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Abstract  

 

Monoallelic expression and replication timing are closely linked fundamental aspects 

of genome biology, yet their evolutionary trajectory has not been investigated in 

much detail. The monoallelic expression status of imprinted genes observed in 

therian species has previously not been found in the earlier-diverged monotreme 

mammals, or in birds, when measured using molecular techniques. Furthermore, the 

observation that eutherian imprinted and X-borne genes asynchronously replicate 

was traditionally thought to be linked to the dissimilar epigenetic states that existed at 

each allele controlling monoallelic expression. In this study, we use a combination of 

cytogenetic and molecular techniques to assess the replication status of sex 

chromosome genes in the platypus and chicken, as well as the replication status and 

expression pattern of platypus imprinted orthologs.  

We find that asynchronous replication does occur at specific sex chromosome loci in 

platypus and chicken, although in chicken the amount of asynchronous replication 

changes over development. Furthermore, differential chromatin compaction is 

observed in platypus sex chromosomes, a characteristic observed in therian X-

inactivation, suggesting that both asynchronous replication and chromatin 

compaction are features characteristic of amniote sex chromosomes. Asynchronous 

replication and monoallelic expression is observed at platypus imprinted orthologs, 

indicating that a ‘pre-imprinted’ status is observed at these genes in non-therian 

amniote species. These results show that monoallelic expression predates imprinting 

at these loci, suggesting that the partial monoallelic expression observed in 

monotreme mammals has evolved in therian mammals to become parentally-

inherited imprinted expression. 
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CHAPTER 1: Introduction 

This chapter consists of one published book chapter. 

Chapter overview 

This chapter consists of a literature review book chapter for the online open access 

publisher, InTech. The review discusses the broader aspects of eukaryotic DNA 

replication and how it is measured. It covers areas of research such as replication 

initiation, temporal programmes of replication initiation, asynchronous replication, 

replication timing, and long-range chromatin interactions. The affect of the 

aforementioned genomic processes are discussed in light of monoallelically 

expressing genes, including X-inactivated, imprinted, and random monoallelically 

expressed genes. The more technical aspects discussed in the review include past 

and present experiments used to measure replication asynchrony and replication 

timing. The review also outlines current gaps in knowledge in terms of replication 

asynchrony data, which is particularly pertinent for the asynchronous replication 

research discussed in chapters 2 and 3 of this thesis.  
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CHAPTER 2: Asynchronous replication of loci residing on 

platypus X- and chicken Z-chromosomes 

This chapter consists of one published paper and one publication style manuscript. 

Chapter overview 

Asynchronous replication is a hallmark of therian female x-inactivation, where the 

inactive-X replicates late compared to the active-X, but this characteristic is not 

observed in earlier-diverged amniotes, such as male homogametic birds (ZZ).  This 

chapter consists of a published research paper and a submitted (and revised after 

peer-reviewed comments) manuscript, which both examine the presence of locus-

specific asynchronous replication as an indicator of dosage-compensatory processes 

on the sex chromosomes in platypus and birds.  Platypus dosage compensation has 

been of interest since the discovery that dosage-compensation of Z-genes in birds 

occurs in a region-specific manner. Dosage compensation requires two mechanisms 

in order to achieve compensated expression from the homogametic sex 

chromosomes; the first mechanism involves the upregulation of expression from the 

active-X, and the second mechanism involves the epigenetic silencing and 

chromosome condensation of the silent-X. Furthermore, asynchronous replication is 

observed for the X-chromosomes in therian females, leading to the hypothesis that 

the observed dissimilar epigenetic states at the two X-chromosomes also result in 

this characteristic. The research paper, published in the journal Reproduction, 

Fertility and Development, specifically looks at asynchronous replication and 

differential condensation of X-homologs in the female platypus, and finds that 

replication asynchrony occurs in a locus-specific manner on sex-specific regions, 

whilst differential condensation is only observed at the X3 homologs. The manuscript, 
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submitted to the journal Genesis, looks at locus-specific replication asynchrony on 

the Z-chromosome in skin cells derived from pre-hatchling, and 6 week-old, 

homogametic male chickens. The findings show that replication asynchrony does 

occur at specific loci on the male chicken Z-chromosome, however, the amount of 

asynchrony declines later in development in these skin-derived cell lines. 

Furthermore, the Z-linked Dmrt1 gene, which undergoes a process akin to therian 

dosage-compensation in female chicken, does not undergo asynchronous replication 

in male chicken at any tested age, indicating that a replication asynchrony status for 

loci on the Z-chromosome may only be associated with genes subject to dosage 

compensation in male chickens. 

Together, this research shows that locus-specific replication asynchrony occurs on 

the sex chromosomes of platypus and chicken, indicating that this characteristic is 

not specific to therian sex chromosomes, and suggesting that there may also be 

dosage compensatory mechanisms occurring at the sex chromosomes in these 

species. 
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Abstract  

A hallmark of monoallelic gene expression is replication asynchrony during mitotic 

synthase phase. In the case of the therian homogametic female X-chromosome, the 

observed replication asynchrony reflects a chromosome-wide wholesale shift to late 

replication of the transcriptionally inactive X-chromosome in somatic cells of the 

homogametic sex. In birds, males are the homogametic sex (ZZ) and replication 

banding studies have shown that neither Z-chromosome undergoes an observable 

shift to late replication timing in male somatic cells. Here, we investigate if 

asynchronous replication occurs at six specific loci on the Z-chromosome of male 

chicken, and find that five of them undergo asynchronous replication.  Furthermore, 

we observe changes in the amount of replication asynchrony present in cell lines 

derived from pre-hatchling and adolescent (6-week old) chickens. These results 

suggest that gene specific regions on the chicken Z-chromosome replicate 

asynchronously, however, this replication status may change during development. 

 

Introduction 

Replication asynchrony is the process whereby one allele at a locus initiates DNA 

replication earlier than the other allele during S-phase. In homogametic therian 

female somatic cells, X-chromosome homologs replicate at different time points 

during S-phase; the actively transcribed X-chromosome replicates during early S-

phase, whilst the epigenetically silenced X-chromosome replicates late in S-phase 

(Graves, 1967; Latt, 1973; Robinson et al., 1994; Sharman, 1971; Toder et al., 1997). 

Late replication of the silent X-chromosome in therian mammals (marsupials and 

placental mammals) is believed to be a reflection of its inactive state. During 

embryonic development, when X inactivation is established, a loss in cell potency is 
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accompanied with a gain in the amount of late-replicating DNA. This observation 

acutely follows the expectation that late-replicating DNA accompanies the 

transcriptional inactivation of non-required genes (Holmquist, 1987).  

 

In therians, evidence suggests that most X-borne genes asynchronously replicate 

(Boggs and Chinault, 1994; Dutta et al., 2009; Gribnau et al., 2005). However, there 

are a few genes on the eutherian X-chromosome that do escape the X-inactivation 

process and, for the most part, replicate synchronously (Boggs and Chinault, 1994). 

Interestingly, the replication asynchrony pattern that exists in a cell before the X-

inactivation process occurs has no bearing on the X-inactivation choice, suggesting 

that asynchronous replication plays no part in the choice of which X chromosome 

undergoes inactivation (Gribnau et al., 2005).  

 

Bird sex chromosomes share extensive homology with monotreme sex 

chromosomes (Grutzner et al., 2004; Veyrunes et al., 2008). In monotremes, early 

cytological work and transcriptome analysis suggested that chromosome wide X-

inactivation did not exist (Wrigley and Graves, 1988). However, more recent studies 

have shown that locus-specific asynchronous replication is observed to occur along 

the X-chromosomes of the platypus (Ho et al., 2009), as well as locus-specific 

monoallelic expression (Deakin et al. 2008). Similarly, in birds replication banding 

indicates no difference in replication timing between the Z-chromosomes in males, 

and transcriptome work has also shown that a chromosome-wide inactivation 

mechanism does not exist in birds (Julien et al., 2012; Schmid et al., 1989). However, 

a skewed gene dosage ratio does exist for many genes on the chicken Z, with certain 

regions showing Male:Female expression ratios below 1.2-1.5, as opposed to a 

completely non-dosage compensated ratio of 2 (Arnold et al., 2008; Julien et al., 
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2012; Mank and Ellegren, 2009; Melamed and Arnold, 2007). A region of particular 

interest, on the short arm of the chicken Z-chromosome, is the male hypermethylated 

(MHM) region which expresses a non-coding RNA that colocalises with the 

doublesex and Mab-3-related transcription factor 1 (DMRT1) gene in the nuclei of 

female chickens (Teranishi et al., 2001). DMRT1 expression levels in male chicken 

embryos are higher than those observed in female embryos, with expression of this 

gene only observed in the testis of post-hatchlings, suggesting a potential role of 

DMRT1 in the determination of sex in galliformes that is reliant on dosage (Raymond 

et al., 1999; Teranishi et al., 2001). The existence of dosage-compensatory 

mechanisms within the MHM region on the Z-chromosome of galliformes, akin to 

those observed in therians, suggests that other epigenetic mechanisms surrounding 

inactivation, such as asynchronous replication, may also be present.  

 

To date, no study has looked at single-locus replication on the Z-chromosome of 

homogametic male birds. In this study we investigate the asynchronous replication 

status of six individual Z-borne loci, including the DMRT1 region, in both adolescent 

and pre-hatchling skin-derived male chicken fibroblast cell lines.  

 

Results and discussion 

We utilised the well established FISH dot-assay approach to measure asynchronous 

replication in skin-derived primary cell cultures from pre-hatchling and 6-week old 

male chickens (Figure 1, and see Table 1 for gene and BAC information). The 

results from the assay demonstrated that five of the Z-chromosome loci (located at 

positions 19.6Mb, 23.5Mb, 58.5MB, 60.5Mb and 64.2Mb) in the pre-hatchling cell line 

underwent asynchronous replication in a locus-specific manner, whilst the locus 
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located at 26.7 Mb did not (Figure 2).  These five Z-borne loci showed between 38-

46% SD signal, which is within the previously observed 25-50% SD signal range 

expected for asynchronously replicating loci in eutherians (Baumer et al., 2004; Dutta 

et al., 2009; Wilson et al., 2007). This was significantly higher than the autosomal 

control locus (Chr.15q at 3.3Mb) which showed around 28.5% SD signal, and thus is 

not asynchronously replicating in accordance with previous studies in eutherians 

which classify below 25-30% SD signal as synchronous replication  (Baumer et al., 

2004; Dutta et al., 2009; Wilson et al., 2007). It has been noted that the overlap 

between the synchronously and asynchronously replicating loci ranges (between 25-

30%) from previous studies most likely represents differences between how 

asynchrony has been measured between research groups. However, it is generally 

accepted that below 30% SD signal is concurrent with synchronous replication 

(Wilson et al., 2007).   

 

Interestingly, in the 6-week old chicken cell line, we found that none of the six Z-loci 

had significantly higher SD values than the autosomal control locus, indicating that all 

of the Z-loci tested did not undergo asynchronous replication in adolescent chickens. 

This could reflect a developmentally driven change in the replication asynchrony 

pattern on the male chicken Z-chromosome.  

 

We observed around 33% SD signal at the Zp 26.7Mb region in the nuclei of pre-

hatchling derived cells, and only 19% at the same locus in 6-week old chicks, with 

neither SD value being significantly different to the autosomal control, indicating 

synchronous replication (Figure 2). The chicken Zp 26.7Mb region includes two 

genes in the doublesex gene cluster, DMRT1 and DMRT3, and the KANK1 gene, 

which has roles in actin polymerization (Table 1). Notably, the DMRT1 gene is 
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involved in the sexual development of chickens, with the gene undergoing RNA-

mediated inactivation in females and no inactivation in males (Raymond et al., 1999). 

The fact that this region is not asynchronously replicated, like the other Z-regions 

measured, could indicate that it is escaping dosage compensatory processes, a 

situation that would be akin to the genes which escape X-inactivation in therian 

mammals (Boggs and Chinault, 1994). Notably, female platypus X-chromosome 

genes are known to dosage-compensate using a combination of mono and biallelic 

expression (Deakin et al., 2008), raising the possibility that some Z-genes in male 

birds may also show this pattern. If this were the case in chicken, the highly-

expressed DMRT1 gene in male birds could be undergoing synchronous replication 

due to a greater amount of biallelic expression, whilst other male Z-genes, subject to 

greater dosage-compensatory effects, asynchronously replicate. 

 

We observed a reduction in the amount of asynchronous replication across 

development when we looked in cultured cells derived from pre-hatchling and 

adolescent chicks (Table 2). Four loci were observed to undergo significantly less 

asynchronous replication in the adolescent compared to the pre-hatchling chick cell 

lines (these regions were located at 19.6Mb, 23.5Mb, 60.5Mb and 64.2Mb) (Table 2). 

For one Z-borne locus, located at 23.5Mb, the amount of asynchronous replication 

observed in the cells cultured from the pre-hatchling chick cell line was not 

significantly different from the amounts observed in cells cultured from the adolescent 

chick.  

Interestingly, three of the four Z-borne loci that showed a significant reduction in 

asynchronous replication across development were located on the long arm, which 

has previously been shown to have fewer dosage compensated genes compared to 
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the short arm in chicken embryos (Melamed and Arnold, 2007). Future work will need 

to address whether the general reduction in replication timing observed for the 

chicken Z-chromosome could reflect changes to this chromosome during 

development.  

 

Conclusion 

There is now considerable evidence to show the lack of a chromosome-wide dosage-

compensation-by-inactivation mechanism on chicken sex chromosomes. However, 

whether replication asynchrony, one of the hallmarks of sex chromosome 

inactivation, exists on the chicken Z-chromosome, has not been addressed. We 

looked at six loci scattered across the chicken Z-chromosome in two primary cell 

lines derived from pre-hatchling and adolescent male chickens. Surprisingly we find 

evidence of asynchronous replication at five out of six Z-borne loci tested in pre-

hatchling chicken cells. We also detected a reduction in the amount of replication 

asynchrony observed at all Z-borne loci in the adolescent chicken cells, possibly 

reflecting a chromosome-wide reduction in the amount of asynchronous replication 

for this chromosome during chicken development. We speculate that genes like 

DMRT1, which are highly expressed on the Z-chromosome of male chickens, may 

undergo no asynchronous replication due to region-specific alterations that cause 

differences in expression. These findings are in line with previous studies showing 

that regional specific changes in gene activity occur to achieve dosage compensation 

in birds, and raise the possibility of locus-specific changes occurring on the chicken 

Z-chromosome during development. 
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Methods 

Cell lines and interphase preparations 

Skin-derived primary chicken fibroblasts, derived from pre-hatchling (2-3 days pre-

hatch) and 6-week old adolescent chicks, were cultured in Advanced DMEM medium 

(12491-023, Life Technologies), and supplemented with 10% Fetal Calf Serum and 

1% L-glutamine. Interphase nuclei fixed preparations were prepared using a standard 

protocol (Grutzner et al., 2004); in brief, cultured cells were treated with hypotonic 

solution (0.075 M KCl) and incubated at 37oC for 20 minutes, before being fixed in 

methanol/acetic acid (3:1), and dropped onto freshly cleaned slides (slides cleaned 

with 1% HCl/Methanol), and dried under humid conditions (around 55-60% humidity). 

 

BAC clones, culturing, DNA extraction, and PCR-testing 

The set of six chicken Z-borne loci tested, their corresponding Bacterial Artificial 

Chromosomes (BACs), and specific gene information, are all outlined in Table 1. The 

Z-linked BAC clones were selected due to their distribution on the Z chromosome, 

with both p and q arms represented. The control BAC, present on the q arm of 

chicken chromosome 15, was used as an autosomal control, and to our knowledge, 

contains no genes implicated to asynchronously replicate in chicken or any 

mammalian species.  BAC clones were purchased from Children’s Hospital Oakland 

Research Institute (CHORI, Oakland, CA, USA), and grown following the company’s 

instructions. BAC clone DNA was extracted using The Wizard Minipreps DNA 

Purification System (Promega, Madison, WI, USA). Chicken BAC clone identification 

and mapping are described in previous literature for all BACs except CH261-125B9 

(contains DMRT1) and CH261-3H21 (contains RIMBP2) (Tsend-Ayush et al., 2009). 

Presence of the DMRT1 and RIMBP2 genes on the corresponding BACs was tested 
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via PCR, using the following primers represented in 5’-3’ orientation; DMRT1 primers 

(Tm oC 54) F: GAGCCAGTTGTCAAGAAGAG, R: ACTGTTCTACCTATCCTCTGC, 

and RIMBP2 primers (Tm 56oC) F: ATGCCGGACACAAAGTGAAC, R: 

TGCCTAAAGAAGTGGCTATTCC. Cycling parameters were: 95oC for 3 min, then 35 

cycles of 95oC for 30 s, aforementioned primer annealing temperature for 30 s; 72oC 

for 2 min; then a final cycle of 72oC for 7 min, before being stored at 4oC indefinitely. 

 

Fluorescent labelling of BAC DNA 

For a 50 µl fluorescent DNA labelling reaction: 5 μl BAC DNA (1μg total), 10 μl of 1 

μg/μl random 9-mer primer (Geneworks), and 22 μl of water were incubated for 15 

minutes at 95oC, put on ice for 5 minutes, before adding 9.2 µl of  5× dNTP 

supplemented NEB buffer 2 (supplemented with a 200 μM dNTP solution containing: 

100 μM dACG-TPs and 40 μM dTTPs), 0.7 μl SpectrumGreen/Orange fluorescent 

dUTPs (Abbott Molecular), and 5 units (1 μl) Exo-Klenow polymerase (M0212, New 

England Biolabs). The reaction was then incubated at 37oC overnight. 

 

FISH 

25 μl of labelling mix, salmon sperm (50 μg), and 10 μg sonicated genomic chicken 

DNA (300-600 bp sized fragments) were precipitated in ethanol for 20 minutes at 

−80oC, centrifuged at 14,000 rpm for 30 min at 4oC, and the pellet dried for 8 min at 

37oC, before being dissolved in 5μl of deionised formamide (F9037, Sigma) for 15 

min at 37oC, and 5 μl of hybridization mix (10% dextran sulphate/2×SSC) at  37oC for 

15 min. The probe was then denatured at 80oC for 10 min, and pre-annealed at 37oC 

for 40 min.   
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Freshly-dropped slides were washed in 2xSSC for 5 min, then treated with 100 μg/ml 

RNase/2xSSC at 37oC for 30 min, washed three times in 2xSSC for 5 min and 

treated with 0.01% pepsin/10 mM HCl at 37oC for 10 min, washed twice in 1xPBS for 

5 min, and equilibrated in 50 mM MgCl2/1 x PBS, before fixation in 1.3% 

Formaldehyde/1xPBS/50 mM MgCl2. After ethanol dehydration slides were 

denatured for 2.5 min in 70% (v/v) formamide/2×SSC at 70oC, then dehydrated in 

another ethanol air-dried and hybridised with 10 μl labelled 

BAC/formamide/hybridization mix over night at at 37oC. The slides were washed 3 x 

5 min in 50% Formamide/2xSSC at 42oC, in 2xSSC at 42oC for 5 min, 0.1xSSC at 

60oC for 5 min, and again in 2xSSC at 42oC for 5 min. Slides were then 

counterstained with 1 μg/ml DAPI/2×SSC for 1 min, rinsed twice in MQ water and 

mounted with Vectashield (Vector Laboratories).  

