 1,400 71,400 200 21.86 

E5-E0-E0 508 400 9,800 200 5.99 

E5-E0-E2 490 400 6,600 200 2.24 

other 467 400 23,000 200 1.98 

E0-E0-E4 810 600 17,600 200 1.81 

E0-E0-E8 886 600 11,400 200 1.49 

E0-E4-E4 723 600 11,800 200 1.08 

E8-E8-E6 1,654 1,400 14,400 200 1.01 

E5-E4-E4 754 600 10,400 200 0.96 

E0-E2-E2 1,990 1,200 24,000 200 0.93 

E0-E2-E0 1,660 1,200 20,600 200 0.75 

E0-E4-E0 723 600 9,600 200 0.70 

E5-E0-E4 522 400 7,400 200 0.65 

E0-E4-E2 766 600 9,000 200 0.49 

E5-E4-E0 606 400 6,400 200 0.36 

E2-E0-E2 1,501 1,000 12,800 200 0.31 

E5-E0-E8 476 400 3,800 200 0.29 

E8-E6-E6 939 800 6,800 200 0.28 

E5-E6-E6 589 400 6,600 200 0.21 

E0-E8-E6 557 400 4,800 200 0.21 

E8-E8-E8 535 400 7,000 200 0.20 

E0-E0-E6 467 400 3,400 200 0.19 

E0-E8-E8 509 400 3,800 200 0.19 

E8-E0-E8 523 400 5,400 200 0.18 

E2-E0-E8 997 800 9,200 200 0.15 

E5-E4-E6 438 400 4,000 200 0.15 

E5-E4-E2 510 400 4,800 200 0.14 

E0-E6-E6 473 400 3,200 200 0.14 

E2-E8-E6 819 600 6,400 200 0.13 

E8-E0-E2 492 400 4,200 200 0.12 

E4-E4-E4 1,623 1,000 12,800 200 0.12 

E0-E4-E6 395 400 3,000 200 0.11 

E5-E8-E6 556 400 4,400 200 0.10 

E6-E6-E6 523 400 2,800 200 0.03 
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Figure 4-4: Distribution of the 3-cell type states per chromosome.  
The autosomes have a different pattern of coverage compared to the sex chromosomes (chr X and chr Y). 
 

When comparing the percentage of each mouse chromosome covered for each of the 34 most 

frequent chromatin state combinations, we detected that the autosomes have different coverage 

of the three-cell type states than the sex chromosomes, with state E0-E0-E0 having the largest 

coverage ranging from 45.43% on chromosome 11 to 62.24% on chromosome 3 (Figure 4-4). For 

the sex chromosomes, state E0-E0-E2 had the largest coverage (44.71% on chromosome X and 

50.76% on chromosome Y). State E5-E0-E0 was lower on the sex chromosomes (X:1.43% and 

Y:0.31%) compared to an average of 6.51% on the autosomes. State E5-E0-E2 decreased on 

chromosome Y with 0.4% coverage compared to an average of 2.3% on the autosomes. Instead, 

state E0-E0-E8 increased on chromosome Y at 3.44% compared to an average of 1.4% on the 

autosomes. 

Most of the genome (54.45%) remained in the same background chromatin state (E0-E0-E0) 

throughout spermatogenesis. This contrasted with the small proportion of the genome that is 

maintained active (0.084% in E2-E2-E2), poised (0.20%, E8-E8-E8 and E5-E5-9р ғ лΦллм҈ύΣ ǘǊƛǾŀƭŜƴǘ 

(0.029% E6-E6-E6) or repressed (0.12%, E4-E4-E4) in all three cell types. Remarkably, 41.09% of 
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the genome changed chromatin state during spermatogenesis, with E0-E0-E2 being the most 

common transition (21.9% coverage), followed by E5-E0-E0 (6% coverage). During 

spermatogenesis, 25.8% of the genome became active, whereas only 4.49% and 1.94% 

transitioned to repressed or poised states (Figure 4-3C). In contrast, a total of 2.56% of the mouse 

genome became trivalent in spermatids. As expected, both X and Y chromosomes are enriched in 

ΨŎƭƻǎŜŘΩ ŎƘǊƻƳŀǘƛƴ ǎǘŀǘŜǎ (Figure 4-4) as they are subjected to meiotic sex chromosome 

inactivation (MSCI) during prophase I and post-meiotic sex chromatin (PMSC) in round spermatids 

(103, 306).  

To investigate labile chromatin landscapes, we analysed the gene content of those three cell type 

states associated with EBRs (states E6 and E8 in spermatids). A total of 10,925 unique protein-

coding genes were present in E6 and E8 regions in spermatids (data obtained using BioMart 

(279)ύΦ DŜƴŜ ƻƴǘƻƭƻƎȅ όDhύ ŜƴǊƛŎƘƳŜƴǘ ŀƴŀƭȅǎƛǎ όҗмΦр-ŦƻƭŘ ŜƴǊƛŎƘƳŜƴǘ ŀƴŘ C5w ғ лΦлрύ όǿƛǘƘ ǘƘŜ 

Panther db (268)) identified GO terms related to protein localisation to cell junction and protein 

dephosphorylation (1.79 and 1.55-fold) as well as dendrite development and regulation of 

organelle assembly (1.57 and 1.51-fold) (Figure 4-5). 

 

 
Figure 4-5: Gene ontology bubble plot showing the GO terms with greater than 1.5-fold enriched identified 
from genomic regions in state E6 (trivalent) and E8 (poised) in spermatids, (states which are positively 
associated with EBRs). 

 

4.2.1  EBRs are associated to rapid epigenetic turnover in male gametogenesis 
 
After determining the epigenetic landscape of male gametogenesis, we studied its relation to 

evolutionary chromosome rearrangements. We assessed the co-location of the 35 three-cell type 

states with the genomic positions of EBRs using a multi-association permutation test (Multi-

regioneR (regioneReloaded)) (307). Remarkably, EBRs are negatively associated with the 

background state (E0-E0-E0), but highly associated with active or poised chromatin (permutation 

test based on 10,000 permutation, normalised z-ǎŎƻǊŜ= -0.05 and Ҕ лΦлмΣ pғ лΦлр, respectively) 

(Figure 4-6). This association was stronger with states that transition to E6 and E8 in spermatids 
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(normalised z-ǎŎƻǊŜ Ҕ лΦлрΣ pғ лΦлрύΣ particularly with those EBRs that occurred in the mouse 

lineage, suggesting that EBRs occur in chromatin environments prone to rapid change during 

spermatogenesis. 

 

 

Figure 4-6: Multi-regioneR heatmap displaying correlations between different EBRs (ancestral, recent and 
mouse specific) and chromatin state transitions between chromatin states (E) in spermatogonia, primary 
spermatocytes and round spermatids.  
Reproduced from: (305). Plot produced by L Alvarez-Gonzalez. 

 

The genome positions of EBRs were then integrated with other structural datasets including Hi-C 

data, CTCF, meiotic cohesins (REC8 and RAD21L), CpG islands, transcription start sites (TSS), ATAC-

seq and RNA-seq (Figure 4-3D). Data for this analysis was jointly produced by Lucia Álvarez-

González and myself, as part of the ǇŀǇŜǊ ά3D chromatin remodelling in the germ line modulates 

genome evolutionary plasticityέ (305). The 3D genome folding dynamics (A/B compartments and 

TADs) was analysed by using published Hi-C maps generated for spermatogonia, primary 

spermatocytes and round spermatids (103) and compared with the dynamics of the epigenetic 

landscapes. CTCF and meiotic cohesin binding sites were included for primary spermatocytes and 

round spermatids (103). Overall, EBRs were associated with regions that changed their state 

during spermatogenesis (all associations based on multiple permutation test based on 10,000 

permutations, normalised z-ǎŎƻǊŜ Ҕ лΦлмΣ p ғ лΦлрύ όFigure 4-6). Furthermore, EBRs are associated 

ǿƛǘƘ ǘƘŜ ΨŎƭƻǎŜŘΩ . ŎƻƳǇŀǊǘƳŜƴǘ ƛƴ ǇǊŜ-ƳŜƛƻǘƛŎ ǎǇŜǊƳŀǘƻƎƻƴƛŀΣ ōǳǘ ǿƛǘƘ ǘƘŜ ΨƻǇŜƴΩ ! 

compartment in meiotic spermatocytes and post-meiotic spermatids (Figure 4-7). Consistent with 

ǘƘƛǎΣ 9.wǎ ŀǊŜ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ΨŎƭƻǎŜŘΩ ŎƘǊƻƳŀǘƛƴ ŜƴǾƛǊƻƴƳŜƴǘǎ όChromHMM states E0, E4, E5) in 

ǎǇŜǊƳŀǘƻƎƻƴƛŀ ŀƴŘ ΨƻǇŜƴΩ chromatin environments (ChromHMM states E2, E6, E8) in both 

primary spermatocytes and round spermatids. Finally, we see that EBRs are associated with 

regions that undergo structural remodelling and are associated with TAD boundaries in 

spermatogonia and spermatocytes but located within TADs in round spermatids (Figure 4-7). This 

suggests that EBRs are preferentially located in genomic regions that become accessible as 

spermatogenesis progresses. Evolutionary rearrangements should therefore not disrupt TAD 

structures in spermatogonia or spermatocytes (as they localise at TAD boundaries) but may do so 

in round spermatids (as they are located within TADs). 