 

Microscopy and measuring replication asynchrony  

Slides were analysed on a Zeiss AxioImagerZ.1 epifluorescence microscope 

equipped with a CCD camera, and images were acquired using Zeiss Axiovision 

software. To measure asynchronous replication we used the well established 

cytogenetic dot-assay approach, which relies on fluorescently-labelled BAC probe 

hybridisation to indicate the allele-copy number of a specific locus in a nucleus (see 

Figure 1). Specifically, the amount of fluorescent signals observed indicate the 

replication status of a specific locus, with a single-single (SS) dot signal representing 

an unreplicated state, a double-double (DD) dot signal representing a fully replicated 

state, and a single-double (SD) dot signal representing a locus currently undergoing 

replication. Two technical replicates of 100 nuclei were counted for each BAC using 

the dot-assay approach.  
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Figure Legends 

Figure 1: Replication states of chicken loci as measured by FISH 

 

A single-single dot pattern, or ‘SS’ signal, indicates that the locus has not yet 

replicated, whilst a double-double dot pattern, or ‘DD’ signal, indicates that the locus 

has fully replicated. A single-double dot pattern, or ‘SD’ signal, indicates that one 

allele has replicated (the double-dot), whilst the other allele is lagging and has not 

replicated yet (the single-dot).  

 

Figure 2: Replication of chicken Z and autosomal genes in fibroblasts derived 

from adolescent and pre-hatchling chicken cells 

The average SS, SD and DD counts, measured in embryonic and 6-week-old male 

chicken skin fibroblasts, of Z-chromosome loci and an autosomal control locus. The 

SD counts that are significantly higher in a t-test (p<0.05) than the autosomal control 

locus are indicated by asterisk in each group.  
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Tables  

Table 1: BAC clones used in this study 

Position 
on 

chromos
ome (Mb) 

BAC covering 
region 

Genes on BACs Role of protein Ensembl gene ID 

Chr. Zp, 
19.6 

CH261-78C3 

SREK1IP1 
 

Possible splicing regulator 
involved in the control of 

cellular survival 
ENSGALG00000014745 

CWC27 
 

Spliceosome-Associated 
Protein Homolog (accelerates 

the folding of proteins) 
ENSGALG00000014747 

ADAMTS6 

Disintegrin-like and 
metalloprotease domain 

(reprolysin type) with 
thrombospondin type 1 motif 

6, expressed in 
the periimplantation period in 

mouse embryo and adult 
tissues,extracellular matrix 

protein 

ENSGALG00000014751 

Chr. Zp, 
23.5 

CH261-89F20 

COL4A3BP 
ceramide transfer to 

endoplasmic reticulum 
ENSGALG00000014952 

ANKRD31 
ankyrin repeat domain 

(protein-protein interaction) 
ENSGALG00000014945 

GCNT4 
acetylglucosaminyltransferase 

(biosynthesis of mucin type 
O-glycans) 

ENSGALG00000014944 

Chr. Zp, 
26.7 

CH261-125B9 

KANK1 
 

Kank family of proteins,  
containing multiple ankyrin 
repeat domains. This family 

member functions in 
cytoskeleton formation by 

regulating actin 
polymerization 

ENSGALG00000010158 

DMRT1 
 

Transcription factor  that is a 
key sex-determining factor in 

chickens (contains zinc  
finger-like DNA-binding 

region) 

ENSGALG00000010160 

DMRT3 

Transcription factor that is a 
key regulator of male 

development in flies and 
nematode (contains zinc  
finger-like DNA-binding 

region) 

ENSGALG00000010161 

Chr. Zq, 
58.5 

 GPR98 
The protein binds calcium and 

is expressed in the central 
nervous system 

ENSGALG00000014657 

Chr. Zq, 
60.5 

 - - - 

Chr. Zq, 
64.2 

 PALM2 Implicated in plasma 
membrane dynamics 

ENSGALG00000015655 

Chr. 15q, 
3.3 

 RIMBP2 

Plays a role in the synaptic 
transmission as bifunctional 

linker that interacts 
simultaneously with 

RIMS1, RIMS2, CACNA1D 
and CACNA1B (By similarity) 

ENSGALG00000002579 
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Table 2: %SD data for the genes tested in fibroblasts derived from pre-
hatchling and adolescent chicken cells 
 

Position on 

chromosome 

(Mb) 

% SD 

Pre-hatchling 
Adolescent  

(6 weeks old) 

Chr. Zp, 19.6 41.5 ± 2.1 34.5 ± 0.7* 

Chr. Zp, 23.5 43.5 ± 0.7 35.5 ± 3.5 

Chr. Zp, 26.7 33 ± 1.4 19 ± 5.7 

Chr. Zq, 58.5 40.5 ± 2.1 25.5 ± 2.1* 

Chr. Zq, 60.5 45.5 ± 0.7 21 ± 0* 

Chr. Zq, 64.2 43 ± 1.4 32 ± 1.4* 

Chr. 15q, 3.3 28.5 ± 2.1 27 ± 4.2 

* A significant difference exists between the SD data of the embryo and 6 week old chick 
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Illustrations 

 

 

 

 

Figure 1: Replication states of chicken loci as measured by FISH 

 

 

 

 

 

 

 

 

Figure 2: Replication of Chicken Z and autosomal genes in fibroblasts derived 

from adolescent and pre-hatchling chicken cells 
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CHAPTER 3: Conservation of replication timing in amniotes  

This chapter consists of two publication style manuscripts (unpublished). 

Chapter overview 

This chapter consists of two manuscripts (unpublished), which encompass research 

on locus-specific asynchronous replication of imprinted orthologs in platypus, and a 

BrdU staining protocol combined with directly-labelled FISH in different species.  

The first manuscript, formatted for submission to the journal Chromosoma, outlines 

results showing that asynchronous replication does occur at imprinted orthologs in 

the platypus, and that in similar cell types, different species will show similar levels of 

asynchronous replication for imprinted loci and their orthologs. Furthermore, using a 

consecutive FISH on the same set of nuclei, it was shown for the first time that these 

genes enter S-phase in relatively the same order in amniote species. This conserved 

temporal replication programme may indicate allele specific differences that may 

affect expression in different species. 

The second manuscript, formatted for submission to the journal Molecular 

Cytogenetics (Methodologies), is a technical paper outlining a new way of performing 

cytogenetic BrdU staining coupled with directly-labelled DNA FISH in interphase 

nuclei. The experimental procedure is an improvement on previous methods that 

require harsh acidic denaturation treatments and secondary-antibodies for FISH 

signal detection, and allows BrdU incorporation to be measured when analysing DNA 

replication at the gene specific level. 
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Abstract 

Replication timing during S-phase is a highly regulated process that appears to be 

conserved within clades of eukaryotes; the conservation of temporal DNA replication 

timing programs is observed among species of budding yeast, as well as among 

orthologous genomic regions in human and mouse. Asynchronous replication occurs 

when one allele initiates replication during S-phase earlier than the other allele, and 

is a hallmark of all monoallelically expressed genes, including imprinted genes. The 

asynchronous replication of imprinted genes is observed in therian mammals, 

however, it has never been measured in orthologous loci of egg-laying monotreme 

mammals, which represent the most basal mammalian lineage and lack genomic 

imprinting. In order to investigate the evolutionary trajectory of replication asynchrony 

and timing we analysed four genes, Igf2, Igf2r, Mest and Wt1, that are imprinted in 

eutherian mammals, and four genes, Wsb1, Sox1, RIMBP2, and B3galt1, that do not 

undergo therian imprinting in chicken, platypus and mouse. For genes imprinted in 

eutherian mammals we find that replication asynchrony and S-phase entry is 

conserved independently of the evolution of genomic imprinting. We also report, for 

the first time, that the order in which these genes commence S-phase is conserved in 

amniotes. These results show the evolutionary conservation of replication 

asynchrony and order of S-phase entry, indicating that a preserved replication 

program exists among amniotes that preceded the evolution of genomic imprinting in 

therian mammals. 

 

Introduction 

Replication timing refers to the temporal program governing DNA replication, and 

corresponds to the initiation of replication during S-phase. The replication of a 
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eukaryotic genome is completed during S-phase, and initiates at thousands of 

discrete sites called origins of replication (ORs). Work in yeast, human, and mouse 

indicates that eukaryotic temporal programs exist, but are more likely affected by cis-

regulatory processes and not necessarily intrinsic to a region, thus leaving room for 

stochastic changes and variation across different cell types (Audit et al. 2009; 

Farkash-Amar et al. 2008; Hansen et al. 2010; Heun et al. 2001; Hiratani et al. 2008; 

reviewed in Renard-Guillet et al. 2014). Ubiquitously expressed “housekeeping” 

genes (where transcription is required in all cell types for normal growth) are reported 

to replicate during early S-phase, whilst tissue-specific genes will only undergo early 

S-phase replication in a cell when there is a potential requirement of their expression. 

Thus, a switch in replication timing of a gene can indicate a change in its 

transcriptional status, with silenced expression inducing late S-phase replication, and 

activated expression inducing early S-phase replication (Goldman et al. 1984; Hatton 

et al. 1988; Taljanidisz et al. 1989). The conservation of replication timing among 

different budding yeast species and the maintenance of early or late replication in 

orthologous regions, among similar cell types in human and mouse, indicate the 

importance of replication timing for eukaryotic genome function (Muller and 

Nieduszynski 2012; Ryba et al. 2010).  

 

In contrast to replication timing, the asynchronous replication status of a gene does 

not vary in different cell types within an organism, and instead is upheld in all cell 

types, even if a particular cell is not expressing the asynchronously replicating gene 

(Chess et al. 1994). Thus, while asynchronous replication is a property that is 

intrinsically tied to replication timing, they are not one and the same. When an allele 

initiates S-phase replication earlier than its homologous allele, it is known as 

asynchronous replication, a process characteristic of all monoallelically expressed 
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genes. In therian mammals, regions displaying genomic imprinting, X chromosome 

inactivation, and random autosomal monoallelically expression, all feature 

asynchronous replication (Bickmore and Carothers 1995; reviewed in Goldmit and 

Bergman 2004; Gribnau et al. 2003; reviewed in Wright and Grutzner 2011; reviewed 

in Zakharova et al. 2009).  

 

Genomic imprinting is a specific form of monoallelic expression observed in therian 

mammals, and entails monoallelic expression in a parent-of-origin specific manner 

(reviewed in Savova et al. 2013). Generally, imprinting involves DNA methylation at 

only one allele of a gene (i.e. the copy from just one parent is methylated), and the 

methylated (imprinted allele) is transcriptionally silenced (Delcuve et al. 2009). Whilst 

the asynchronous replication of imprinted genes is also determined in a parent-of-

origin specific manner during gametogenesis (Simon et al. 1999), the differential 

methylation pattern that guides the parentally-determined expression pattern at 

imprinted loci is not required to set up asynchronous replication at imprinted loci 

(Gribnau et al. 2003; Simon et al. 1999). Instead, DNA-binding proteins, such as the 

CTCF protein, are implicated to control replication timing at these genes (Bergstrom 

et al. 2007). The expressed allele of an imprinted locus is generally understood to 

replicate earlier during S-phase than the silenced allele, which generally replicates 

later (Greally et al. 1998; Gribnau et al. 2003; Zakharova et al. 2009), although there 

is evidence at some loci, such as Igf2 that this may not always be the case (Kitsberg 

et al. 1993). Furthermore, imprinted genes are asynchronously replicated in every 

cell of an organism, even though many are not ubiquitously expressed across all 

tissue types, with the majority undergoing only tissue and developmental stage 

specific expression (Gimelbrant et al. 2005). 
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Of the few hundred predicted imprinted genes (DeVeale et al. 2012; Nikaido et al. 

2003), many exist in imprinted clusters, where regions of maternally and paternally 

expressed genes are interspersed with non-imprinted genes, and share coordinated 

transcriptional control (Goncalves et al. 2012). This form of coordinated control is 

often carried out by a single differentially methylated imprinting control region (ICR), 

with many imprinted genes within the cluster requiring the ICR as an essential 

transcriptional regulatory element. The clustered organisation of orthologs of genes 

that are imprinted in eutherian mammals, which we will name eutherian imprinted 

gene orthologs (EIOs), is also conserved in the chicken and platypus where there is 

no evidence of genomic imprinting (Dünzinger et al. 2005; Pask et al. 2009). 

However, asynchronous replication is also maintained at these EIOs in chicken 

(Dünzinger et al. 2005). 

 

Here, we investigate the conservation of replication asynchrony, and also, for the first 

time, determine S-phase replication timing in amniotes using a Fluorescent in situ 

hybridisation (FISH) approach to study replication at four eutherian imprinted genes 

and their orthologs, namely Igf2, Igf2r, Mest and Wt1. Comparisons across species 

show that replication asynchrony and replication timing profiles are conserved in 

amniote species independent of the evolution of genomic imprinting. 

 

Results 

Asynchronous replication of imprinted mouse genes and chicken EIOs 

Previous studies have shown that eutherian imprinted genes and chicken EIOs 

replicate asynchronously (Baumer et al. 2004; Bentley et al. 2003; Dünzinger et al. 

2005; Kitsberg et al. 1993; Wilson et al. 2007). We sought to determine the 

conservation of asynchronous replication at platypus EIOs, and also to analyse how 
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the frequency of replication asynchrony has changed during amniote evolution. 

Utilising the established FISH dot-assay approach to observe replication asynchrony 

of a single locus in individual nuclei (see Table 1 for locus information and 

Supplementary figure 1 for FISH dot-assay), we measured the single/double-dot 

signal (SD signal, 3 dots) which corresponds to the amount of asynchronous 

replication in a cell type. In eutherians, between 25-50% SD signal is representative 

of asynchronous replication, and below 25-30% SD signal is representative of 

synchronous replication (Baumer et al. 2004; Wilson et al. 2007). Concurrent with 

previous literature, we identified asynchronous replication at all the mouse imprinted 

loci measured, namely Igf2, Igf2r, Mest, and Wt1, with all four loci showing between 

35-37% SD signal (Table 2, and see Supplementary Table 1 for comparison of our 

results to results in previous studies in eutherian mammals) (Bentley et al. 2003; 

Bickmore and Carothers 1995; Kitsberg et al. 1993). We performed two-tailed T-

tests, and found that all of the four mouse imprinted genes underwent significantly 

more frequently asynchronous replication compared to the control locus, Wsb1 

(Table 2). Furthermore, there was no significant difference observed between the 

amount of asynchronous replication between Wsb1 and the other non-imprinted gene 

B3galt1 (p-value = 0.64).  

 

The chicken EIOs, IGF2, IGF2R, MEST, and WT1, all replicated asynchronously, 

showing between 36-46% SD signal (Table 2 and Supplementary Table 2, for 

comparison of our results to results in a previous study in chicken) (Dünzinger et al. 

2005). All four chicken EIOs underwent significantly more frequently asynchronous 

replication compared to WSB1 (T-test all p-values < 0.02). The two non-imprinted 

genes, WSB1 and RIMBP2, showed no significant difference in their asynchronous 

replication status (Table 2).  
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Asynchronous replication occurs at three EIOs in the platypus 

Conservation of asynchronous replication was observed for three of the four platypus 

EIOs, with the platypus Igf2, Igf2r and Mest all replicating asynchronously with 36-

39% SD signal (Table 2). Platypus Igf2, Igf2r and Mest all showed significantly higher 

amounts of asynchronous replication compared to the control (Table 2, T-test all p-

values < 0.05). Whilst the platypus EIO gene Wt1 had 33% SD signal, this result was 

not significantly different to the amount of SD measured for the platypus Wsb1 

control gene (p-value = 0.11). The platypus Wt1 gene therefore was the only 

example of an EOI that replicated synchronously. Sox1 in platypus, did not have a 

significantly different SD value to the platypus Wsb1 control gene, with both genes 

replicating synchronously in the platypus. 

 

The level of replication asynchrony measured at mouse imprinted genes is similar to 

that observed at corresponding platypus and chicken EIOs  

Next we measured if there was a significant difference in the level at which 

asynchronous replication was observed, given that some genes are imprinted in 

therian mammals but not in platypus and chicken. A pair wise comparison, using two-

tailed T-tests, showed that mouse imprinted genes Igf2, Igf2r and Mest, and the Wt1 

gene (which is imprinted in humans but has not yet had its imprinted status tested in 

mouse), and their EIOs in platypus and chicken, have similar amounts of measured 

asynchronous replication (i.e. Igf2 from mouse compared to IGF2 in chicken; Igf2 in 

mouse compared to Igf2 in platypus; and Igf2 in platypus compared to IGF2 in 

chicken) (Table 2, all p-values: 0.54<p<0.96). This result indicates a conservation in 

the level of replication asynchrony observed at these loci in similar cell types across 

amniote clades. 
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Replication timeline of S-phase entry is conserved at eutherian imprinted genes in 

mouse, and EIOs in platypus and chicken 

We then investigated whether the conservation of replication asynchrony could be 

linked with the timing of S-phase entry of a gene, and performed consecutive FISH 

experiments on a common set of interphase nuclei (n=100) to measure the relative 

S-phase entry of these genes. We measured the relative replication time of the four 

imprinted genes and their corresponding EIOs, as well as the non-imprinted/non-EIO 

Wsb1 gene, using the dot-assay approach (Figure 1). The resulting data gave an in-

depth representation of how each locus replicated within a single nucleus in 

comparison to other loci measured within the same nucleus. A single-single signal 

(SS, 2 dot signal) corresponds to the unreplicated state of the locus, and thus can be 

measured to determine the average time it takes for the locus to enter S-phase, with 

a high amount of SS signal measured at a locus representing a late replicating 

status. We found that the non-imprinted/non-EIO control gene, Wsb1 (WSB1), 

showed the most variation with a 21% SS variance across the species (Table 3). The 

other four imprinted genes, and their corresponding EIOs, entered S-phase in 

relatively the same order, starting with Wt1 (WT1), then Mest (MEST) and Igf2r 

(IGF2R), with Igf2 (IGF2) generally entering S-phase last (Table 3).  

 

Conservation of S-phase entry replication timing across imprinted genes and EIOs  

Finally, we tested whether the S-phase entry timing is conserved for mouse imprinted 

genes and EIOs in platypus and chicken, by performing a rank test on the S-phase 

entry data for each gene from each animal. We measured no significant difference 

between the order of S-phase entry for the four imprinted genes and EIOs (with SS 

values normalised against Wsb1/WSB1 in each species) between the three species 
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(p–value = 0.037) (Table 3). To further determine whether the S-phase entry order 

was conserved among species, statistical T-tests were performed to determine 

whether the combined mouse, platypus, and chicken, SS values for a particular 

imprinted/corresponding EIO locus were significantly different to the other loci tested 

(Figure 2). Interestingly, pair wise comparisons between genes that appeared 

directly before or after each other in the replication timing pathway did not show any 

significant difference (all p-values > 0.07) (Figure 2). However, most of the loci which 

had at least one locus fall between them in the replication pathway did show a 

significant difference between genes, although this relationship did not hold true for 

Wsb1 and Mest (Figure 2).  

 

Discussion 

We report a high level of conservation of asynchronous replication for a set of genes 

that are imprinted only in therian mammals in amniotes including the platypus (Table 

2), with the exception of platypus Wt1 (Table 2). Interestingly, whilst the Wt1 gene is 

imprinted and undergoes around 25% asynchronous replication in humans (Bickmore 

and Carothers 1995), there are no reports of its imprinting status in mouse to date 

(Nishiwaki et al. 1997). However, here we observe that the asynchronous replication 

timing for the Wt1 region is conserved in some amniotes.  

 

Asynchronous replication: a characteristic of monoallelically expressing loci in 

amniotes? 

In this study we report that chicken and platypus genes replicate asynchronously, 

suggesting that these loci may be monoallelically expressed in some cells within 

these organisms. It has previously been suggested that asynchronous replication 

may occur in imprinted orthologs in chicken due to transient monoallelic expression 
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during chicken embryogenesis. One study reported a monoallelically expressed state 

for Igf2 in early chicken embryogenesis (Koski et al. 2000), however, other research 

has suggested that the locus is biallelically expressed during embryogenesis 

(Dünzinger et al. 2005; O'Neill et al. 2000; Yokomine et al. 2001). Notably, if these 

genes were found to undergo monoallelic expression in monotremes and birds it 

would be particularly pertinent to reassess current theories on the evolution of 

imprinting. It is interesting to speculate as to whether imprinting could be an 

adaptation of monoallelic expression, meaning that it has evolved at loci that were 

already undergoing random monoallelic expression. This could explain why earlier 

diverged amniotes which lack imprinting still have characteristics of monoallelic 

expression, namely asynchronous replication, at their EIOs. Hence, this would mean 

that in species such as the platypus and chicken, EIOs may be monoallelically 

expressed but not imprinted. Future work will need to investigate whether imprinted 

orthologs are undergoing transient monoallelic expression in certain cell types in 

birds and monotremes.  