 

https://pubmed.ncbi.nlm.nih.gov/?term=%C3%81lvarez-Gonz%C3%A1lez%20L%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=%C3%81lvarez-Gonz%C3%A1lez%20L%5BAuthor%5D
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Figure 4-7: Heatmaps obtained by regioneR (multi-comparison) displaying correlations between different 
EBRs (ancestral, recent and mouse specific) and TAD boundaries, A compartments, compartment switch 
(from A to B and vice versa), CpG islands, transcription start sites (TSS) in spermatogonia, spermatocytes 
and spermatids. 
CTCF, cohesins (RAD21L and REC8) and ATAC-seq was included for both primary spermatocytes and round 
spermatids. Primary spermatocytes also included PRDM9 sites (Type I and II) and DMC1 sites. Round 
spermatids included post-meiotic DSBs. Plots produced by Lucía Álvarez-González (305).  

 

4.3 EBRs are associated with spermatid DSBs but not meiotic DSBs and spermatid 
DSBs are not associated with meiotic DSBs 

 
As shown in Figure 4-7 spermatid DSBs are positively associated with EBRs (normalised z-score 

0.06, pғ лΦлр) and the association was highest when including all the EBRs. It was slightly negative 

when only including the recent EBRs in the analysis. These results suggest that EBRs are located in 

the subset of DSBs that occur in open chromatin in round spermatids and indicate that 

transmissible genomic rearrangements preferentially occur within accessible genomic regions 

that suffer DNA damage in post-meiotic cells (Figure 4-8). 

To search for the evolutionary plasticity of meiotic chromosomal architecture I conducted 

permutation tests (based on 1,000 permutations) to evaluate the association between spermatid 

DSBs and the genomic position of DMC1 and PRDM9 (markers of meiotic DSBs), the associations 

were negative (-23.3 for DMC1 and -8.5 for PRDM9, P-value =0.001). This indicates that the breaks 

https://pubmed.ncbi.nlm.nih.gov/?term=%C3%81lvarez-Gonz%C3%A1lez+L&cauthor_id=35546158
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occurring in spermatids are distinct from meiotic DSBs (see Figure 4-8 for a schematic 

representation of the differing locations of meiotic and post-meiotic DSBs). Therefore, I chose to 

do a further in-depth analysis of spermatid DSBs to determine their genomic distribution, their 

chromatin contexts and 3D genome structures associated with these breaks. 

 

 
 
Figure 4-8: Working model depicting the disposition of the genome folding (DNA loops and compartments) 
in relation to cohesins, CTCF, meiotic DSBs and EBRs.  
In the case of primary spermatocytes DNA loops protrude out of the chromosomal axes with meiotic DSBs 
occurring inside TADs in A compartments; EBRs are associated with TAD boundaries. In the case of round 
spermatids, EBRs are associated with post-meiotic DSBs inside TADs in A compartments. Abbreviations ς 
EBRs evolutionary breakpoint regions, TADs topological associated domains, DSBs double-strand breaks, 
FPKM fragments per kilobase of transcript per million fragments mapped. Reproduced from (305). 

 
 

4.4 Genomic distribution of spermatid DSBs   
 
We used publicly available DSB data, (Table 2-2 and Supplementary Table 8-5) from spermatids: 

these comprised two replicates of round spermatids at developmental steps 1ς9 (DSB18 and 19), 

and one of condensing spermatids at developmental steps 15ς16 (DSB20). We first tested the 

concordance between the three spermatid files by detecting overlaps in genomic windows of high 

resolution (1 kb, Figure 4-9) and moderate resolution (5 kb, Supplementary Figure 8-9). This 

showed strong agreement between all three files. Around half the genomic windows containing a 

DBrIC signal in any given file also contained a DBrIC signal in at least one of the other files (47.8ς

56.4% overlap at 1 kb resolution, 55.2ς 68.6% overlap at 5 kb resolution). Importantly, the overlap 

between round and condensing spermatid data was as close as the overlap between the two 

round spermatid replicates, indicating that DSBs occur in similar genomic locations throughout 

different stages of spermatid development. We therefore combined the three DBrIC files in all 

subsequent analyses to yield a single set of spermatid DBrIC peaks. As previously described (305), 

from the combined files we identified a total of 151,732 post-meiotic DSB locations in spermatids, 

covering 1.49% of the mouse genome (Figure 4-10C). The DBrIC signal peaks ranged from 146 to 

6662 bp, with a mean and a median of 267 and 213 bp respectively. The coverage of DBrIC peaks 
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per chromosome was scaled per Mb and plotted against chromosome length. This showed that 

chr11 and chrY were outliers with chromosome 11 having the lowest coverage of DBrIC peaks 

(0.97%) while the Y chromosome had the largest (3.51%) (Figure 4-11). The mean number of 

DBrIC peaks per Mb genome wide was 56, whereas for chr11 it was 37 and for chrY it was 144. 