 

We report that imprinted genes and EIOs display similar amounts of asynchronous 

replication in similar cell types across three amniote species, indicating that the 

amount of replication asynchrony is also a conserved characteristic of these loci 

(Table 2). Notably, our replication asynchrony results for chicken EIOs had much 

higher SD values than in previous studies (Dünzinger et al. 2005). This could be due 

to the fact that the fibroblast cells in both studies were derived from different tissues, 

with evidence indicating that the same locus measured in different cell types will 

display distinct amounts of replication asynchrony in each cell type  (Wilson et al. 

2007). We also recently found that asynchronous replication of loci on the chicken Z 
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differed in cell lines derived from different developmental stages (Wright and 

Grutzner 2014 manuscript in revision). 

 

Whilst no imprinting is observed in the platypus or chicken genome, there is evidence 

to suggest that imprinted genes in eutherians do not require differential allelic 

methylation in order to replicate asynchronously, suggesting the involvement of other 

epigenetic factors, such as DNA-binding proteins, in controlling replication 

asynchrony (Gribnau et al. 2003). Thus, the replication asynchrony at imprinted 

orthologs in platypus and chicken could still be controlled by differential epigenetic 

landscapes, such as differential histone modification, that could have promoted the 

evolution of imprinting at these loci in eutherian mammals. 

 

Conservation of S-phase entry replication timing in amniotes 

To our knowledge, we are the first to show that a conservation of S-phase entry 

timing exists among the eutherian imprinted genes Igf2, Igf2r, Mest, and Wt1 in 

mouse, and their corresponding EIOs in platypus and chicken (Table 3, Figure 2). 

These imprinted genes and their corresponding EIOs also undergo similar amounts 

of replication asynchrony, indicating a greater conservation of mechanisms 

controlling replication timing at these loci than previously thought. It has previously 

been suggested that differences in allelic replication timing observed in eutherians 

are due to disparate chromatin landscapes at each allele (Bickmore and Carothers 

1995). Thus, conserved chromatin landscapes could allow imprinted genes and their 

orthologs in chicken and monotreme amniotes to undergo similar replication entry 

into S-phase. Future work will need to assess the presence of differential chromatin 

marks, similar to those observed in therian imprinted genes, at platypus and chicken 
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EIOs, and whether the presence or absence of these marks change the replication 

timing of a locus.  

 

While other studies have shown that larger genetic regions (10MB or more) appear to 

undergo similar replication timelines, in similar cell types among eutherians (Ryba et 

al. 2010), our research indicates that even at the level of individual loci a 

conservation of S-phase entry replication timing exists among imprinted genes and 

their orthologs across all amniotes (Figure 2 and Table 2). In light of previous 

research, which stipulates that expression is reflected in S-phase replication timing 

(Goldman et al. 1984), the presence of a conserved S-phase entry pattern suggests 

that the expression pattern of these genes may be more closely related among 

amniotes species than previously thought. We have uncovered a novel layer of 

regulated replication timing for imprinted genes and their corresponding EIOs, which 

is conserved among amniotes. This indicates that further replication timing program 

regulatory networks may exist for particular subsets of amniote genes. Whether 

these same mechanisms have set the scene for the evolution of monoallelic 

expression and genomic imprinting in these regions is currently unknown. 

 

Methods 

Cell lines and Interphase Preparations 

Female mouse (C57), chicken, and platypus skin-derived fibroblasts were cultured 

using standard culture techniques, and passaged (and harvested) once they reached 

70% confluence in order to promote exponential growth and increase the amount of 

cells in S-phase (Clausen 1987). Interphase nuclei were prepared following 

previously established protocols (Grutzner et al. 2004). Briefly, the cultured cells 

were treated with hypotonic solution (0.075 M KCl) and incubated at 37oC for 20 
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minutes, before being fixed in methanol/acetic acid (3:1), dropped onto freshly 

cleaned slides (slides cleaned with 1% HCl/Methanol), and dried under humid 

conditions (around 55-60% humidity). 

 

BAC DNA probes 

Chicken and mouse BAC clones, corresponding to the genes in Table 1, were found 

using the BAC alignment in the UCSC Genome Browser. Clones were purchased 

from Children’s Hospital Oakland Research Institute (CHORI, Oakland, CA, USA). 

Platypus imprinted ortholog BACs were identified and provided by Professor Thomas 

Haaf and Dr. Ulrich Zechner, from the Johannes Gutenberg University of Mainz, 

Germany. The non-imprinted platypus Sox1 BAC was sourced from literature 

(Delbridge et al. 2006).  

 

A BAC screen was performed to obtain a platypus Wsb1 BAC using a previously 

established protocol (Dohm et al. 2007). Briefly, a PCR reaction was run on female 

platypus genomic DNA for template, with the platypus exon 4 Wsb1 primers: Forward 

Primer 5’ CCGGCTCCACCAAGAATGTC 3’; Reverse Primer 5’ 

TTGTTTAACCCTGTTGCGAG 3’. The thermocycler conditions were the same as 

outlined in the next section, except that the annealing temperature for this primer set 

was 55oC. The 223 bp PCR product (amplified from platypus exon 4) was gel-

extracted (Wizard SV gel and PCR Clean-Up System), and 25 pmol of the extracted 

product was labelled using a random primed labelling kit (Roche Diagnostics, 

Mannheim, Germany), using 25 μCi of γ32PdATP (Amersham) following the 

manufacturer’s instructions. The unincorporated γ32PdATP was removed using G-50 

MicroColumns (Amersham), and the clean radioactively labelled oligonucleotide was 

then hybridised to the platypus BAC library filters (Oa_Bb BAC library with 11-fold 
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coverage of the Ornithorhynchus anatinus genomic sequence) in Church buffer  

(0.25 M Na2HPO4, 1 mM EDTA, 5% SDS) at 65oC over night. The filters were then 

washed in 2×SSC/0.1% SDS at 65oC for 20 minutes, and 0.5×SSC/0.1% SDS at 

65oC for 20 minutes, and exposed to Kodak XAR X-ray film (Sigma-Aldrich, 

Taufkirchen, Germany) for around 12-14 days at -80oC, before being developed. 

Clones were purchased from Children’s Hospital Oakland Research Institute 

(CHORI, Oakland, CA, USA), and the CUGI BAC/EST resource center (Clemson, 

SC, USA). 

 

Confirming identity of BACs 

Primers were designed to test for exonic gene regions on the BACs. Primer 

sequences and annealing temperatures are outlined in Supplementary Table 1. The 

presence of a gene on their respective BAC was confirmed using PCR. PCR 

products were amplified from mouse, platypus, and chicken DNA using the primers in 

Supplementary Table 1. Cycling parameters were: 95oC for 3 min, then 35 cycles of 

95oC for 30 s; primer annealing temperature given in Supplementary Table 1 for 30 

s; 72oC for 2 min (except for chicken and platypus Igf2 primers, which were run for 7 

and 12 minutes respectively); then a final cycle of 72oC for 7 min, before being stored 

at 4oC indefinitely.  

 

BAC DNA labelling and precipitation 

BAC clone DNA was extracted using The Wizard Minipreps DNA Purification System 

(Promega, Madison, WI, USA) following the manufacturer’s protocol. 300-600 ng of 

BAC DNA was labelled using random 9-mer primers (Geneworks) in 5× 

supplemented dNTP buffer, Exo-Klenow polymerase (New England Biolabs, Ipswich, 

MA, USA) and green/orange fluorescent dUTPs (Abbott Molecular), the reaction was 
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then incubated at 37oC overnight. Salmon sperm (50 μg), and sonicated genomic 

DNA (10 μg; 300-600 bp fragments) were then added to the labelled BACs, and 

precipitated for 20 minutes at −80oC with and 5 vol. 100% ice-cold ethanol. The 

labelled probes were then pelleted and dissolved in formamide and hybridization mix 

(50% formamide/10% dextran sulphate/2×SSC) at 37oC for 30 min, before being 

denatured at 80oC for 10 min, and pre-annealed at 37oC for 40 min. 

 

Fluorescence in situ hybridisation  

FISH was performed using a previously established protocol (Tsend-Ayush et al. 

2009). Briefly, slides were washed in 2xSSC, then treated with 100 μgmL−1 

RNase/2xSSC at 37oC for 30 min, followed by a 0.01% pepsin/10 mM HCl treatment 

at 37oC for 10 min. Slides were then equilibrated in 50 mM MgCl2, before being fixed 

in 1.3% formaldehyde/1xPBS/50 mM MgCl2. The slides were then dehydrated in a 

70%, 90% and 100% ethanol series, and then denatured in 70% (v/v) 

formamide/2×SSC at 70oC, before being dehydrated in another ethanol series. Slides 

were then hybridised with the labelled BAC in a moist chamber at 37oC overnight. 

The following day, slides were washed three times in 50% formamide/2xSSC at 

42oC, washed in 2xSSC at 42oC, 0.1xSSC at 60oC, and again in 2xSSC at 42oC, 

before being counterstained with 1 μg/ml DAPI/2×SSC for 1 min, dried and mounted 

with Vectashield (Vector Laboratories). Slides were viewed using a Zeiss 

AxioImagerZ.1 epifluorescence microscope equipped with a CCD camera, and 

images were taken using Zeiss Axiovision software. When slides underwent 

consecutive FISH experiments, coverslips were removed by washing slides in 

2xSSC, running them through an ethanol (70%, 90%, 100%) series, then denaturing 

in 70% (v/v) formamide/2×SSC at 70oC for 1 minute. Slides were then dehydrated in 

another ethanol series, allowed to air-dry completely, before being re-hybridised with 



93 
 

a new set of co-precipitated fluorescently labelled probes overnight at 37oC, followed 

by subsequent washing and mounting steps as described above.  

 

Microscopy and data collection 

Slides were visualised with a Zeiss AxioImagerZ.1 epifluorescence microscope 

equipped with a CCD camera, and images acquired using Zeiss Axiovision software. 

For all BAC and gene information see Table 1. As an across-species control, we 

used Wsb1, which is not imprinted in mouse (Ling et al. 2006). We also used mouse 

B3galt1 as a non-imprinted control, as well as platypus Sox1 and chicken RIMBP2 as 

non-EIO controls, as all three genes, to our knowledge, show no evidence of 

imprinting in therians. Measuring asynchronous replication: Four to six replicates of 

50-61 nuclei were counted for each locus (total N counted is shown in Table 2 for 

each locus). Measuring replication timing through consecutive FISH experiments: 

around 150 nuclei were counted in the first FISH experiment (to account for a third of 

data attrition across the experiment). After the three consecutive FISH experiments 

were completed (and images taken after each FISH) data was collated, and any 

nucleus, which showed no fluorescent signals or too much background to decipher a 

signal in any of the three FISH experiments, was discarded. Thus, only nuclei which 

showed clear signals in all three FISH experiments were included in the final dataset. 

T-tests were carried out to determine asynchronous replication for individual loci, and 

also to test for statistical differences in the amount of asynchronous replication at 

orthologous loci. A Friedman’s rank test was performed to determine whether S-

phase entry order was conserved among the mouse imprinted genes and EIOs in 

chicken and platypus. 
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Tables 
 
Table 1 Imprinted and non-imprinted genes and corresponding BACs used in FISH 
experiments 
 

Gene 
status 

Gene Mouse BAC Platypus BAC Chicken BAC 

Imprinted 
in 

eutherians 

Igf2 RP23-51J21 Oa_Bb-349H20 CH261-122O12 

Igf2r RP23-402J22 Oa_Bb-300J22 CH261-11C24 

Mest RP24-211G11 Oa_Bb-491E23 CH261-56H17 

Wt1 RP23-357L23 Oa_Bb-274P3 CH261-98H7 

Non-
imprinted 

in 
eutherians 

Wsb1 RP24-256H2 Oa_Bb-155A12 CH261-113K9 

B3galt1 RP23-346P15 - - 

Sox1 - Oa_Bb-117J7 -  

RIMBP2 -  - CH261-3H21 

 

 

Table 2 Replication asynchrony in platypus imprinted and non-imprinted orthologs, 
compared to mouse and chicken 

 

Gene status Gene† 
Mouse 

% SD 
N 

Platypus 

% SD 
N 

Chicken 

% SD 
N 

Imprinted in 

eutherians 

Igf2 (IGF2) 36%* 330 38%* 339 40%* 338 

Igf2r (IGF2R) 36%* 255 36%* 251 46%* 241 

Mest (MEST) 37%* 251 39%* 240 36%* 226 

Wt1 (WT1) 35%* 255 33% 251 45%* 241 

Not 

imprinted in 

eutherians 

Wsb1 (WSB1) 25% 263 26% 339 26% 257 

B3galt (B3GALT) 27% 299 NA 
NA 

Sox1 (SOX1) 
NA 

25% 328 

Rimbp2 (RIMBP2) NA 29% 269 

†
Chicken gene names are in brackets. *Indicates significant difference in replication  

asynchrony values (p <0.05), as compared to the Wsb1 (non-imprinted/non-imprinted ortholog) control gene. 

  

 

Table 3 SS results from consecutive FISH experiment indicating conserved entry 

timing into S-phase 

Gene   
% SS SS normalised to Wsb1 

Order 
entering S-

phase 

M P C Mouse Platypus Chicken M P C 

Igf2 (IGF2) 18% 20% 25% 0.642857 1.42857142 0.71428571 4 3 4 

Igf2r (IGF2R) 8% 5% 12% 0.285714 0.35714285 0.34285714 2 1 2 

Mest (MEST) 16% 16% 15% 0.571429 1.14285714 0.42857142 3 2 3 

Wt1 (WT1) 6% 5% 7% 0.214286 0.35714285 0.2 1 1 1 

Wsb1 (WSB1) 28% 14% 35%       Freidman’s 
rank test  
p-value= 

0.037 

Total nuclei 
counted 

100 100 100       
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Figures 

  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
Fig1 Consecutive FISH experiment  
 
 
 

 

 

 

Fig2 Graph of the percentage of SS signal measured for each locus 
 
  

-10% 

0% 

10% 

20% 

30% 

40% 

50% 

60% 

Wt1 Igf2r Mest Igf2 Wsb1 

Mouse 

Platypus  

Chicken 

** 

* 

* 

* 

* 

Igf2 + Wsb1 

  

Igf2r + Wt1 

  

Mest + Cntrl 

gene 

  

M
o

u
s
e
 

P
la

ty
p

u
s
 

C
h

ic
k
e

n
 



97 
 

Figure legends 

Fig 1 Consecutive FISH experiment  

Figure shows a single nucleus from mouse, platypus and chicken subjected to 

consecutive FISH experiments, with labelled BACs hybridising to the allele copies of 

the genes of interest. Yellow arrows indicate green signals, and white arrows indicate 

red signals. The control gene (Cntrl) is the non-imprinted control gene, and is as 

follows for each species: mouse B3galt1, platypus Sox1, and chicken RIMBP2. 

 

Fig 2 Graph of the percentage of SS signal measured for each locus 

The % SS is shown for Wt1, Igf2r, Mest, Igf2 and Wsb1. Pairwise T-tests were 

performed between grouped species SS values for separate genes. Pairs of genes 

with a significant difference between their SS values are indicated on the graph. *P-

value <0.05; **P-value<0.01. 
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Supplementary Material  

 
Supplementary table 1: Our results vs literature results of replication asynchrony in eutherians 
of imprinted and non-imprinted genes 

†
Human gene names are shown in brackets. *Indicates significant difference in replication asynchrony (probability 

<0.05), as compared to the Wsb1 (non-imprinted) control gene. 

 
 

 

Supplementary table 2: Our results vs literature results of replication asynchrony in chicken 

around imprinted and non-imprinted orthologs 

Gene 

status 
Gene % SD N 

Literature 

% SD 

Literature 

N 

Asynchronous 

in literature? 
Reference 

Imprinted 

orthologs 

IGF2 40%* 338 25%* 258 Yes (Dünzinger 

et al. 

2005) 

IGF2R 45%* 241 22% 279 Yes 

MEST 36%* 226 18% 299 Yes 

WT1 46%* 241 NA 

Non-

imprinted 

WSB1 26% 257 
NA 

RIMBP2 29% 269 

GAPDH 

NA 

10% 267 No 
(Dünzinger 

et al. 

2005) 

L23MRP 12%
†
 284 No 

SLC6A8 4% 274 No 

*Indicates significant difference in replication asynchrony values (probability <0.05), as compared to the Wsb1 
(non-imprinted/non-imprinted ortholog) control gene. 

†
More than 1 replicate in the literature, so only results from 

replicate with the highest N were included in this table. 

 

 

 

Gene 

status 
Gene

†
 

 % 

SD
Mus

 
N 

Literature 

% SD 

Literature 

N 

Asyn-

chronous 

in 

literature? 

Reference 

Imprinted 

Igf2 36%* 330 23% 
Mus

 >100 Yes (Kitsberg et al. 1993) 

Igf2r 36%* 255 35% 
Mus

 >100 Yes (Kitsberg et al. 1993) 

Mest 

(MEST) 37%* 251 
25% 

HSA
 >200 Yes (Bentley et al. 2003) 

Wt1 (WT1) 35%* 255 25% 
HSA

 >200 Yes 
(Bickmore and Carothers 

1995) 

Non-

imprinted 

Wsb1 25% 263 
NA 

B3galt1 27% 299 

p53 

NA 

12% 
Mus

 >100 No (Kitsberg et al. 1993) 

PfkL 11% 
Mus

 >100 No (Kitsberg et al. 1993) 

(D7S649) 

(marker on 

HSA chr.7) 

9.7% 
HSA

 >200 No (Bentley et al. 2003) 
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Supplementary Table 3: Primers for testing genes on BACs, primer annealing temperatures, 
and amplified fragment size 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Gene Species 5’ – 3’ Primer Sequence 
Primer 

anneal 
o
C 

PCR fragment size 

(bp) 

Igf2 

Mouse 

Platypus  

Chicken 

F: GACACACTTCAGTTCGTCTGT 

R: AGCACTCCTCCACGATGCC 
56 

M: 1303 

P: 12255 

C: 6522 

Igf2r 

Mouse 

Platypus  

Chicken 

F: AGAGATTATCTGGAAAGT 

R: 

CCACACACATTGAAA(T/A)AA(T/A)A 

50 

M: 458 

P: 1673 

C: 331 

Wt1 

Mouse 

Platypus  

Chicken 

F: GAGAAACGTCCCTTCATGTG 

R: CTGTGCATCTGTAGGTGGG 
55 

M: 78 

P: 77 

C: 77 

Mest Mouse 

F: GTAGACCATTCCTCAGCCTTCAG 

R: 

TCCTCTGAATACTTGCCACATTCC 

57 181 

Mest Platypus 
F: CTTGGCAGGATGAGAGAGTGG 

R: CCTGAAGACTTCCATGCCTGG 
57 122 

Mest Chicken 
F: CCACCACTACTCCATCTTTGAGC 

R: CCATAATCGTGGGACAGGAGG 
57 102 

Wsb1 Mouse 
F: TGAAAGTATTGCGGGCACATCAG 

R: TTAAGACATTCAGGACACCGAGC 
57 207 

Wsb1 
Platypus 

Chicken 

F: GTGAATATAGAATGGCATCG 

R: TGGGGCAAAAGTTAAATCTC 
50 

P: 1339 

C: 611 

B3galt1 Mouse 
F:  GTTGTCAGTGGAAGTTTCCGTC 

R:  CTGAAGCACATGCCCAGAAC 
57 224 

Sox1 Platypus 
F: CACAACTCGGAGATCAGCAA 

R: GTTGGTCCAGCCGTTGAC 
56 

? (Delbridge et 

al. 2006) 

Rimbp2 Chicken 
F:  ATGCCGGACACAAAGTGAAC 

R:  TGCCTAAAGAAGTGGCTATTCC 
56 176  
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Supplementary Fig 1 FISH dot-assay approach to measure replication timing 

The fluorescent probes (green) hybridise to the allele copies of the IGF2 locus in 

individual platypus nuclei, and indicate the replication status in one of three states; 

SS:  two single dot signals show that locus is unreplicated; SD: a single-double signal 

pair show that the locus is replicating (this is counted in the dot assay as 

asynchronous replication, as one allele has replicated whilst the other has not yet 

done so); DD: a double-double dot signal showing that the locus has replicated. 
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Abstract 

Background: Bromodeoxyuridine (BrdU), a thymidine replacement, is incorporated 

during the Synthesis phase (S-phase) of the cell growth cycle, and has been used as 

a marker for cells in synthesis phase of mitosis. In combination with directly-labelled 

fluorescent in situ hybridisation (FISH), BrdU incorporation has been used to 

determine replication timing or replication asynchrony. Previously this powerful 

approach has been performed using indirectly-labelled FISH probes and 

immunostaining. Here, we present a more reliable method that allows directly-

labelled FISH to be carried out in conjunction with BrdU immunostaining. We also 

investigate the feasibility of this approach in different amniote species including 

mouse, platypus and chicken.  