Consistent with published findings (84), the post meiotic DBrIC peaks were also associated with 

repeat content within each chromosome (r2 = 0.78, P = 0.00003) and were enriched for simple 

repeats and satellite regions (Figure 4-12). Specifically, using genomic association tester (GAT) we 

found post-meiotic DBrIC peaks co-localise with transposable elements L1Md T and L1Md A (12.6 

and 11.1 fold, P = 0.001). ChrY has the second highest coverage of RepeatMasker elements per 

Mb and chr11 has the second lowest. Given that spermatid DBrIC peaks are associated with 

repeat content this may partly explain why chrY has the highest coverage of spermatid DBrIC 

ǇŜŀƪǎ ŀƴŘ ŎƘǊмм ǘƘŜ ƭƻǿŜǎǘΦ CƻǊ ǎƛƳǇƭƛŎƛǘȅΣ ǿŜ ǊŜŦŜǊ ǘƻ ǎǇŜǊƳŀǘƛŘ 5.ǊL/ ǇŜŀƪǎ ƘŜǊŜŀŦǘŜǊ ŀǎ Ψ5{. 

ƭƻŎŀǘƛƻƴǎΩ ōǳǘ ƴƻǘŜ ǘƘŀǘ ǘƘƛǎ ŘƻŜǎ ƴƻǘ ƳŜŀƴ the breaks occur at precisely localised sites. 

 
Figure 4-9: UpsetR plots and MEME motifs from the spermatid DSB data. 
A) A 1 kb UpSetR plot showing the overlap of the three spermatid DSB files merged to create the spermatid 
DSB locations track. The number of 1 kb windows with a DSB signal in each file is represented on the left 
ōŀǊǇƭƻǘ ŀǎ ΨǎŜǘ ǎƛȊŜΩΦ ¢ƘŜ ·-axis represents the number of 1 kb windows containing a DSB signal for the 
different overlap combinations. Different combinations of overlap are represented by the black lines 
interlinking the coloured circles. The DSB18/19 files are round spermatids stages 1ς9 (shown in red and pink 
bars) and represent the total number of 1 kb windows containing a signal unique to these files. The DSB20 
file (shown in the blue bar) is condensing spermatids stage 15ς16 and this peak also represents the total 
number of 1 kb windows containing a DSB unique to this file. Bars in dark grey represent the number of 1 kb 
windows with signal in more than one file. B and C) Spermatid DSB MEME motifs, ordered by decreasing E-
value. The E-value for motif B was 1.4e-1464 and the E-value for motif C was 1.1e-491. The input file to 
MEME contained all spermatid DSB locations. 
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Figure 4-10: Heatmap, pygenomes plot and circos plot showing the associations of spermatid DSBs with 
different classes of non-B DNA, repeats and histone marks. 
A) Heatmap plotting the Z-score of spermatid DSB locations showing the association with different classes 
of non-B DNA. For plotting the associations in red on the diagonal have been fixed at 1000. Non-significant 
values are in white, and all coloured cells have a P-ǾŀƭǳŜ ƻŦ ҖлΦлрΦ wŜŘ ǎƘŀŘƛƴƎ ǊŜǇǊŜǎŜƴǘǎ ŀ ǎƛƎƴƛŦƛŎŀƴǘ 
positive association and blue shading a significant negative association. The OD sample is the moderate OD 
damage, top 1% of 50 kb regions. B) Example of a genomic region showing association of a spermatid DBrIC 
peak with ChromHMM states, oxidative damage, mESC ZSCAN4, CA repeats, predicted Z-DNA, STR, 
predicted G-quadruplex, BRD4, H3K9me3, H3K9ac and retained histones. C) Circos plot showing the 
distribution of spermatid DSB locations across the genome (red track). The orange, green and blue tracks 
show the distribution of retained histones in sperm and the purple track shows the distribution of 
spermatid BRD4. The two extra panels are enlarged tracks for chr11, which has the lowest coverage of 
spermatid DSB locations and chrY with the highest spermatid DSB location coverage. 
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Figure 4-11: Correlation between post-meiotic DSBs and chromosomal size. 
Linear regression of the number of post-meiotic DSBs (expressed as total bp coverage per Mb) detected in 
mouse chromosomes. Autosomes are depicted in red, the X chromosome in green and the Y chromosome 
in blue. Grey shading represents 95% confidence interval. 

   

 
Figure 4-12: Coverage of transposable elements within the post-meiotic mouse spermatid DSBs vs the 
whole genome. 

 
 

4.5 Identifying spermatid specific DSBs  
 
We classified spermatid DSB locations as uniquely found in spermatids (spermatid-specific) or 

shared with other cell types by overlapping spermatid DSB locations with two publicly available 

files (sBLISS 63 and sBLISS 66) covering DSB localisation in developing enterocytes, as detected via 

sBLISS (250) (Supplementary Table 8-5). It is important to note that the methodologies used to 
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detect DSBs in each cell type differ: DBrIC is lower resolution and requires an 

immunoprecipitation step (see Methods) while sBLISS is higher resolution and utilises adapter 

ligation in situ. Neither allows direct quantitation of the absolute number of DSBs per cell, but 

both allow analysis of the distribution of DSB locations across the genome. With these caveats 

noted, we observe that DSBs in spermatids as measured by DBrIC show a more restricted 

distribution than enterocyte DSBs as measured by sBLISS, with a smaller number of locations 

present in the genome (Figure 4-13A). Intriguingly, only a small fraction, (3.7% for sBLISS 63 and 

3.6% for sBLISS 66) of spermatid DSB locations overlapped with enterocyte sBLISS DSBs, while 

96.3% and 96.4% represented spermatid specific DSBs (Figure 4-13A). Conversely, 99.6% of both 

sBLISS 63/66 1bp DSBs did not overlap spermatid DSB locations. We considered whether this lack 

of overlap could be caused by the differing resolution of DBrIC versus sBLISS data. To adjust for 

this factor, we extended the enterocyte sBLISS data ±133 bp either side of the detected DSB sites 

to match the average length of the spermatid DBrIC peaks and recalculated the overlap (Figure 

4-13B). This showed that only 9.1% and 8.8% of the spermatid DBrIC peaks overlapped the 

extended sBLISS 63 regions and the extended sBLISS 66 regions, respectively. We conclude that 

DSB locations in both cell types are overwhelmingly cell type specific, and thus that the processes 

leading to DNA damage in spermatids and enterocytes are likely to be largely distinct, but that a 

small number of genomic regions are liable to breakage in both cell types. 
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Figure 4-13: A 1kb UpsetR plot and MEME motifs of the spermatid and enterocyte DSBs.  
A) A 1 kb UpSetR plot showing the overlap of the three spermatid DSB files 18/19/20 and the enterocyte 
sBLISS63/sBLISS66 files shown in green. The two green bars represent the total number of 1 kb windows 
containing a sBLISS63 or sBLISS66 peak unique to these files. The enterocyte files used were the 1 bp DSBs 
as per the original bed files. B) Venn diagram of the spermatid DSB locations file and the extended 
sBLISS_63/66 files (extended to the mean size of the spermatid DSB locations). Not to scale. C and D) 
Spermatid DSB MEME motifs, ordered by decreasing E-value. The E-value for motif B was 1.4e-1464 and the 
E-value for motif C was 1.1e-491. The input file to MEME contained all spermatid DSB locations not just the 
spermatid specific ones. E and F) The two most common motifs from MEME for all the extended enterocyte 
DSBs, ordered by decreasing E-value. The E-value for motif E was 3.7e-145 and the E-value for motif F was 
1.5e-073.  
 

 

 

4.6 Spermatid DSB locations occur in association with (CA)n and (NA)n motifs.  
 
Having defined DSB locations for each data set, we used MEME (267) to identify specific DNA 

sequence motifs associated with the presence of DSBs in each cell type (Table 4-3). For the 

enterocyte dataset, we used the extended (±133 bp) sBLISS data, to ensure that we were 

comparing a similar-size genomic region for each DSB location detected in each cell type. This 

analysis therefore will detect DNA sequence motifs found in the near vicinity of DSBs for each cell 

type. Considering all spermatid DSB locations together, an alternating purine pyrimidine sequence 

((CA)n or equivalently (GT)n) and a more degenerate alternating (NA)n motif (Figure 4-9B and C) 

were identified as being statistically over-represented relative to a random model adjusted for 

nucleotide frequency. The (CA)n motif is present in 43.2% of the spermatid DSB location peaks, 

and the (NA)n motif is present in 62.4% of the peaks. In contrast, considering all the enterocyte 
















































































































































































































































