Results: Using skin derived fibroblasts from mouse, platypus, and chicken, we 

perform BrdU-immnuostaining with an optimised blocking procedure on nuclei that 

reduces background signals. Directly-labelled FISH experiments are then performed 

successfully in combination with the optimised BrdU immunostaining procedure in 

each of the three species. Finally, we measure S-phase through BrdU 

immunostaining and correlate it with the FISH-measured replication status of the 

mouse Insulin-like growth factor II (Igf2) locus, as well as its orthologs in platypus 

(Igf2) and chicken (IGF2). We find that across all three species, an average of 22-

23% nuclei show a combined positive BrdU immunostaining status with a FISH signal 

indicating a current DNA replication event.  

Conclusion: We have developed an improved technique that couples BrdU 

immunostaining with a direct-labelled FISH experiment, negating the requirement for 

secondary-antibodies during FISH detection, and reducing experimental background 

and increasing sensitivity for cross species experiments. Furthermore, we show that 
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the experiment works in three different amniotes, detecting similar amounts of S-

phase cells across the species. 

 

Keywords 

Bromodeoxyuridine, BrdU, immunostain, Fluorescent in situ Hybridisation, FISH, 

directly-labelled FISH, chicken, mouse, platypus, FISH dot-assay. 

 

Background 

BrdU immunostaining to detect S-phase during the cell cycle 

BrdU incorporation has long been used as a way to detect S-phase in interphase 

cells, and asynchronous replication across a karyotype in metaphase cells [1]. Its 

presence in DNA is detected by a monoclonal antibody which detects BrdU in single-

stranded DNA [2]. It is important, however, to note that BrdU is not incorporated 

solely in S-phase; as a marker of synthesis, BrdU also detects events such DNA 

repair and abortive cell re-entry, although it has been shown that it is not 

incorporated into the DNA in high amounts through to these processes under normal 

growth conditions [3, 4, reviewed in 5]. In S-phase cells, DNA replication is 

characterised through BrdU staining due to the presence of a spattering of bright foci 

within the nuclear periphery coupled with an amount of diffuse uniform staining 

across the nucleus. However, in other types of BrdU incorporation, such as in DNA 

repair, only bright BrdU foci exist in the nucleus [3]. Thus, under normal growth 

conditions S-phase cells are quite easy to identify if immnostaining is working 

correctly.  
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FISH dot-assay to detect S-phase during the cell cycle 

Many studies investigating asynchronous replication use the ‘dot assay’ FISH 

approach, whereby a fluorescently labelled single locus probe will indicate the 

number of  allele copies (two and four before or after S-phase, three in S-Phase) 

which exist on hybridisation to the gene of interest [reviewed in 6]. A high frequency 

(above 25-30%) of cells showing three signals for a locus has been used as evidence 

of asynchronous replication in multiple species [7, 8, 9, 10, 11].  

 

Simultaneous BrdU immunostaining and directly-labelled FISH allows dual detection 

of S-phase 

Coupling BrdU immunostaining with a FISH based dot assay allows a cell in S-Phase 

to be identified in two ways: a general signature for DNA replication in a nucleus 

observed through BrdU incorporation, and replication in-process for a single locus 

(see Figure 1). Previous protocols for BrdU immunostaining have relied on acidic 

denaturation treatment (sometimes on top of a formamide treatment) [12, 13]. The 

low pH can have undesirable stringency affects on the in situ hybridisation, as well as 

causing around 20% DNA loss on average, which is not preferable when carrying out 

a BrdU immunostain coupled with FISH [14]. Moreover, more recent BrdU-FISH co-

detection protocols, which use indirectly-labelled FISH, have only been tested in 

eutherian cells [15]. 

We have developed a protocol without an initial acidic denaturation for BrdU 

immunodetection, in combination with directly-labelled FISH. The directly-labelled 

FISH in this protocol includes RNase and pepsin treatments, formaldehyde re-

fixation, and formamide denaturation. Our protocol also uses a series of blocking 

steps, carried out during BrdU immunodetection, that are coupled with Triton-X 
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permeabilisation to achieve less background after antibody detection.  Finally, our 

optimised BrdU detection protocol has been shown to work across amniote species 

including  mouse, platypus, and chicken. 

 

Results 

Incorporation of blocking enhances  BrdU immnostaining  

By incorporating two blocking steps when carrying out BrdU immunodetection 

(without any FISH), we found that the BrdU signals were much brighter and the slides 

had a reduction in the amount of background present, compared to when the slides 

underwent no blocking (Figure 2).  These clearer BrdU signals would offer an 

advantage to any who are trying to easily identify S-phase cells, as the blocking 

made the contrast between heavily stained and lightly stained nuclei much greater. 

Furthermore, the brighter signals also make for easier identification of the amount of 

S-phase in the cell lines. All of our cell lines were grown to promote exponential 

growth, where cells were continuously passaged at 60-70% confluence, in order to 

decrease contact inhibition and the slowing of growth [16]. The cells were also not 

synchronised in any way as this can affect the natural replication profile of individual 

loci [17] . Under these growth conditions, we found that an average of 50-60% of 

interphase cells in all three species were positive for BrdU (Table 2).   

 

Simultaneous detection of improved BrdU immunostaining with directly-labelled FISH  

Our optimised protocol utilises directly-labelled FISH but requires more blocking 

steps and Triton X-100 treatment both before, and during, primary antibody detection 

(Table 1). However, it does not require harsh acidic treatments (which cause 

flurorophores to be rapidly quenched, and results in DNA loss) and only relies on a 
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formamide heat treatment to denature the DNA. Furthermore, our protocol utilises 

directly-labelled BAC-DNA probes, which negates the requirement for antibody 

detection during the FISH, and to our knowledge, has never been done in a BrdU co-

detection experiment. In our own hands, our simultaneous detection protocol had a 

100% success rate, with every slide tested in each of the species (mouse, platypus, 

and chicken) showing clear BrdU and FISH signals (Figure 3). 

 

Across all three species the SD signal measured for the Insulin-like growth factor II 

(Igf2) gene in the fibroblasts was above 30%, and thus indicative of asynchronous 

replication [18, 19, 20]. Specifically, the mouse Igf2 (GenBank:U71085) displayed 

around 39% SD signal, the platypus Igf2 (GenBank:AY552324) around 33% SD 

signal, and the chicken IGF2 (GenBank: AY267181) around 40% SD signal. When 

measuring the overlap of an SD signal at the Igf2 locus with a positive BrdU 

incorporation status, we observe that an average of 22-23% of SD signals occur in 

cells positive for BrdU incorporation across the three species (Table 3).  

 

Discussion 

Detecting S-phase amount during exponential growth of cultured cells 

The quick identification of cells that were shown to be in S-phase on two counts, due 

to the clear simultaneous BrdU and FISH signals achieved through our protocol, 

allowed us to measure how often an S-phase FISH signal (SD) coincided with an S-

phase BrdU immunostained cell during exponential growth. When cells are 

undergoing exponential growth around 50% are observed to be in S-phase [16], 

compared to a non-exponential growth pattern, in which around only 25% of the cells 

will be in S-phase. Our BrdU incorporation and immunostaining experiments 
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indicated that around 50-60% of cells from each cell line tested positive for BrdU, 

indicative of the expected amount of S-phase in a cell line undergoing exponential 

growth (Table 2). We found that Igf2 showed an average of around 33-40% SD 

signal in the three species, which is within the expected range of SD signal for an 

imprinted locus, or an imprinted ortholog, as measured in previous studies  [7, 17, 20, 

21 manuscript in preparation]. Intriguingly, only 22-23% of nuclei with an SD signal, 

for Igf2 in all three species, also showed BrdU staining (Table 3). This observation 

has also been made in another study, which noted that some doublet FISH signals 

can be observed in the absence of S-phase markers, which was attributed to the 

separation of denatured chromatin strands or chromatin decondensation [11, 22]. 

Furthermore, some doublets may have not coincided with BrdU incorporation if they 

replicated earlier than the short BrdU pulse. It is interesting to speculate whether 

locus-specific DNA replication timing also comes into play here; the Igf2 locus is 

known to undergo generally later replication timing in mouse, platypus and chicken 

cells [21 manuscript in preparation]. This suggests that by the time the Igf2 gene is 

being replicated late in S-phase, most of the genome has already undergone 

replication, and thus BrdU incorporation is below a detectable limit at this point. Thus, 

only some of the nuclei with an SD signal for Igf2 would also show BrdU 

immunostaining.  

 

Conclusion 

Replication timing and reorganisation of chromatin during S-phase is an important 

aspect of genome organisation in the nucleus. Our approach to improve global BrdU 

incorporation in combination with single-locus directly labelled FISH provides a 

powerful approach to investigate the evolution of replication timing in various species. 
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We have improved previous techniques detailing simultaneous detection of BrdU and 

FISH signals by optimising a technique that utilises directly-labelled FISH 

hybridisation, utilises additional blocking steps to aid in background suppression and 

boost BrdU immunostaining signal intensity, and finally, requiring no DNA-degrading 

acidic denaturation treatments during immunostaining. This optimised protocol has 

been tested in various species, namely mouse, platypus, and chicken, revealing that 

22-23% of SD signals for the Igf2 locus were present in cells with BrdU staining in all 

three species, indicating that not all SD signals are accompanied with a positive BrdU 

signal, perhaps due to the separation of denatured chromatin strands. 

 

Methods 

Cell culture 

Female mouse (C57), chicken, and platypus skin-derived fibroblasts were grown in a 

culture medium containing Advanced DMEM (12491-023, Life Technologies), 

supplemented with 1% L-glutamine (25030-081, Invitrogen) and 10% Fetal Calf 

Serum (10099-441, Invitrogen). Cells were grown in 75 cm2 TC flasks until they 

reached 60-70% confluence (in order to promote exponential growth and increase 

the amount of cells in S-phase). Cells were then removed from the flask with 3ml of 

0.05% Trypsin (15400-054, Invitrogen) at 37oC for 2 min with slight shaking. The 

Trypsin was then inactivated with 6 ml culture medium, and the solution was 

centrifuged at 1,200 rpm for 10 min to pellet the cells, before the supernatant was 

removed, and the cells resuspended in fresh culture medium. Cell lines underwent 5 

to 7 passages before being harvested.  

 



118 
 

BrdU incorporation 

When cells were at their final passage (before being harvested) they were pulse 

labelled for 45 min with 40 μg/ml BrdU (B9285, Sigma), then washed twice 1xPBS. 

Cells were removed from the flask with 3 ml of 0.05% Trypsin at 37 oC for 2 min with 

slight shaking, followed by Trypsin inactivation with 6 ml culture medium, and 

centrifugation of the solution at 1,200 rpm for 10 min to pellet the cells. Most 

supernatant was removed, leaving only 0.5 ml supernatant with the pellet in which 

the cells were carefully resuspended. 

 

Harvesting and slide preparation 

2 ml of 0.075M Potassium Chloride hypotonic solution at 37 oC was slowly added to 

the 0.5 ml of resuspended cell solution, and the mixture was carefully resuspended. 

Another 8 mls of hypotonic solution was added to the solution, and the cells carefully 

resuspended again, then the solution was incubated for 20 min at 37oC. After 

incubation, 2 drops of ice-cold methanol/acetic acid (3:1) fixative were added to the 

solution and the mixture was again carefully resuspended. The cells were then 

pelleted by centrifugation (1,200 rpm for 10 min). Most supernatant was removed, 

leaving only 0.5 ml, to which 0.5 ml of ice-cold fixative was added, and the mixture 

carefully resuspended. The solution was then transferred to a 1.5 ml tube, and 

centrifuged for 30 sec at 13,000 rpm to pellet nuclei, before all supernatant was 

removed, and 1 ml of fresh fixative was added. The fixed cells were washed three 

times, following these washing steps:  pellet resuspended in fresh fixative; solution 

centrifuged at 13,000 rpm for 10 min; removal of all supernatant; resuspended in 

fresh fixative. After being washed and resuspended in fresh fixative, cells were ready 

to be dropped onto freshly cleaned slides (slides cleaned with 1% HCl/Methanol), 

and dried at room-temperature for 1 hour under humid conditions (around 55-60% 
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humidity), then left for another hour at room-temperature. Slides were then ready to 

undergo the FISH slide preparation procedure. 

 

 

Bacterial Artificial Chromosome (BAC) culture, DNA extraction, and identification of 

Igf2  

BAC clones containing Mouse Igf2 (RP23-51J21) and Chicken IGF2 (CH261-

122O12), were purchased from the Children’s Hospital Oakland Research Institute 

(CHORI, Oakland, CA, USA), and grown following CHORI’s instructions. The 

Platypus Igf2 BAC clone (Oa_Bb-349H20) was purchased from Clemson University 

Genomics Institute (CUGI, Clemson, SC, USA), and grown following CUGI’s 

instructions. BAC clone DNA was extracted using The Wizard Minipreps DNA 

Purification System (Promega, Madison, WI, USA). The presence of Igf2 was 

confirmed on the BACs through PCR, using the following primers for Mouse and 

Chicken: Forward 5’- GACACACTTCAGTTCGTCTGT-3’ and Reverse 5’ 

AGCACTCCTCCACGATGCC-3’ (yielding products sizes of 1303 bp and 6522 bp for 

Mouse and Chicken respectively); and the following primers in Platypus: Forward 5’-

ATCGTGGAGGAGTGTTGCTTC-3’, and Reverse 5’- 

CGTCACGGAAGAACTTTGTGC-3’ (yield a product size of 1996 bp). Cycling 

parameters were as follows: 95oC for 3 min; then 35 cycles of:  95oC for 30 s, 56oC 

for 30 s, 72oC for 6 min; then a final cycle of 72oC for 7 min, before being stored at 

4oC indefinitely.  

 

BAC fluorescent labelling and precipitation for FISH 

For a 50 μl labelling reaction: 5 μl BAC DNA (1μg total), 10 μl of 1 μg/μl random 9-

mer primer (Geneworks), and 22 μl of water were added to a PCR tube, vortexed for 
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10 seconds, quick-spun, then incubated for 15 min at 95 oC, and cooled on ice for 5 

minutes, before adding 9.2 ml of 5×dNTP supplemented NEB buffer 2 (supplemented 

with a 200 μM dNTP solution containing: 100 μM dACG-TPs and 40 μM dTTPs), 0.7 

μl SpectrumGreen/Orange fluorescent dUTPs (Abbott Molecular), and 1 μl Exo-

Klenow polymerase (MO221, New England Biolabs). The reaction was then 

incubated at 37oC overnight. The labelled BAC DNA was then moved to a 1.5 ml 

tube,  and salmon sperm (50 μg) as well as sonicated genomic DNA (10 μg; 300-600 

bp fragments) were added to the tube, followed by the addition of 500 μl 100% ice-

cold ethanol and precipitation for 20 min at −80oC. The labelled probes were then 

centrifuged at 14,000 rpm for 30 min at 4 oC, before the supernatant was carefully 

removed, and the pellet dried for 8 min at 37oC. The pellet was then dissolved in 5μl 

Deionised Formamide (F9037, Sigma) for 15 min at 37oC and 5 μl hybridization mix 

(50% Deionised Formamide/10% dextran sulphate/2×SSC) at 37oC for 15 min, 

before being denatured at 80oC for 10 min, and pre-annealed at 37oC for 40 min. 

Probes were then ready to be hybridised onto a slide. 

 

BrdU immunostaining  

Fresh slides were washed in 2xSSC for  5 min, then treated with 0.01% pepsin/10 

mM HCl treatment at 37oC for 10 min, washed twice in 1xPBS for 5 min, and 

equilibrated in 50 mM MgCl2/1xPBS, before being fixed in 1.3% 

Formaldehyde/1xPBS/50 mM MgCl2. The slides were then dehydrated in a 70%, 

90% and 100% ethanol series (5 min for each ethanol solution), and denatured for 

2.5 min in 70% (v/v) formamide/2xSSC at 70oC, before being dehydrated in another 

ethanol series (as before) and air-dried for 10 min. Slides were then washed 1 x 5 

min in 0.1% Triton X-100/1xPBS. 
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Blocking on slides: Slides were then blocked 3 x 5 min with 300 μl Blocking Solution 

1 (0.5% (w/v) BSA/0.5% (w/v) milk powder/1xPBS) at 25oC, before 200 μl of the 

BrdU primary antibody (Cat. B8434, Sigma-Aldrich) solution (1/100 dilution Anti-BrdU 

in 0.1% Triton X-100/10% (w/v) BSA/1xPBS) was spread across the slides and 

incubated under a parafilm coverslip in a moist chamber at 37oC for 30 min.  The 

slides were then washed 3 x 5 min in 1xPBS, before being blocked 3 x 5 min with 

300 μl Blocking solution 2 (10% Goat serum, 5% (w/v) milk powder/1xPBS) at 25oC, 

before 200 μl of the Anti-mouse Alexa-568 (A-11004, Life Technologies) secondary 

antibody solution (1/400 dilution of Anti-Mouse Alexa-568/Blocking solution 2) was 

spread across the slides and incubated under a parafilm coverslip in a moist 

chamber at 37 oC for 30 min. Slides were then washed 3 x 5 min in 1xPBS, 

counterstained with 1 μg/ml DAPI/2×SSC for 1 min, then air dried for 1 hour and 

mounted with Vectashield (Vector Laboratories). 

No blocking on slides: 200 μl of the BrdU primary antibody (Cat. B8434, Sigma-

Aldrich) solution (1/100 dilution Anti-BrdU in in 0.1% Triton X-100/10% (w/v) 

BSA/1xPBS) was spread across the slides and incubated under a parafilm coverslip 

in a moist chamber at 37oC for 30 min.  The slides were then washed 3 x 5 min in 

1xPBS, before 200 μl of the Anti-mouse Alexa-568 (A-11004, Life Technologies) 

secondary antibody solution (1/400 dilution of Anti-Mouse Alexa-568 in 10% (w/v) 

BSA/1xPBS), was spread across the slides and incubated under a parafilm coverslip 

in a moist chamber at 37oC for 30 min.  The slides were then washed 3 x 5 min in 

1xPBS, DAPI counterstained, mounted, and visualised as described previously. 

Simultaneous detection of Directly-labelled FISH and BrdU immunoprecipitation 

Fresh slides were washed in 2xSSC for 5 min, then treated with 100 μg/ml 

RNase/2xSSC at 37oC for 30 min, and washed three times in 2xSSC for 5 min. 
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Slides were then treated with 0.01%  pepsin/10 mM HCl treatment at 37oC for 10 

min, washed twice in 1xPBS for 5 min, and equilibrated in 50 mM MgCl2/1xPBS, 

before being fixed in 1.3% Formaldehyde/1xPBS/50 mM MgCl2. The slides were 

then dehydrated in a 70%, 90% and 100% ethanol series (5 min for each ethanol 

solution), and denatured for 2.5 min in 70% (v/v) formamide/2×SSC at 70oC, before 

being dehydrated in another ethanol series (as before) and air-dried for 30 min. Half 

a slide (18 mm x 18 mm area) was then hybridised with 10 μl labelled 

BAC/formamide/hybridization mix, capillary action spread under a half-slide coverslip 

and left in a water moist chamber at 37oC overnight. The following day, slides were 

washed 3 x 5 min in 50% Formamide/2xSSC at 42oC, washed in 2xSSC at 42oC for 5 

min and 0.1xSSC at 60oC for 5 min. Slides were then washed 1 x 5 min  in 0.1% 

Triton X-100/1xPBS, blocked 3 x 5 min with 300 μl Blocking Solution 1 (0.5% (w/v) 

BSA/0.5% (w/v) milk powder/1xPBS) at 25oC, before 200 μl of the BrdU primary 

antibody (Cat. B8434, Sigma-Aldrich) solution (1/100 dilution Anti-BrdU in 0.1% 

Triton X-100/10% (w/v) BSA/1xPBS) was spread across the slides and incubated 

under a parafilm coverslip in a moist chamber at 37oC for 30 min.  The slides were 

then washed 3 x 5 min in 1xPBS, before being blocked 3 x 5 min with 300 μl Blocking 

solution 2 (10% Goat serum, 5% (w/v) milk powder/1xPBS) at 25oC, before 200 μl of 

the Anti-mouse Alexa-568 (A-11004, Life Technologies) secondary antibody solution 

(1/400 dilution of Anti-Mouse Alexa-568/Blocking solution 2) was spread across the 

slides and incubated under a parafilm coverslip in a moist chamber at 37oC for 30 

min. Slides were then washed 3 x 5 min in 1xPBS, counterstained with 1 μg/ml 

DAPI/2×SSC for 1 min, rinsed twice in MQ water, then air dried for 1 hour and 

mounted with Vectashield (Vector Laboratories).  
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Microscopy and data collection 

Slides were viewed using a Zeiss AxioImagerZ.1 epifluorescence microscope 

equipped with a CCD camera, and images were taken using Zeiss Axiovision 

software. Three replicates were taken with combined BrdU and FISH data (ie. each 

individual nucleus had its combined BrdU status and FISH dot-assay replication 

status recorded) for the mouse (3 replicates of 40 nuclei; Total N = 120), platypus (2 

replicates of 37, and 1 replicate of 38; Total N = 112), and chicken (3 replicates of 40 

nuclei; Total N = 120).  

 

List of abbreviations 

BrdU: bromodeoxyuridine; FISH: fluorescent in situ hybridization; S-phase: DNA 

synthesis phase of the cell-cycle; SS: single-single dot FISH signal; SD: single-

double dot FISH signal; DD: double-double dot FISH signal; Igf2: Insulin-like growth 

factor II; BAC: bacterial artificial chromosome. 
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Figures 

 

 

 

 

 

 

Figure 1: FISH dot assay 
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Figure 2: BrdU immunostaining experiments with enhanced blocking 
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Figure 3: BrdU Immunostaining coupled with directly-labelled FISH 
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Figure legends 

Figure 1: FISH dot assay  

In these individual mouse nuclei the Igf2 locus has a replication status in one of three 

states; SS:  two single dot signals show that locus is unreplicated; SD: a single-

double signal pair show that the locus is replicating and the cell is in S-phase (this is 

counted in the dot assay as asynchronous replication, as one allele has replicated 

whilst the other has not yet done so); DD: a double-double dot signal showing that 

the locus has replicated. 

 

Figure 2: BrdU immunostaining experiments with enhanced blocking 

Mouse, platypus, and chicken slides after BrdU immunostaining with (+) and without 

(-) blocking (with blocking solutions 1 and 2) for the primary (anti-BrdU) and 

secondary (anti-mouse Alexa-568) antibodies. 

 

Figure 3: BrdU Immunostaining coupled with directly-labelled FISH  

BrdU immunostaining is shown in red. The FISH hybridisation signals, achieved 

using a species-specific (mouse, platypus and chicken) Igf2 BAC (labelled with green 

fluorescence) in each case, are indicated with the orange arrows.  
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Tables  

Table 1: Optimised steps of the improved directly-labelled FISH + BrdU 

immunostaining protocol 

Steps in Method 
Included in 

our 
Protocol? 

3 Methanol: 1 Acetic Acid 
fixation of nuclei 

Y 

Acidic Denaturation N 

Direct-DNA probe labelling with 
fluorophore 

Y 

Pepsin treatment/and 
formaldehyde re-fixation 

Y 

Slide formamide treatment 
(70%, 70 

o
C for 10 min) 

Y 

Triton X-100 permeabilisation Y 

Blocking before 1
o
Ab Y 

Permeabilization with 1
o
Ab (with 

0.1% Triton X-100) 
Y 

Blocking before 2
o
Ab Y 

Immunodetection of FISH 
signals 

N 

  

 

Table 2: BrdU positive nuclei in each cell line, and the average amount of SD% 
measured for all loci  
 

Species 
% BrdU positive 

cells 

Mouse 52 ± 7 

Platypus 59 ± 7 

Chicken 58 ± 17 

 

 

 

Table 3: Total %SD for Igf2 in each species, and % of SD signals which exist 

within BrdU stained nuclei 

 

 

 

 
 
 
 
 

Species 
Total % 

SD signal 
for Igf2 

% nuclei with SD 
signal for Igf2 and are 

BrdU positive  

Mouse 39 ± 12 23 ± 4 

Platypus 33 ± 4 23 ± 6 

Chicken 40 ± 10 22 ± 14 
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CHAPTER 4: Monoallelic expression predates genomic 

imprinting 

This chapter consists of one publication style manuscript. 

Chapter overview 

The manuscript (unpublished) presented in this chapter is formatted for submission 

to the journal Genome Biology, and includes research looking at the monoallelic 

expression, and allele expression ratios, at platypus orthologs of eutherian imprinted 

genes. The results indicate that these genes may have evolved random monoallelic 

expression and long-range DNA interactions before becoming subject to parent-of-

origin dependent (i.e. genomic imprinting) expression in therian mammals. 
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Abstract 

Parent-of-origin dependent monoallelic expression (genomic imprinting) has so far 

been shown to exist in marsupials and eutherian mammals but not in monotremes 

and birds. Surprisingly, replication asynchrony, a signature of monoallelically 

expressed genes has been observed in monotremes and birds for genes that are 

imprinted in therian mammals. In this study we first investigated whether an allele 

expression bias exists at 24 orthologs of eutherian imprinted genes in platypus, and 

eight control genes, using RNA-seq data. We find that three orthologs of imprinted 

genes show an allele expression bias, where one allele is expressed in higher 

amounts than the other, which could indicate the presence of distinct cis-regulatory 

mechanisms at each allele. Using RNA FISH we also find that three of four genes 

imprinted in other mammals showed evidence of monoallelic expression. These 

findings raise the possibility that random monoallelic expression may have been the 

first step towards the evolution of genomic imprinting in mammals. 

 

Introduction 

Genomic imprinting is a form of monoallelic expression conferring parent of origin 

dependent monoallelic expression of an autosomal gene, and is controlled by parent-

of-origin methylation of CpGs inherited at an allele. Imprinting is believed to have 

evolved as a result of an evolutionary conflict between parent and offspring genes 

involved in controlling nutrient allocation, due to the fact that many imprinted genes 

are involved in interuterine foetal growth and nourishment, as well as behaviour [1]. 

In earlier diverged amniote clades, such as egg-laying monotremes and birds, there 

is no evidence of genomic imprinting, indicating that it evolved sometime after 

prototherian divergence from the mammalian common ancestor [reviewed in both 2, 
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3]. Interestingly, whilst all of the aforementioned monoallelic expression control 

processes are achieved in slightly different ways, there are some shared 

characteristics among monoallelically expressed loci, including common chromatin 

marks and asynchronous replication [4, reviewed in 5]. Furthermore, many 

monoallelically expressed loci also undergo long-range interactions as part of their 

expression control mechanism, indicating that DNA interactions may have also 

played a role in an ancestral form of monoallelic expression [reviewed in 6]. 

 

Random monoallelic expression occurs when one allele at an autosomal locus is 

epigenetically silenced, causing transcription products from the other ‘active’ allele to 

be present, and is dissimilar to imprinting in the way that expression is not 

determined in a parentally-inherited manner. Monoallelic expression is controlled in 

many ways in the therian genome, from chromosome-wide allelic shutdown 

processes, such as X-chromosome inactivation and the regional control processes 

observed in imprinted gene clusters, to single-locus allelic inactivation processes for  

autosomal monoallelically expressed genes, genes under solitary imprinted control,  

and genes which undergo allelic exclusion [reviewed in 5]. Whilst most of the genes 

on the eutherian X-chromosome are monoallelically expressed (with only a few 

escaping), 10-24% of autosomal eutherian genes display random monoallelic 

expression and less than 1% display imprinted expression [7, 8, 9, 10, 11, 12]. 

 

Monoallelic expression is an extreme effect of cis-regulated differential allele 

expression, and thus imprinted genes, with their parentally inherited monoallelic 

expression pattern, are an interesting example of ‘tight’ cis-regulatory control. This is 

not to say that all monoallellic expression is cis-regulated, as there are known 

examples  of monoallelic expression regulated in trans [reviewed in 13], however, the 
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cis-regulation of monoallelic expression becomes particularly pertinent when studying 

imprinting in therian mammals, whereby one imprinting control region (ICR) can 

enact positive or negative control over expression of many alleles within an imprinted 

cluster. In therian mammals, differential CpG methylation, specifically at Imprinted 

Control Regions (ICRs), occurs at the two alleles, and the allele with the methylated 

ICR will be shut down. Thus, the installed differential imprinted marks allow control in 

cis of the protein-DNA interactions that occur at each allele, and are then maintained 

(according to requirement) in a tissue-specific manner. This can result in differential 

long-range DNA interactions occurring at each allele, where the two alleles will 

interact with different regions of the genome, as observed with genes such as the 

eutherian imprinted, Igf2 [14, 15].  

 

Previous studies investigating the expression of monotreme orthologs of eutherian-

imprinted genes have not identified any form of monoallelic expression [16, 17]. 

However, the observation that asynchronous replication, often seen as a hallmark of 

monoallelic expression, occurs at eutherian-imprinted orthologs of platypus, raises 

the question as to why this characteristic would still be conserved at these loci in 

monotremes?  Notably, studies have found that no differential methylation patterns 

exist at eutherian-imprinted orthologs in monotremes, ruling out this well-understood 

form of cis-regulatory control [17]. However, this does not rule out other forms of cis-

regulatory control, such as the presence of differential chromatin states, or differential 

chromatin interactions [18]. Furthermore, asynchronous replication at imprinted loci is 

reportedly consistent with the organisation of alleles into separate subnuclear 

compartments, and independent of differential DNA methylation [19]. These studies 

indicate that differential chromatin environments and long-range DNA interactions 

occurring in cis could also be responsible for the conservation of asynchronous 
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replication at orthologous regions in the platypus. However, the presence of bivalent 

histone marks and other long-range DNA interactions, remain to be seen in the 

platypus genome.  

 

Differential allele expression has been analysed in order to determine any cis-acting 

affects on expression, with differences in the amount of expression between alleles 

of autosomal genes being observed in different species [12, 20, 21]. Allele 

expression bias, where one allele has a measurably higher expression than the other 

allele, is observed in 20-50% of human genes [20, 22], however, this characteristic 

has not been studied extensively outside of eutherians.  

 

In this study we firstly sought to observe allele expression biases at eutherian-

imprinted platypus orthologs (EIPOs) that could be characteristic of cis-regulatory 

processes. We find that although three EIPOs do show some allele expression bias, 

indicative of cis-regulatory effects, the majority of EIPOs do not.  We then 

investigated whether any monoallelic expression occurred at EIPOs, and find that all 

the tested EIPOs showed an amount of monoallelic expression when measured 

cytogenetically. Finally, we report preliminary evidence of a conserved long-range 

DNA interaction in platypus and mouse, indicative that such interactions may be 

conserved in all mammalian lineages, including monotremes.  
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Results 

 Imprinted genes are expressed from both alleles in platypus 

Firstly, we analysed RNA-seq data from 8 tissues (brain, cerebellum, fibroblasts, 

heart, kidney, liver, ovary, testes) from five adult platypus animals (four males and 

one female) [23], to look for evidence of biased Allele Expression Ratios (AERs) at 

EIPOs, comparing them to control genes that are classified as non-imprinted in 

eutherians. We were able to observe biallelic expression for 21 platypus orthologs of 

genes imprinted in therian mammals (see Table 1 and Supplementary Table 1), in 

different tissues (Supplementary Table 2). Notably, we found that the spread of 

AERs observed between the imprinted orthologs and non-imprinted orthologs were 

significantly different (p-value = 0.031) (Figure 1), with the non-imprinted orthologs 

showing higher allele expression ratios than the imprinted orthologs, indicating a 

larger expression bias between the alleles of non-imprinted genes. Furthermore, we 

measured how many Single Nucleotide Polymorphisms (SNPs) showed an 

expression bias towards one allele in all tissues (Table 1). It has previously been 

stipulated in human studies, that any observed allele expression ratio that is lower 

than a 60:40 ratio (represented by the value 0.6 in our AER data ) is due to 

experimental noise, thus only genes that show more that 60% of their expression 

from one allele can be considered to be undergoing cis-regulatory effects [22]. We 

found that two imprinted orthologs (Mcts2 and Zim1) and two non-imprinted (Actb 

and Wsb1) orthologs possessed an allele expression bias under these criteria, with 

one allele being expressed in consistently higher amounts than the other. 

 

Next, the allele expression ratios were measured for a subset of  genes by cDNA 

sequencing and measuring the relative signal strength of each nucleotide at an SNP 
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on a sequencing chromatogram (Supplementary Figure 1), as performed in 

previous studies [16]. We chose to specifically test highly expressed SNPs that were 

detected in the RNA-seq (Table 2). These ratios were similar to the averages 

observed in RNA-seq for all genes except Diras3, which showed a ratio 0.79, 

indicative of a marked expression bias in kidney tissue.  

 

Monoallelic expression of EIPOs 

Next we wanted to investigate, at the single cell level, whether both alleles are 

expressed at EIPOs. Using RNA-FISH we investigated the expression of Copg2, 

Igf2, Igf2r, Ube3a (imprinted in eutheria), and Wsb1 (not imprinted) in platypus 

fibroblast cells (Table 3 and Figure 2A). Overall we found that Wsb1 showed 

expression in all nuclei, while the EIPOs were expressed in lower amounts of nuceli 

(Table 3).  

 

A combination of monoallelic and biallelic expression was observed for the EIPOs 

Copg2, Igf2, and Ube3a, which all showed between 65-84% monoallelic expression, 

and 16-35% biallelic expression (Figure 2B). The Igf2r gene showed monoallelic 

expression in all cells, however, it was also expressed in very low amounts (Figure 

2B).  Interestingly, the amount of monoallelic expression observed at the EIPOs (65-

100%) was at least close to double (or higher) the amount of biallelic expression (0-

35%) observed. Conversely, at the Wsb1 non-imprinted ortholog, the expression was 

overwhelmingly biallelic (98%) (Figure 2B). T-tests confirmed that the amount of 

monoallelic expression observed at the EIPOs is significantly different to the amount 

observed at Wsb1.  
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Long-range interaction Igf2 and the Wsb1 are conserved in amniotes 

An interchromosomal interaction observed between the mouse genomic regions 

containing the imprinted Igf2 and Wsb1 loci was previously measured through DNA 

FISH to occur at a frequency of around 30-42% depending on the cell line [14]. We 

used DNA FISH Igf2 and Wsb1 BAC clones to measure whether the interaction 

between these genes occurs in platypus (Figure 3A). As a control we also measured 

the same interaction in mouse cultured skin fibroblast, so that we could compare our 

results to previous studies [14]. We measured around 19% of the Igf2-Wsb1 

interaction in mouse, which was significantly different to the amount of interaction 

measured between the non-interaction control loci (in mouse these loci contained the 

genes Mest and B3galt1), but also lower than what was observed in previous 

literature (30-42%) [14] . We found that the Igf2-Wsb1 interaction was conserved in 

platypus with 8% of the interaction occurring in platypus skin fibroblasts, and that this 

interaction was occurring in significantly higher amounts than the 0.5% average 

interaction occurring between non-interacting control loci (in platypus these loci were 

Mest and Sox1) (Figure 3).  

 

Discussion 

Differential allele expression is an indicator of cis-acting affects on expression of 

autosomal genes [12, 20, 21]. For the EIPOs tested, the lack of consensus for an 

AER bias indicates that allele expression at EIPOs occurs mainly from both alleles. 

Only three EIPOs, Mcts2, Zim1, and Diras3, as well as two non-imprinted orthologs, 

Actb and Wsb1, show ratios that indicate a significant allele expression bias in the 

RNA-seq and cDNA-seq data analysis (Table 1 and 2). Thus, in light of the RNA 

FISH evidence for partial monoallelic expression at EIPOs, these ratios suggest that 
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monoallelic expression may not be exclusive to one allele, and instead hint at 

mutually exclusive monoallelic expression from both alleles. Notably, previous 

studies on monoallelic expression and biased allele expression in humans has found 

that many monoallelically expressed genes are preferentially expressed from one 

allele, with our results suggesting that this could be a conserved characteristic across 

mammals [12]. 

 

Our observation of partial monoallelic expression of the platypus Igf2, Copg2, Igf2r 

and Ube3a genes, provides the first evidence that monoallelic expression at these 

loci pre-dates therian imprinting, with results from the transcriptome data suggesting 

that both alleles are expressed in these cells. A recent study on random monallelic 

expression in humans found that it varied across different cell-types, with some cell-

types showing strict monoallelic expression for a specific locus, whilst other cell types 

showed biallelic expression for the same locus [12]. It may be that such a random 

monoallelic expression pattern facilitates the evolution of parent-of-origin dependent 

expression in therian mammals; with the mixture of monoallelic and biallelic 

expression eventually shifting into parentally-inherited imprinted expression. Perhaps 

more importantly, the presence of partial monoallelic expression at EIPOs could 

suggest that gene dosage may have also remained more similar at these genes 

across mammalian evolution than previously thought.  

 

The conservation of the long-range interaction between the Igf2-Wsb1 genomic 

regions, from platypus to mouse (Figure 4), shows that such interactions may be 

conserved across mammalian clades. Previous research has shown that DNA-

interactions are conserved across eutherian species, with mouse and human 

interactome maps showing conservation of interaction frequency [24]. Notably, we 
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found that the Igf2-Wsb1 DNA interaction occured in a higher proportion of cells in 

mouse compared to platypus (Figure 3), indicating the interaction may have 

increased in frequency during mammalian evolution. The conservation of interactions 

at imprinted genes and their orthologs aids in explaining the conservation of other 

epigenetic characteristics, such as replication asynchrony [19], and also adds to 

evidence showing the conservation of epigenetic regulation over allele specific 

expression [25]. Future work will need to investigate the interplay of long-range DNA 

interactions in the evolution of imprinted loci and their orthologs, particularly in terms 

of asynchronous replication and monoallelic expression. 

 

Conclusion 

Here we show, for the first time, data that suggests specific genes were 

monoallelically expressed before they became imprinted. Previous work has 

suggested that imprinting evolved after the divergence of monotreme mammals. 

However, asynchronous replication, a hallmark of monoallelically expressed genes, 

is conserved in all mammalian lineages as well as birds, which display no form 

genomic imprinting. In the present work we show that another vital aspect of Igf2 

monoallelic activity, the interchromosomal interaction with the Wsb1 genomic region, 

is also conserved in monotremes. We have addressed the question of monoallelic 

expression using RNA-seq and RNA-FISH and found that while many cells express 

only one allele transcript, both alleles are present in the transcriptome.  This 

suggests that random monoallelic expression and other associated characteristics, 

including replication timing and chromosomal interaction, were established before the 

evolution of genomic imprinting in therian mammals. 
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Methods 

Tissue and RNA preparation 

Sample treatment and RNA sequencing were performed as previously described, 

with total RNA being extracted with Trizol (Invitrogen) or RNAeasy/RNAeasy 

Lipid/miRNeasy (Qiagen) column purification kits [26]. The sequencing and read-

alignment were performed using previously established protocols [26]. 

 
RNA-seq 

Mapped reads, aligning to annotated Ensembl genes, were then selected if they 

showed a heterozygous SNP, with at least two alleles at the nucleotide. Due to a 

large amount of SNPs with more than 2 alleles in the data, SNPs with more than 2 

alleles (ie. more than 2 nucleotides present at the single SNP) were discarded if they 

did not meet this requirement: where the sum of the read counts of the additional 

alleles (whether there was one or two of them, meaning that total alleles present 

would be 3 and 4 respectively) did not add up to more than 30% of the read count of 

the SNP with the second highest read-count. If the SNP did pass this requirement, 

but had more than two alleles present, the counts for the additional alleles were 

discarded, and only the counts of the two alleles of highest count were used to 

calculate the AER. AERs were calculated by dividing the allele with the highest read 

count, by the total read count observed at the SNP (for both alleles). Thus to 

minimise the effects of read-errors on observed AERs, (caused by one of the two 

alleles mapping to a single SNP with a very low read-count that was more likely due 

to read-errors during sequencing) we discarded AERs if they had values lying 

between 0.90 and 1.0. 
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RT-PCR and sequencing 

RNA was extracted at a concentration of 250-1000 ng/ul from platypus kidney 

samples, using TRIzol (Invitrogen) following the manufacturer’s instructions, then 

treated with DNase I (New England Biolabs). The RNA was then reverse transcribed 

using a SuperScript III reverse transcriptase kit (Invitrogen) according to the 

manufacturer’s instructions. Primers (see Supplementary table 3) were then 

designed to span an intron in exonic sequence for each gene (except Diras3 which 

contains no intron), and the cDNA expression was tested using the following PCR 

cycles: 4 min at 95oC; 35 cycles of: 45 sec at 95oC, 30 sec at 55oC, 2 min 20 sec at 

72oC; followed by 7 mins at 72 oC, before being stored at 4oC. The PCR products 

(and SNPs) were confirmed by sequencing, using the Big Dye Terminator version 3.1 

cycle sequencing kit (Applied Biosystems). Allele expression ratios were analysed via 

PCR using previously established methods [16], with peak values measured for each 

nucleotide at the SNP, and the allele expression ratio found by dividing the larger 

peak value by the total of both values. 

 

BAC DNA extraction, characterisation, and labelling 

Platypus BAC clones (Supplementary table 1) were purchased from the Clemson 

University Genomics Institute (CUGI), and grown following the company’s 

instructions. The Mouse BAC clones,  which correspond to the Igf2 (RP23-51J21), 

Wsb1 (RP24-256H2), Mest (RP24-211G11) and B3galt1 (RP23-346P15) genomic 

regions, were purchased from Children’s Hospital Oakland Research Institute 

(CHORI, Oakland, CA, USA) and grown following the company’s instructions. BAC 

clones were extracted using The Wizard Minipreps DNA Purification System 

(Promega). BACs were characterised as described previously [27 manuscript in 

preparation], and the platypus Ube3a BAC PCR was run with primers: For 5’-
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ACCCTCCCTCTTCATATTGAC-3’ and Rev 5’-CGTACTAGATGCTTGGGAGAG-3’. 

For a 25 ul labelling reaction: 3 μl BAC DNA (500 ng total), 5 μl of 1 μg/μl random 9-

mer primer (Geneworks), and 12.5 μl of water were incubated for 15 min at 95oC, 

and cooled on ice for 5 min, before adding 4.6 ml of  5×dNTP supplemented NEB 

buffer 2 (supplemented with a 200 μM dNTP solution containing: 100 μM dACG-TPs 

and 40 μM dTTPs), 0.4 μl SpectrumGreen/Orange fluorescent dUTPs (Abbott 

Molecular), and 0.5 μl Exo-Klenow polymerase (MO221, New England Biolabs). The 

reaction was then incubated at 37oC overnight. 

 

Tissue Culture 

Skin-derived platypus and mouse fibroblasts, were cultured in Advanced DMEM 

(12491-023, Life Technologies), and supplemented with 10% Fetal Calf Serum and 

1% L-glutamine. Fibroblasts were cultured to around passages 3-6, before they were 

removed from the flasks and grown directly on glass slides for 3-5 hours (until most 

cells had attached to the glass), directly followed by the RNA FISH experiment.  

 

RNA FISH 

RNA FISH protocol is a modified version of a previous protocol [28]. All solutions 

were prepared with DEPC-treated and autoclaved Milli-Q water. Slide preparation: 

Slides were washed in 1xPBS for 5 minutes, before being permeabilised on ice for 10 

min in freshly prepared CSK buffer (100 mM NaCl, 300 mM sucrose, 3 mM MgCl2, 10 

mM PIPES pH 6.8)/ 0.5% Triton X 100/ 2 mM Vanadyl Ribonucleoside complex 

(VRC). Slides were then fixed in freshly prepared 3% paraformaldehye/1xPBS at 

room-temperature for 10 min, washed twice in 70% ethanol, then dehydrated in an 

ethanol series (80%, 95% and 100%) for 3 min each.  The slides were then allowed 

to dry for 10 min before the BAC probes were hybridized. 
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Probe preparation: 10 ul of labelled 20 ng/μl BAC DNA (total of 200 ng of labelled 

DNA used for hybridisation of half a slide) was added to 1 μg Cot-1 suppressor, 10 

ug of Salmon Sperm, and 200 μl ice-cold 100% ethanol. The mixture precipitated for 

20 min at -80oC, centrifuged at 14,000 rpm for 30 min, before the ethanol was 

removed and the pellet left to dry for 10 min at 37oC. The probe was then denatured 

for 10 min at 80oC, placed on ice for 5 min, before 5 μl of deionized formamide was 

added and the mixture shaken for 15 min at 37oC, then 5 μl of hybridization buffer (4 

x SSC, 40% dextran sulphate, 2mg/ml BSA, 10 mM Vanadyl Ribonucleoside  

Complex) was added and the mixture was once again shaken for 15 min at 37oC. 

The probe was pre-annealed for 20 min at 37oC, before being deposited onto the 

prepared slide, sealed with rubber cement, and hybridised overnight 37oC in a humid 

chamber. 

Detection: Slides were washed 2 x 5 min in 50% formamide/2xSSC (adjusted to pH 

7.2) at 42oC, then washed 2 x 5 min in 3xSSC at 42oC. The slides were then 

counterstained with 1 μg/ml DAPI/2×SSC for 1 min, rinsed twice in 2xSSC water, 

then air dried for 30 min and mounted with Vectashield (Vector Laboratories).  

 

DNA FISH 

Slide preparation: Slides were washed 3 x 5 min in 2xSSC (until all mounting 

Vectashield was removed), then treated with 100 μg/ml RNase/2xSSC at 37oC for 30 

min, then washed again 3 x 5 min in 2xSSC. Slides were treated with 0.01% 

pepsin/10 mM HCl at 37oC for 10 min, washed 2 x 5 min in 1xPBS, and equilibrated 

in 50 mM MgCl2/1xPBS for 5 min, before being fixed in 1.3% 

Formaldehyde/1xPBS/50 mM MgCl2 for 10 min. The slides were then dehydrated for 

3 min each in an ethanol series (70%, 90% and 100%) and denatured for 2.5 min in 

70% (v/v) formamide/2×SSC at 70oC. The slides were once again dehydrated in an 
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ethanol series (as before), air-dried for 30 min, before 10 μl labelled 

BAC/formamide/hybridization mix was deposited on each half-slide, covered with a  

coverslip (18 mm x 18 mm area) and sealed with rubber cement, before being 

hybridised overnight in a water moist chamber at 37oC.  

Probe preparation: 25 ul of fluorescently labelled 20 ng/μl BAC DNA in DNA FISH 

following RNA FISH (total of 500 ng of labelled DNA used for hybridisation of half a 

slide) was added to 10 μg platypus competitor DNA (300-500 bp fragments), 50 ug of 

Salmon Sperm, and 500 μl ice-cold 100% ethanol. For probe preparation of two co-

precipitated BACs for DNA FISH 25 ul of each fluorescently labelled 20 ng/μl BAC 

DNA (total of 1000 ng of labelled DNA used for hybridisation of half a slide) was 

added to 15 μg competitor DNA (300-500 bp fragments), 50 ug of Salmon Sperm, 

and 500 μl ice-cold 100% ethanol. Probe preparation was then carried out following 

the same steps as the RNA FISH probe preparation. 

Detection: Slides were washed 3 x 5 min in 50% Formamide/2xSSC at 42oC, washed 

in 2xSSC at 42oC for 5 min, 0.1xSSC at 60oC for 5 min, and again in 2xSSC at 42oC 

for 5 min. Slides were  counterstained with 1 μg/ml DAPI/2×SSC for 1 min, rinsed 

twice in MQ water, then air dried for 1 hour and mounted with Vectashield (Vector 

Laboratories). 

 

Microscopy and Images 

Slides were visualised with a Zeiss AxioImagerZ.1 epifluorescence microscope 

equipped with a CCD camera, and images acquired using Zeiss Axiovision software. 
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List of abbreviations 

EIPO - Eutherian-imprinted platypus ortholog 

AER - Allele expression ratio 

ICR - Imprinting control region  
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Figure legends 

Figure 1: Allele expression ratio range for all platypus orthologs measured 

from RNA-seq data 

Ratios were determined for the platypus orthologs of loci that are imprinted and non-

imprinted in eutherians. This graph encompasses all of the data for every imprinted 

ortholog SNP tested, and every non-imprinted ortholog SNP tested. *p-value <0.05.  

 

 

Figure 2: Allele expression status measured by RNA FISH in platypus fibroblast 

cells 

A. RNA (top row) and DNA (bottom row) FISH experiments were carried out on the 

same nucleus to observe the amount of monoallelic or biallelic expression for each 

locus. The RNA (green) and DNA (red) FISH signals are indicated by yellow arrows. 

B. A graph of the relative amount of mono vs biallelic expression for each locus 

tested. T-tests results, testing for a significant difference observed between the 

amount of monoallelic expression observed at an EIPOs compared to Wsb1, are 

indicated by asterisk: *p-value <0.05; **p-value<0.01. 
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Figure 3: Igf2-Wsb1 long-range interaction measured in platypus by DNA FISH 

A.  An example of a long-range DNA interaction between the platypus Igf2 (green) 

and Wsb1 (red) loci as measured by DNA FISH.  Allele interaction was counted if two 

of the DNA FISH signals were observed to reside in the same plane, and touch (as 

indicated by the yellow arrow). B. An example of a non-interaction, as no FISH signal 

overlap is observed in this case for the platypus Igf2 (green) and Wsb1 (red) loci. C. 

A graph of the percentage of Igf2-Wsb1 long-range interaction, and the amount of 

interaction in a control experiment (between two genes that are not expected to 

undergo any required DNA interaction), measured in platypus and mouse skin 

cultured fibroblasts (N = 50). In platypus the non-interacting control genes were Mest 

and Sox1, and in mouse, Mest and B3galt1. *P-value <0.05; **P-value<0.01. 
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Figures  

 

Figure 1: Allele expression ratio range for all platypus orthologs measured 
from RNA-seq data 
 

 

 

 

 

 

Figure 2: Allele expression status measured by RNA FISH in platypus fibroblast 

cells 
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Figure 3: Igf2-Wsb1 long-range interaction measured in platypus by DNA FISH 
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Tables  

Table 1: Allele expression ratios in platypus for genes that have at least one 
detectable SNP 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2: Gene expression ratios as measured by cDNA-seq chromatogram 
peak intensity (PCR sequencing) 

 

 

 

 

 

 

 

 

 
 
 

Status 
Platypus 
orthologs 

No. of  
unique 
SNPs 
tested 

Avg. no. 
of 

reads/SNP 

SNP no. with 
allele 

expression 
bias one way 

only in all 
tissues 
tested 

Avg. 
allele 
ratio 

Im
p

ri
n
te

d
 i
n
 e

u
th

e
ri

a
n
s
 

Atp10a 2 28.5 NA 0.55 

Commd1 2 27.5 0 0.56 

Copg2 10 77.6 1 0.56 

Dcn 1 24 NA 0.50 

Dhcr7 5 50.9 1 0.57 

Diras3 1 89.4 0 0.57 

Dlgap2 3 38.3 NA 0.54 

Gabra5 1 43 NA 0.51 

Gatm 2 103.4 0 0.56 

Igf2r 7 42.2 1 0.55 

Impact 1 31 NA 0.52 

Kcnk9 2 18 NA 0.60 

Lrrtm1 1 36 NA 0.53 

Magel2 3 48.5 0 0.60 

Mcts2 1 48 NA 0.77 

Phlda2 1 18 NA 0.56 

Plagl1 2 17.5 NA 0.54 

Sgce 2 55.9 0 0.56 

Slc38a4 1 240 NA 0.54 

Zim1 2 30 NA 0.64 

Zrsr1 2 105.5 1 0.60 

AVERAGE IMPRINTED IN EUTHERIANS 0.57 

N
o
t 
im

p
ri

n
te

d
 i
n
 

e
u
th

e
ri

a
n
s
 

Actb 3 1587.2 2 0.62 

B2m 9 326.7 0 0.59 

Gapdh 3 643.8 0 0.58 

Hprt 1 25 NA 0.56 

Tpb 1 26.5 0 0.58 

Wsb1 2 85 1 0.62 

Yhaz 2 1584.3 0 0.58 

AVERAGE NON-IMPRINTED IN EUTHERIANS   0.59 

    
cDNA seq  RNA seq  

Gene 
status  Gene SNP 

position 
Published 

base 
Highest 

peak 
base 

Allele 
ratio 

Base 
with 
more 
reads 

Avg. 
allele 
ratio  

Im
p

ri
n
te

d
 i
n
 e

u
th

e
ri

a
n
s
  

Copg2 
G/A  

Chr10: 
5020040 

A A 0.50 A 0.56 

Diras3 
G/T  

Chr18: 
897932 

T G 0.79 T 0.57 

Igf2r 
G/A  

Ultra61: 
99114 

G G 0.52 A 0.55 

N
o
t 
im

p
ri

n
te

d
 i
n
 

e
u
th

e
ri

a
n
s
  

Actb  
T/C  

Chr2: 
24871651 

C T 0.61 T 0.62 

Wsb1 
G/A  

Ultra17: 
703706 

A G 0.54 A 0.62 
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Table 3: Number of cells with monoallelic expression in platypus fibroblast line 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Gene status Gene 
% cells with 

one RNA-FISH 
signal 

N 

Imprinted in 
eutherians 

Copg2 35% 48 

Igf2 24% 50 

Igf2r 4% 50 

Ube3a 30% 47 

Not imprinted in 
eutherians 

Wsb1 100% 51 
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Supplemental Material 
 
 

 

Supplementary Figure 1: Chromatograms of SNPs detected in cDNA-seq  

Genes with SNPs tested in cDNA-seq are labelled accordingly. Black arrows point to 

the chromatogram signal that corresponds to the SNP. AERs were measured from 

the cDNA-seq chromatograms, where relative nucleotide intensities at the SNP were 

measured to determine the expression level of each allele. 
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Supplementary table 1: Information about genes used in this study 

M - maternally imprinted gene (paternal allele expressed); P - paternally imprinted gene (maternal 
allele expressed); HSA - Human, MUS - Mouse, OV – Pig. Locus and species imprinting information 
from Morison IM, Ramsay JP and Spencer HG [29]. 
 
 

Gene 
Ensembl/EMBL 

annotation 
Protein Name or Description 

Platypus  
chromosome/contig 

region 
Platypus BAC 

Imprinted 
allele in 

eutherians 

Atp10a ENSOANG00000009526 ATPase, Class V Ultra292,  95.2 Kb - P
 HSA

 

Commd1 ENSOANG00000012420 Copper metabolism gene Murr1 Ultra56, 4.47 Mb - P
MUS

 

Copg2 ENSOANG00000011471 Coatomer protein complex subunit Chr.10p, 5.01 Mb Oo_Bb-59D5 P
HSA

, M
MUS

 

Dcn ENSOANG00000006630 Proteoglycan Ultra443, 10.3 Mb - P
MUS

 

Dhcr7 ENSOANG00000011295 7-dehydrocholesterol reductase Chr.3p, 7.06 Mb - P
MUS

 

Diras3 ENSOANG00000007765 Ras homolog Chr.18q, 897 Kb - M
OV

 

Dlgap2 ENSOANG00000014126 
Membrane associated guanylate 

kinase 
Chr.X1p, 9.06 Mb - M

 HSA

 

Gabra5 ENSOANG00000009524 Gamma-aminobutyric acid receptor Ultra292, 416 Kb - M
 HSA

 

Gatm ENSOANG00000006872 Glycine amidinotransferase Chr.2p, 1.67 Mb - P
MUS

 

Igf2 AF225876.2 Insulin-like growth factor 2 Contig27935, 2.5 Kb Oa_Bb-349H20 P
 HSA & MUS

 

Igf2r ENSOANG00000007296 Insulin-like growth factor receptor 2 Ultra61, 137 Kb Oo_Bb-300J22 P
 HSA & MUS

 

Impact ENSOANG00000006577 Imprinted and ancient Contig20839, 9.66 Kb - M
MUS & RAT

 

Kcnk9 ENSOANG00000007121 Potassium channel Chr.4p, 5.73 Mb - P
 HSA & MUS

 

Lrrtm1 ENSOANG00000002561 leucine rich repeat transmembrane Contig8748, 0.96 Kb - M
 HSA

 

Magel2 ENSOANG00000020339 MAGE-like protein Ultra403, 645 Kb - M
 HSA & MUS

 

Mcts2 ENSOANG00000002577 RNA binding protein Ultra390, 611 Kb - M
 HSA & MUS

 

Mest ENSOANG00000011469 Alpha/beta hydrolase fold family Chr.10p, 5.01 Mb Oo_Bb-491E23 M
 HSA & MUS

 

Phlda2 ENSOANG00000010715 Pleckstrin homology-like domain Contig17670, 0.53 Kb - P
 HSA & MUS

 

Plagl1 ENSOANG00000014866 Zinc finger protein Chr.2p, 17.2 Mb - M
 HSA, MUS & 

OV

 

Sgce ENSOANG00000004259 Sarcoglycan, epsilon Contig1947, 60.6 Kb - M
 HSA & MUS

 

Slc38a ENSOANG00000006348 Amino acid transporter Chr.2q, 53.5 Mb - M
 MUS

 

Ube3a ENSOANG00000007102 Ubiquitin protein ligase Congtig13421, 16.0 Kb Oa_Bb-358D20 P
 HSA & MUS

 

Zim1 ENSOANG00000004401 Zinc finger protein Contig1021, 271 Kb - P
MUS

 

Zrsr1 ENSOANG00000002571 
U2 small nuclear RNP auxiliary 

factor 
Ultra462, 8.48 Mb - M

 MUS

 

Actb ENSOANG00000007716 Beta-actin Chr.2p, 24.8 Mb - - 

B2m ENSOANG00000001539 Beta-2-microglobulin Contig3082, 40.0 Kb - - 

Gapdh ENSOANG00000004492 
Glyceraldehyde-3-phosphate 

dehydrogenase 
Ultra687, 3.0 Kb - - 

Hprt ENSOANG00000011689 
Hypoxanthine 

phosphoribosyltransferase 1 
Chr.6p, 8.42 Mb - - 

Sox1 ENSOANG00000011188 Sox-1 transcription factor Contig126960, 0.20 Kb Oa_Bb-117J7 - 

Tpb ENSOANG00000012858 TATA box binding protein Contig11766, 12.6 Kb - - 

Wsb1 ENSOANG00000005668 
WD repeat and SOCS box 

containing 1 
Ultra17, 703 Kb Oa_Bb-155A12 - 

Ywhaz ENSOANG00000007305 
Tyrosine 3-

monooxygenase/tryptophan 5- 
Ultra432, 916 Kb - - 
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Supplementary Table 2: AERs measured through RNA-seq in individual tissues  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

E – expression measured in the tissue (but no observable SNP/data not deep enough for analysis). A 
dash (-) represents no measured expression in that tissue. 
 
 
 
 
 
 
 
 
 
 
 
 

Status Gene Brain Cerebellum Fibroblast Heart Kidney Liver Ovary Testis 

Im
p
ri
n
te

d
 i
n
 e

u
th

e
ri
a
n
s
 

Atp10a 0.54 0.55 - - - - E E 

Commd1 0.54 E 0.58 0.57 0.56 E E 0.57 

Copg2 0.56 0.55 0.56 E E E E 0.56 

Dcn E E E E E E E 0.50 

Dhcr7 0.53 E 0.53 E E 0.64 0.56 0.61 

Diras3 0.57 E 0.60 E - - 0.51 E 

Dlgap2 0.54 E - - - - E - 

Gabra5 0.51 E E - - - - E 

Gatm E 0.59 E E 0.56 0.55 E 0.56 

Igf2r 0.54 0.54 0.57 E 0.57 E 0.55 0.53 

Impact E E E E E E E 0.52 

Kcnk9 E 0.60 - E E E E E 

Lrrtm1 0.53 E E E - - - - 

Magel2 0.60 0.62 0.59 0.70 0.58 E 0.58 0.54 

Mcts2 E E E E E E E 0.77 

Phlda2 - - 0.56 - E E E - 

Plagl1 E - E E E E E 0.54 

Sgce 0.57 0.52 0.63 E E E E 0.54 

Slc38a4 E - - - - 0.54 - E 

Zim1 E 0.64 E E E E E E 

Zrsr1 0.52 E 0.60 E E E 0.62 0.60 

 
AVERAGE 

for 
TISSUE 

0.55 0.58 0.58 0.63 0.57 0.57 0.56 0.57 

N
o
t 

im
p
ri
n
te

d
 i
n
 

e
u
th

e
ri
a
n
s
 

Actb 0.67 0.54 0.55 E 0.67 0.78 E 0.55 

B2m 0.54 0.54 0.58 0.59 0.54 0.57 0.73 0.56 

Gapdh 0.52 0.55 0.53 0.64 0.64 0.61 0.60 0.60 

Hprt 0.56 E E E E E E E 

Tpb E E E E E E E 0.58 

Wsb1 0.71 E 0.62 0.50 E 0.50 0.71 0.68 

Ywhaz 0.55 0.59 0.61 0.50 0.60 0.56 0.73 0.54 

 
AVERAGE 

for 
TISSUE 

0.59 0.55 0.58 0.56 0.61 0.60 0.69 0.58 
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Supplementary Table 3: Primers for SNP-detection in platypus tissue cDNA-
libraries, and fragment sizes  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Gene 
SNP position 

(Ensembl) 
Forward 5’-3’ Reverse 5’-3’ 

Tm 
o
C 

DNA 
bp 

RNA 
bp 

Copg2 
Chr10:5020040 ATTCGTCATCGTATCCATCC AGGGACCTGTTACACTCTTG 54 702 143 

Diras3 
Chr18:897932 TTCTTGCCATCGACCTGTAG GCCTTCATCCTGGTCTACTC 55 302 302 

Igf2r 
Ultra61:99114 TTCCCTCTCCATTCCTTCTG TGATGCACAAGATCACGAAC 55 2045 431 

Actb 
Chr2:24871651 ATCCGTAAGGACCTGTATGC CCGGACTCATCGTACTCTTG 55 420 233 

Wsb1 
Ultra17:703706 GTGAGATCACGGACTATAGGA ATTGGTGACATTCTTGGTGG 54 758 204 
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CHAPTER 5: Conclusion 

 

Chapter Overview 

Replication timing, chromatin interaction and chromosome condensation are an 

integral part of genome biology and signatures of gene activity. Work presented in 

this thesis reveals novel insights into the evolution of these aspects of genome 

biology. The results are relevant to our understanding of the evolution of X 

chromosome inactivation and genomic imprinting. The first area of research 

investigates the asynchronous replication of sex-specific loci in the platypus and 

chicken, and also differential chromosome condensation at platypus homologs, to 

address unanswered questions in regards to sex chromosome inactivation in these 

species. The second area of research looks at eutherian imprinted orthologs in 

platypus, and how their observed characteristics, such as asynchronous replication, 

conserved replication-timing entry into S-phase, long-range DNA interactions, and 

partial monoallelic expression, help piece together the unique evolution of the 

epigenetic changes that affect the activity of these genes. These results lead to an 

alternative hypothesis about the evolution of autosomal monoallelic expression and 

genomic imprinting. Finally, I discuss the current limitations of the study and the 

future directions of the research. 
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PART 1: The evolution of platypus and chicken sex chromosomes: the 

conservation of asynchronous replication and other epigenetic characteristics 

 

Summary of results 

Asynchronous replication of sex-specific regions in platypus and chicken 

Asynchronous replication occurs at sex-linked loci in the non-therian amniote species 

of platypus and chicken (Ho et al. 2009; Wright and Grutzner 2014 manuscript in 

revision). In platypus females, only loci within the X-specific regions underwent 

asynchronous replication (Ho et al. 2009) (Table 1). In male birds, locus-specific 

asynchronous replication was observed to be dynamic across development at 

specific Z-borne loci (Wright and Grutzner 2014 manuscript in revision). The DMRT1 

region on the chicken Z-chromosome, however, replicated synchronously in males 

across development (Table 1).  

 

Platypus X-chromosome condensation 

Out of the X1, X3, and X5 homologous pairs of X-chromosomes measured in female 

platypus fibroblast cells, differential chromosome condensation was only observed at 

the X3 homologues (Ho et al. 2009). A statistically significant difference in size (p = 

0.002) was measured for the platypus X3 homologues, whilst the other homologous 

pairs, X1 and X5, showed no statistical difference in size  (Ho et al. 2009). 

 

Discussion 

Sex-chromosome inactivation in platypus and chicken  

Monotremes feature a complex sex chromosome system with homology to chicken 

sex chromosomes (Grutzner et al. 2004). This raises questions about existence of 
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chromosome wide inactivation in monotremes, which is observed in other mammals 

but not birds. Replication asynchrony and chromosome condensation were used to 

address this in platypus. Previous chromosome replication banding-studies have 

shown that both female monotremes and male (ZZ) chickens appear to show no 

asynchronous replication at the chromosome-wide level (Wrigley and Graves 1988; 

Schmid et al. 1989). However, on the gene and region specific level this research 

has shown that locus-specific asynchronous replication is observed to occur on X- 

and Z-chromosomes (Wright and Grutzner 2014 manuscript in revision; Wright et al. 

2014b manuscript in preparation). Interestingly, only one  Z-specific region measured 

in this study remained synchronously replicating across development, and contained 

the DMRT1 gene (Wright and Grutzner 2014 manuscript in revision). DMRT1 gene 

expression in male chicken is about twice as high as in female chicken, and there is 

evidence suggesting that this gene may undergo a form of RNA-mediated silencing 

in females, a mechanism akin to eutherian Xist and marsupial Rsx RNA-mediated X-

chromosome silencing (Brown et al. 1991; Raymond et al. 1999; Teranishi et al. 

2001; Grant et al. 2012). Thus, the sex-specific dosage effect observed for DMRT1, 

where the homogametic males display twice the amount of expression compared to 

heterogametic females, correlates with synchronous replication of this region in 

males.  

The results in platypus and chicken support previous gene expression profiling 

studies, which show region-specific expression changes on the X- and Z-

chromosomes (Arnold et al. 2008; Julien et al. 2012). In therian females, the vast 

majority of X-specific loci are observed to asynchronously replicate, with the 

expressed allele replicating earlier than the X-inactivated silenced allele (Boggs and 

Chinault 1994; Gribnau et al. 2005; Dutta et al. 2009). The few genes on the 
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eutherian X-chromosome that do escape the X-inactivation process tend to replicate 

synchronously (Boggs and Chinault 1994). In platypus and chicken there is a partial 

upregulation of  the expression of some genes on the sex chromosomes of the 

heterogametic sex, which explains why no chromosome-wide inactivation 

mechanisms appear to exist in the homogametic sex (Julien et al. 2012).  However, 

some X-borne genes that are monoallelically expressed in platypus females indicate 

that inhibitory expression mechanisms, which contribute to gene dosage, exist at the 

gene-specific level in this species (Deakin et al. 2008; Julien et al. 2012).   

 

The presence of differential chromosome condensation in monotremes, observed at 

the platypus X3 homologues, indicates heterochromatisation of large parts of one of 

the X3 homologs (Ho et al. 2009). X-chromosome condensation and inactivation, 

which occurs in therian female somatic cells, is a key aspect of the dosage-

compensation mechanism. A heterochromatised condensed chromosome, coinciding 

with epigenetic transcriptional silencing for dosage compensation purposes and late 

S-phase replication, are hallmarks of the silent X-homolog in therians (Sharman 

1971; Latt 1973; Takagi and Martin 1984; Al Nadaf et al. 2010; Julien et al. 2012). 

However, the presence of differentially condensed chromosome for X3 of the three 

(X1, X3 and X5) homologous pairs tested, also suggests that the presence of 

expression inhibitory effects may be region-specific in the platypus.  

 

Overall, the presence of asynchronous replication, monoallelic expression and 

chromosome condensation, on female platypus X-chromosomes, indicate that the 

platypus mechanisms governing X chromosome inactivation may be similar to those 

in therians, except they are region-specific and not chromosome-wide (Deakin et al. 

2008; Ho et al. 2009). Previous studies have indicated that dosage compensatory 
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mechanisms appear to be at work at most female platypus X-specific genes (Julien 

et al. 2012), however, very few genes have been mapped to the platypus X3 

chromosome, meaning that their expression pattern still remains elusive. However, 

chromosome condensation results suggest their expression may be quite different to 

the genes on other well-studied sex chromosomes, such as X1. 

 

Table 1: Overview of Asynchronous replication profiles of specific loci 
measured through FISH dot-assay in amniote species 

 ND – no data exists. MUS – measured in mouse; HSA – measured in human. Areas in grey represent findings from work done in this thesis. 
Table adapted from Wright and Grutzner 2011. 
 

 

Gene 

Category 

Placentals Monotremes (Platypus) Birds (Chicken) 

Gene/ 

Region 
% SD N Ref. 

Gene/ 

Region 
% SD N Ref.  % SD N Ref. 

Sex  

specific 

regions 

Xist 39% Mus 138 

(Gribnau et 

al. 2005) 

Ogn 22% 587 

(Ho et al. 

2009) 

DMRT1 19% 200 
(Wright 

and 

Grutzner 

2014 

manuscri

pt in 

revision) 

Mecp2 33% Mus 108 Apc 29% 420 GPR98 25.5% 200 

Smcx 38% Mus 157 

X5q 

(UltraCon

tig304 

1.9Mb) 

28% 493 PALM2 32% 200 

Eutherian 

imprinted 

genes and 

their 

orthologs 

Igf2 23% Mus >100 (Kitsberg et 

al. 1993) 

 

Igf2 38% 339 (Wright 

et al. 

2014b 

manuscri

pt in 

preparati

on) 

IGF2 25% 258 

(Dünzinge

r et al. 

2005) 

Igf2R 35% Mus >100 Igf2R 36% 251 IGF2R 22% 279 

MEST/ 

COPG2 
25% HSA >200 

(Bentley et 

al. 2003) 

Mest/ 

Copg2 
39% 240 

MEST/ 

COPG2 
18% 299 

Allelic 

exclusion 

TCRβ 46% Mus 100-300 

(Mostoslav

sky et al. 

2001) 

ND 

B-cell 

receptor 

(κ) 

48% Mus 100-300 

IL-2 68% Mus 100 
(Hollander 

et al. 1998) 

Olfactory 

receptor 
31% Mus > 99 

(Simon et 

al. 1999) 

Auto-

somal 

genes 

(biallelic) 

α globin 17% Mus 131 
(Gribnau et 

al. 2005) 

Wsb1 26% 339 

(Wright 

et al. 

2014b 

manuscri

pt in 

preparati

on) 

WSB1 26% 257 

(Wright 

and 

Grutzner 

2014 

manuscri

pt in 

revision) 

L23mrp 13% Mus 135 Sox1 25% 328 GAPDH 10% 267 (Dünzinge

r et al. 

2005) CFTR 10% HSA >200 
(Bentley et 

al. 2003) 
Insm1 9% 431 

(Ho et al. 

2009) 
SLC6A8 4% 274 
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While mammalian clades appear to share some characteristics that coincide with X-

inactivation, other parts of the X-inactivation mechanism are not shared. For 

example, individual therian lineages have evolved their own mechanisms for 

controlling chromosome-wide dosage-compensation, with lineage specific long non-

coding RNAs, such as eutherian Xist and marsupial Rsx, playing roles in the X-

inactivation process in their respective clades (Brown et al. 1991; Grant et al. 2012).  

 

Implications of the research 

The observation that asynchronous replication corresponds to X-inactivated and 

dosage-compensated regions in therians, suggests that the presence of locus-

specific asynchronous replication could reflect regional inactivation effects at specific 

loci in the homogametic sexes of platypus and chicken. The presence of 

asynchronous replication of X-borne platypus genes and Z-borne chicken genes 

indicates that this characteristic is not specific to the X-chromosomes of therian 

mammals (Ho et al. 2009; Wright and Grutzner 2014 manuscript in revision). 

Replication asynchrony is known to be characteristic of monoallelically expressed 

regions in eutherians, and this also appears to be true in platypus (Deakin et al. 

2008; Ho et al. 2009). Thus, the locus-specific presence of asynchronous replication 

at sex-borne genes in chicken likely represents a conserved sex-chromosome 

inactivation process, perhaps also resulting in monoallelic expression (Gimelbrant 

and Chess 2006).  
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PART 2: Platypus imprinted orthologs: the conservation of asynchronous 

replication, s-phase entry timing, monoallelic expression, and long-range 

interaction 

 

Summary of results 

Asynchronous replication and replication timeline of S-phase entry of imprinted 

genes and their orthologs 

This study has shown, for the first time, that the asynchronously replicating 

characteristic of genes that undergo imprinting is conserved in monotreme orthologs, 

which lack imprinting. The eutherian imprinted orthologs (EIOs) in platypus, Igf2, 

Igf2R, and Mest, were observed to asynchronously replicate (Wright et al. 2014b 

manuscript in preparation) (Table 1). The EIO, Wt1, in platypus did not 

asynchronously replicate. This confirms and extends previous work which showed 

the conservation of ansynchronous replication between therian mammals and birds 

(Dünzinger et al. 2005; Wright et al. 2014b manuscript in preparation) (Table 1). 

In addition, this research has shown, for the first time, that the four EIOs in platypus 

and chicken, and their corresponding eutherian imprinted genes in mouse, 

underwent S-phase entry in relatively the same order (i.e. Wt1, Mest, Igf2R, and Igf2) 

(Wright et al. 2014b manuscript in preparation).  

 

Allele expression ratios and monoallelic expression of imprinted orthologs in the 

platypus 

Allele expression ratio (AER) measurements through RNA-seq revealed that 6 out of 

21 platypus EIOs, and 5 out of 7 platypus control genes had AERs above 0.6, 

indicative of differential cis-regulatory effects at each allele (Wright et al. 2014a 
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manuscript in preparation). The cDNA seq measurements for AER were much the 

same as the RNA-seq, with only one in four EIOs possessing an AER above 0.6, and 

only one control gene, Actb, possessing an AER above 0.6 (Wright et al. 2014a 

manuscript in preparation). Overall, the RNA and cDNA-seq results suggest that very 

few platypus genes had allele-specific cis-regulatory effects. 

The RNA-FISH results indicated that monoallelic expression occurred at the platypus 

EIOs: Copg2, Igf2, Igf2R and Ube3a. All four genes displayed between 65-100% 

monoallelic expression and between 0-35% biallelic expression (note that this total is 

out of cells which were showing expression) (Table 2). 

 

 

Table 2: Monoallelic expression measured in different species through RNA 
FISH 

Gene Status 
Eutherians Marsupials 

Monotremes 

(Platypus) 

Birds 

(Chicken) 

% Reference % Reference % Reference % Reference 

Sex chromosome 

loci (measured in 

homogametic sex) 

19-99% 

 

(Al Nadaf et 

al. 2012) 

94-99% 

 

(Al Nadaf et 

al. 2010) 

16-80% 

 

(Deakin et al. 

2008) 

16-25% 

 

(Kuroda et al. 

2001) 

Imprinted and 

imprinted 

ortholog loci 

47-79% 

 

(Kohda et al. 

2001; Herzing 

et al. 2002) 

77.7% 
(Lawton et al. 

2008) 

65-100% 

 

(Wright et al. 

2014a 

manuscript in 

preparation) 

ND 

Allelic exclusion 

loci 
30-60% 

(Gendrel et 

al. 2014) 
ND ND ND 

Autosomal 

(biallelic) 

loci 

0-20% 

 

(Al Nadaf et 

al. 2012; 

Gendrel et al. 

2014) 

0% 

approx 

 

(Al Nadaf et 

al. 2010) 

3-4% 

 

(Deakin et al. 

2008) 

15% 

 

(Kuroda et al. 

2001) 

ND – no data exists. Areas in grey represent findings from work done in this thesis. 
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Conserved long-range DNA interaction between Igf2 and Wsb1 in amniotes 

We found that the platypus had a conserved interaction between the Igf2 and Wsb1 

regions, with the interaction occurring in around 8.11% of nuclei, which was  

significantly different to the non-interaction control (0.50%). The interaction was 

previously characterised in mouse, so as a control we also tested this interaction in 

mouse fibroblasts, and found that the interaction occurred in around 19% of nuclei 

(which was significantly different to the non-interaction control amount of 0.67%). 

Notably, this was a reduction in the amount of interaction observed in mouse 

fibroblasts compared to the previous study, which observed around 30-42% 

interaction (Ling et al. 2006). 

 

Discussion 

Replication asynchrony, replication timing, and monoallelic expression at platypus 

orthologs of imprinted genes 

This research has shown that replication asynchrony and monoallelic expression are 

both conserved characteristics at imprinted orthologs in platypus (Wright et al. 2014a 

manuscript in preparation; Wright et al. 2014b manuscript in preparation). The 

asynchronous replication result in platypus makes sense in light of the finding that 

some imprinted orthologs in the platypus undergo amounts of monoallelic 

expression, with previous studies in eutherians using the asynchronously replicating 

characteristic as a marker for monoallelic expression (Gimelbrant and Chess 2006). 

However, if the conserved presence of asynchronous replication is a marker for (at 

least) partial monoallelic expression at these loci in amniotes, it is intriguing to 

speculate as to why they have evolved to express in this manner in the first place.  
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There is evidence to show that ncRNAs aid in the establishment of differential 

histone marks at eutherian imprinted loci. For example, the human KCNQ1OT1 

ncRNA associates with imprinted genes from the KCNQ1 cluster, and mouse Air 

ncRNA expression plays a role in the imprinted expression of the insulin-like growth 

factor receptor (Igf2r) gene (Murakami et al., 2007; Yamasaki et al., 2005). Generally, 

the ncRNA association leads to recruitment of histone modifiers at the inactive allele, 

including methyltransferases, which aid in the establishment of differential chromatin 

environments at the alleles of the ncRNA-associated genes (Delaval and Feil, 2004; 

Terranova et al., 2008; Yamasaki et al., 2005; reviewed in Zakharova et al. 2009). 

However, marsupials do not appear to require ncRNAs in the establishment of 

imprinting at a locus (Weidman et al., 2006), suggesting that this silencing 

mechanism may have only evolved in eutherian mammals. 

Replication asynchrony is not random for imprinted genes, and is determined in a 

parent of origin specific manner, unlike random monoallelically expressed genes 

(Simon et al. 1999). This asynchronous replication timing pattern is established in the 

gametes for each individual imprinted locus, and is upheld throughout development 

(Simon et al. 1999). In terms of the relationship between early/late allele replication 

and imprinted expression, it is generally accepted that the expressed allele is 

replicated earlier during S-phase than the silenced allele at imprinted genes (Greally 

et al. 1998; Zakharova et al. 2009). The amount of asynchronous replication that we 

observed at platypus imprinted orthologs is compared to therian imprinted genes and 

chicken orthologs in Table 2, and generally reflects the amount observed at other 

monoallelically expressed genes. It is understood that the differential methylation 

pattern, that guides the parentally-determined expression pattern at imprinted loci, is 

not required to set up asynchronous replication at these loci (Gribnau et al. 2003). In 
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fact, there is evidence to show that DNA-binding proteins, akin to that observed for 

the random monoallelic expressed genes, are controlling replication asynchrony at 

imprinted loci (Bergstrom et al. 2007).  

The presence of the conserved interaction between the Igf2 and Wsb1 regions in 

platypus and mouse, indicates that interactome maps in mammals may be more 

conserved than previously thought (Wright et al. 2014a manuscript in preparation). A 

recent genome-wide study performed in mouse and human has shown a 

conservation of replication timing and chromatin interaction for orthologous regions 

between the species, with late replicating regions displaying a higher amount of 

interaction (Ryba et al. 2010). The conserved S-phase entry replication timing, 

observed at the eutherian imprinted genes Igf2, Igf2R, Wt1 and Mest in mouse, and 

their orthologs in platypus and chicken, may therefore reflect the presence of 

conserved long-range DNA interactions in amniotes. Furthermore, there is evidence 

to suggest that DNA-binding proteins which mediate long-range interactions also 

control replication asynchrony at a locus (Bergstrom et al. 2007). The CTCF protein, 

which interacts with a region adjacent to the Igf2 locus in mouse, mediates the DNA 

interaction between Igf2 and Wsb1, and is also known to control asynchronous 

replication in this region (Ling et al. 2006; Bergstrom et al. 2007). Thus, the 

conserved presence of long-range interactions at imprinted genes, and their 

orthologous regions in other amniotes, may explain the conservation of 

asynchronous replication at these genomic regions.  
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A theory on the evolution of monoallelic expression in amniotes 

There is much evidence to support the theory that monoallelic expression did in fact 

arise due to the presence of pre-existing regulatory mechanisms, such as long-range 

interactions, in specific clustered regions of the amniote ancestral genome. Firstly, 

imprinted orthologs in monotremes show an amount of monoallelic expression, 

combined with biallelic expression, indicating that differential cis-regulation at the 

alleles of these genes was present before imprinting evolved (Wright et al. 2014a 

manuscript in preparation). Secondly, regulatory elements that mediate long-range 

DNA interactions, such as LCRs and ICRs, are conserved in amniote species with 

and without imprinting (Weidman et al. 2004; Paulsen et al. 2005). Thirdly, the 

presence of asynchronous replication and conserved S-phase entry replication timing 

at imprinted genes and their orthologs, suggests that DNA interactions at these 

regions may be highly conserved in amniotes (Dünzinger et al. 2005; Ryba et al. 

2010; Wright et al. 2014a manuscript in preparation; Wright et al. 2014b manuscript 

in preparation). Fourthly, the linked arrangement of imprinted genes, and their non-

imprinted paralogs, to other imprinted clusters, indicates that these genes were likely 

previously organised in ‘pre-imprinted’ clusters present only on one or a few 

chromosomes in the common ancestor  (Walter and Paulsen 2003). This theory also 

coincides with the observation that conserved clustered arrangements of imprinted 

orthologs exist in bird species, and that general clustering is observed at many 

autosomal random monoallelically expressed genes in eutherians (Young et al. 2002; 

Dünzinger et al. 2005; Gimelbrant and Chess 2006). Duplication, transposition, and 

translocation events would have spread genes from these ancestral clusters 

throughout the genome, and may have caused them to acquire new expression 

control mechanisms in their new positions. 
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A recent study has shown that imprinted expression of a non-imprinted Hox cluster 

transgene occurred after the transgene underwent genomic insertion in a position-

dependent manner (Lonfat et al. 2013). The imprinted transgene had established cis-

regulatory long-range contacts with a nearby locus in its new genomic position, 

indicating that this process may have helped to establish genomic imprinting at the 

inserted transgene (Lonfat et al. 2013). Notably, highly conserved and biallelicly 

expressed Hox cluster genes undergo multiple chromatin interactions as part of their 

normal regulatory network (Table 3), much like those observed at imprinted and 

random monoallelically expressed gene clusters (Fraser et al. 2009; Ferraiuolo et al. 

2010; Wang et al. 2011). Thus, it is feasible to assume that the Hox transgene in the 

study already possessed some of the regulatory elements required to mediate long-

range DNA interactions. If the clustered ancestral orthologs of imprinted genes also 

underwent many long-range DNA interactions as part of their expression control 

mechanism, perhaps it was the breaking-up of clusters, and subsequent insertions 

into new genomic regions, that lead to the ‘pre-imprinted’ monoallelic expression that 

we observe at platypus imprinted orthologs today. Notably, many imprinted genes 

are still found in clusters in birds and mammals, and thus it is interesting to speculate 

as to whether the insertion of a smaller cluster (and not an individual gene) would 

lead to a ‘halfway’ monoallelically expressing state and not full imprinted expression. 

Furthermore, unlike eutherian monoallelically expressed genes, Hox cluster genes 

are resistant to tandem duplication and transposable element (TE) insertions, such 

as short and long interspersed elements (SINEs and LINEs respectively) (Kim et al. 

2000; Wagner et al. 2003; Simons et al. 2006) (Table 3). Whilst TE insertions could 

seriously jeopardise the imperative cis-regulatory elements at collinearly arranged 

gene groups, such as the Hox cluster, it has previously been speculated that they 
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Table 3: Characteristics of autosomal monoallelically expressed and biallelicly 
expressed Hox cluster genes 

Areas in grey represent fields to which some findings from this thesis have contributed. 

 

 

Characteristic Random monoallelic genes Imprinted genes Hox cluster genes 

Expression Monoallelic Monoallelic Biallelic 

Gene status 

examples 

Olfactory 

Receptors and 

T and B cell 

receptors 

(Godfrey et al. 

2004; Malnic et 

al. 2004) 

Beckwidth 

Wideman 

region, 

Prader-Willi/ 

Angelman 

locus 

(Paulsen et al. 

2005; reviewed in 

Kantor et al. 2006) 

Hox clusters 
(reviewed in 

Duboule 1998) 

Large scale 

regional 

duplication 

events 

Yes 

 

(Amadou et al. 

2003; reviewed 

in Market and 

Papavasiliou 

2003) 

Yes 
(Walter and 

Paulsen 2003) 
Yes (Wagner et al. 2003) 

Tandem gene 

duplication 
Yes 

(Amadou et al. 

2003; Gimelbrant 

and Chess 2006; 

reviewed in 

Kambere and 

Lane 2007) 

Yes 
(Olinski et al. 2006; 

Rapkins et al. 2006) 
No (Wagner et al. 2003) 

Conserved gene 

order and 

intergenic 

distances 

(collinearity) 

No 

(Godfrey et al. 

2004; Malnic et 

al. 2004) 

No 
(Walter and 

Paulsen 2003) 
Yes 

(reviewed in 

Duboule 1998) 

LINE insertions 

(compared to 

autosomal 

biallelicly 

expressed genes) 

Increased 

around 

majority 

(Allen et al. 2003) 

Increased 

around  

majority 

(Allen et al. 2003) Depleted 

(Kim et al. 2000; 

reviewed in Wagner 

et al. 2003; Simons 

et al. 2006) 

SINE insertion 

(compared to 

autosomal 

biallelic 

expressed genes) 

Depleted 

around 

majority 

(Allen et al. 2003) 

Depleted 

around  

majority 

(Greally 2002; Allen 

et al. 2003) 
Depleted 

(Kim et al. 2000; 

reviewed in Wagner 

et al. 2003; Simons 

et al. 2006) 

Long-range 

interactions 
Yes 

(reviewed in 

Jhunjhunwala et 

al. 2009; Ribeiro 

de Almeida et al. 

2012) 

Yes 

(Kurukuti et al. 

2006; Ling et al. 

2006; Zhao et al. 

2006; Rabinovitz et 

al. 2012; Wright et 

al. 2014a 

manuscript in 

preparation) 

Yes 

(reviewed in 

Ferraiuolo et al. 

2010; Montavon and 

Duboule 2013) 
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may also act as an adaptive force in expression control at other, more dynamic, 

regions of the genome, such as at imprinted clusters (Feschotte 2008). Thus, it is 

likely that ancestral regional duplication and TE insertions have also shaped the ‘pre-

imprinted’ and imprinted status of certain genes, with research indicating that both 

events have aided in the evolution of monoallelic and imprinted expression that we 

observe in amniote genomes today (Barlow 1993; Ono et al. 2001; Walter and 

Paulsen 2003; Feschotte 2008; Pask et al. 2009).  

 

Implications of the research 

Previous theories have stipulated TE insertions around imprinted genes could cause 

them to become imprinted (Barlow 1993; McDonald et al. 2005), however, they do 

not take into account the evidence that suggests clustered cis-regulatory chromatin 

interactions may also play a role in the final imprinted adaption of these genes. This 

work, in combination with other current research, allows a new model to be purported 

for the evolution of random monoallelic and imprinted gene evolution. The ‘pre-

imprinted’ status at imprinted orthologs in earlier diverged amniotes most likely 

reflects the presence of regional cis-regulation, in the form of chromatin environment 

and interaction, and has played a role in the movement and adaption of 

monoallelically expressed genes, with particular TE insertions and tandem 

duplications aiding in the creation of new cis-regulatory mechanisms. The final 

imprinting step for some loci may be mediated by the pre-existing regional cis-

regulation, with the adaptive selection of new and favourable maternal or paternal 

allele-specific regional cis-regulatory interactions that driving the evolution of 

favourable parentally-inherited imprinted interactions.   
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Limitations of this study 

The cytogenetic approach taken in this study has allowed us to measure replication 

and expression at the single-nucleus level, and thus is a powerful tool when studying 

monoallelic and biallelic expression occurring in mutually exclusive states. We have 

combined this cytogenetic approach with some molecular technologies, including 

RNA-seq, in order to get an overall picture of what locus-specific and allele-specific 

expression levels are present within certain tissues. However, in the platypus it is 

particularly hard to assess the expression of imprinted genes, not only because of 

observed mutually exclusive mono- and biallelic expression status, but also because 

of the type of tissues available (i.e. from adult animals). Many imprinted genes are 

expressed in high levels during fetal development, and expression often reduces 

post-birth, making expression studies (with a large subset of imprinted orthologs) 

difficult.  

Furthermore, there are still limitations to the platypus genome build. Whilst the 

assembly has improved over the course of this research, there are still many areas of 

the platypus genome that remain elusive, in terms of both sequenced content and 

syntenic alignment. This limited the investigation of allele specific expression in the 

available deep sequencing datasets. It also limited our ability to perform chromosome 

confirmation capture in the platypus, and so we decided to use a cytogenetic 

approach as an initial way to measure the conservation of long-range interactions in 

mammalian clades. 
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Future Directions 

This study has successfully identified the presence of asynchronous replication at 

specific sex-borne genes in platypus and chicken, showing that this is not just a 

characteristic of loci on therian female sex-chromosomes, but a characteristic of loci 

on amniote sex chromosomes. As an extension of this research, it would be relevant 

to cytogenetically study the expression status of individual sex-borne loci on the male 

chicken Z-chromosome, to see if mutually exclusive monoallelic and biallelic 

expression occurs, akin to what occurs at loci on the platypus female sex 

chromosomes (Deakin et al. 2008). Future findings on the expression status of 

chicken Z-borne loci will aid in theories about the dosage compensatory processes 

witnessed at amniote sex chromosomes.  

Furthermore, it would be particularly interesting to see if the any of the platypus X-

chromosomes mediate X-inactivation through a long non-coding RNA, and contain a 

gene similar to the eutherian X-inactivation gene, Xist, or the marsupial X-inactivation 

gene, Rsx. As marsupials and eutherians have evolved separate X-inactivation 

mechanisms, it would be of particular importance to investigate whether the platypus 

has evolved its own form of dosage compensation, or has an ancestral form of one of 

the therian X-inactivation processes, with recent work suggesting that this could be a 

possibility (Necsulea et al. 2014). While there has been some work on identifying 

heterochromatic regions on the platypus sex chromosomes (Rens et al. 2004), future 

work will need to look at the histone modifications involved in the monotreme X-

inactivation process. 

This study also supports the hypothesis that monoallelic expression exists at the 

eutherian imprinted orthologs of earlier-diverged amniotes. It has shown that 

replication asynchrony is upheld at platypus imprinted orthologs, as previously 
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observed in chicken, which could indicate that some form of monoallelic expression  

occurs at these regions across amniote clades (Dünzinger et al. 2005; Wright et al. 

2014b manuscript in preparation). Furthermore, it has shown that partial monoallelic 

expression, interspersed with biallelic expression, occurs at imprinted orthologs in the 

platypus (Wright et al. 2014a manuscript in preparation). Future studies should 

include non-mammalian species to investigate whether there is an evolutionary 

trajectory from monoallelic expression which then evolved into imprinted expression 

in therian mammals.  
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AMENDMENTS 

1. Page XVII, paragraph 2, line 2: replaced “albeit” with “although” 

2. Added comma around the word ‘however’ at the following places (not included on 

these pages due to pre-existing publication formatting): 

Page 6, paragraph 1, line 4 (after); page 6, paragraph 3, line 4 (after); page 8, 

paragraph 1, line 5 (after); page 9, paragraph 3, line 5 (before and after); page 

10, paragraph 2, line 6 (before and after); page 14, paragraph 4, line 3 (after); 

page 15, paragraph 1, line 4 (after); page 15, paragraph 4, line 6 (after); page 16, 

paragraph 2, line 11 (before); page 19, paragraph 3, line 6 (before) page 20, 

paragraph 2, line 13 (after); page 22, paragraph 2, line 6 (after). 

3. Page 8, after the end of paragraph 1:  The following paragraph should be 

included (not included on page 8 due to pre-existing publication formatting):  

There is evidence to suggest that both non-coding RNAs and DNA-binding 

proteins also have roles in coordinating replication timing. The long ncRNA gene 

present on human chromosome 6, ASAR6, has been shown to affect 

asynchronous replication of chromosome 6 loci both in cis, and also in trans 

when opposite coordination is observed across the centromere (Donley et al. 

2013). Furthermore, asynchronous replication on the eutherian X-chromosome is 

established soon after the accumulation of Xist ncRNA, however, deletion of the 

Xist locus after inactivation has been established still results in maintained 

inactivation and late replication, suggesting that replication timing may play a role 

in preserving the inactivated state (Csankovszki et al. 1999; Keohane et al. 1996; 

Takagi and Martin 1984). In terms of DNA-binding proteins, the Polycomb Group 

protein EED, a subunit of the Polycomb repressive complex 2 (PRC2) with 
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histone H3 lysine 27 methyltransferase activity, is observed to coordinate 

replication asynchrony, through DNA-binding, at some monoallelicly expressed 

genes in differentiated cells (Alexander et al., 2007). Furthermore, the DNA-

binding protein CTCF, which mediates imprinting at the Igf2-H19 locus, has also 

been found to regulate asynchronous replication at this locus (Bergstrom et al., 

2007). 

Added references to Chapter 1:  

Csankovszki G, Panning B, Bates B, Pehrson JR, Jaenisch R. 1999. Conditional 

deletion of Xist disrupts histone macroH2A localization but not maintenance of X 

inactivation. Nat Genet 22: 323-324.  

Donley N, Stoffregen EP, Smith L, Montagna C, Thayer MJ. 2013. Asynchronous 

replication, mono-allelic expression, and long range Cis-effects of ASAR6. PLoS 

Genet 9: e1003423. 

Takagi N, Martin GR. 1984. Studies of the temporal relationship between the 

cytogenetic and biochemical manifestations of X-chromosome inactivation during 

the differentiation of LT-1 teratocarcinoma stem cells. Dev Biol 103: 425-433. 

Keohane AM, O'Neill L P, Belyaev ND, Lavender JS, Turner BM. 1996. X-

Inactivation and histone H4 acetylation in embryonic stem cells. Dev Biol 180: 

618-630. 

4. Page 9, paragraph 1, line 6: After the sentence ends, the following sentence 

should be included (not included on page 9 due to pre-existing publication 

formatting): 
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It should be added here that replication timing does not always fall into an 

early/late pattern, indeed there are many areas of the genome that follow 

intermediate patterns of replication timing. Furthermore, replication asynchrony 

doesn’t mean early or late replication timing; it only means that replication occurs 

at the two homologues at different times. 

5. Page 11, paragraph 2, line 5: Add to the sentence after the words “including 

cancer” (not included on page 11 due to pre-existing publication formatting): 

and neuronal diseases, such as familial Alzheimer's disease (AD1), and SOD1 

associated with familial amyotrophic lateral sclerosis. 

6. Page 12, paragraph 1, line 2: After the sentence ends, the following sentence 

should be included (not included on page 12 due to pre-existing publication 

formatting): 

It has been noted that larger probes can actually result in the appearance of 

doublet signals in the absence of replication, meaning smaller sized probes are 

often preferable to larger ones when measuring asynchronous replication 

through DNA FISH (Carothers and Bickmore, 1995). 

Added reference to Chapter 1:  

Carothers AD, Bickmore WA. 1995. Models of DNA replication timing in 

interphase nuclei: an exercise in inferring process from state. Biometrics 51: 750-

755.  

7. Page 13, paragraph 1, lines 8-9: Change the end of the sentence from “and the 

final epigenetic mark is the late replication status of the inactive-X during the S-
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phase” to read (change not included on page 13 due to pre-existing publication 

formatting): 

and the inactive-X undergoes late replication during the S-phase. 

8. Page 46: text formatting at the bottom of the page was adjusted. 

9. Page 116, paragraph 1, line 10: after previous sentence ends, additional 

sentence was inserted which reads: 

Furthermore, some doublets may have not coincided with BrdU incorportation if 

they replicated earlier than the short BrdU pulse. 

10. Page 146, paragraph 2, line 8: replaced “facilities” with “facilitates” 

11. Page 180, paragraph 1: inserted paragraph reads as follows:  

There is evidence to show that ncRNAs aid in the establishment of differential 

histone marks at eutherian imprinted loci. For example, the human KCNQ1OT1 

ncRNA associates with imprinted genes from the KCNQ1 cluster, and mouse Air 

ncRNA expression plays a role in the imprinted expression of the insulin-like growth 

factor receptor (Igf2r) gene (Murakami et al., 2007; Yamasaki et al., 2005). Generally, 

the ncRNA association leads to recruitment of histone modifiers at the inactive allele, 

including methyltransferases, which aid in the establishment of differential chromatin 

environments at the alleles of the ncRNA-associated genes (Delaval and Feil, 2004; 

Terranova et al., 2008; Yamasaki et al., 2005; reviewed in Zakharova et al. 2009). 

However, marsupials do not appear to require ncRNAs in the establishment of 

imprinting at a locus (Weidman et al., 2006), suggesting that this silencing 

mechanism may have only evolved in eutherian mammals. 

12. Page 187, paragraph 2, line 1: deleted “has” 
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