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Abstract 

Two marsupial families exemplify divergent rates of karyotypic change. The Dasyurid 

family has an extremely conserved karyotype. In contrast, there is significant 

chromosomal variation within the Macropodidae family, best exemplified by members 

of the genus Petrogale (rock-wallabies). Both families are also distinguished by their 

telomere landscape (length and epigenetics), with the dasyurids having a unique 

telomere length dimorphism not observed in other marsupials and hypothesised to be 

regulated in a parent-of-origin fashion. Previous work has shown that proximal ends of 

chromosomes are enriched in cytosine methylation in dasyurids, but that the 

chromosomes of a macropod, the tammar wallaby, has DNA methylation enrichment 

of pericentric regions. Using a combination of telomere and 5-methylcytosine 

immunofluorescence staining, we investigated the telomere landscape of four dasyurid 

and three Petrogale species. As part of this study, we also further examined the parent-

of-origin hypothesis for the regulation of telomere length dimorphism in dasyurids, 

using epigenetic modifications known to differentiate the active maternal X 

chromosome, including 5-methylcytosine methylation and histone modifications 

H3K4me2, H3K9ac and H4Kac. Our results give further support to the parent-of-

origin hypothesis for the regulation of telomere length dimorphism in dasyurids, where 

the paternally derived X chromosome in females was associated with long telomeres 

and the maternally derived with short telomeres.  In contrast to the tammar wallaby, 

rock-wallabies demonstrated a similar 5-methylcytosine staining pattern across all 

chromosomes to that of dasyurids, suggesting that DNA methylation of telomeric 

regions is not responsible for differences in the rates of chromosome evolution 

between these two families.  
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Abbreviations 

BSA  Bovine serum albumin 

DAPI  4’,6-diamidino-2-phenylindole dichloride 

FCS  Fetal calf serum 

FISH  Fluorescence in situ hybridisation 

H3K4me2 Histone H3 dimethylation on lysine 4 

H3K9ac Histone H3 acetylation on lysine 9 

H4Kac  Histone H4 acetylation  

KERV   Kangaroo endogenous retrovirus 

PBS  Phosphate buffered saline 

PBST  Phosphate buffered saline Tween 20 

PNA  Peptide nucleic acid  

prdm9  PR domain containing 6 
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Introduction 1 

Chromosome evolution continues to be studied to this day, despite being one of the earlier 2 

fields of genetics (Creighton and McClintock 1931). This may be in part, because many of 3 

the big questions underpinning the evolution of a karyotype and the speciation process have 4 

yet to be adequately answered. What causes a genome to become rearranged, forming a new 5 

karyotype? How is this able to occur without reducing species fitness during a transition 6 

stage? Why do some taxa exhibit rapid chromosomal evolution, yet others are remarkably 7 

stable? How do these differences, and their underlying causes, influence speciation and 8 

evolution? 9 

 10 

There is an abundance of species in which these questions can be investigated, but marsupials 11 

offer a particularly practical group of animals to study chromosome evolution. Marsupials 12 

have a typically low diploid number of chromosomes, derived from an ancestral 2n = 14 13 

karyotype, and comprised of 19 conserved segments, making them convenient to karyotype 14 

and track evolutionary changes (Deakin et al. 2013; Rens et al. 2003). There are over 300 15 

species of marsupials identified, displaying noticeable differences in genomic evolution 16 

between families. Nowhere is this more apparent than in the Dasyuridae and Macropodidae 17 

families, which have stark contrasts in their rates of chromosomal evolution (Deakin 2018).  18 

Dasyurids, insectivorous and carnivorous marsupials such as the Tasmanian devil, are 19 

characterised by a remarkably conserved karyotype, despite their species rich family (over 70 20 

species). All dasyurids karyotyped to date share a similar 2n = 14 complement, with 21 

conserved chromosome morphology and G-banding, barring a few minor differences and 22 

inversions (Hayman and Martin 1974; Rofe and Hayman 1985; Westerman and Woolley 23 

1990; Westerman and Woolley 1993; Young et al. 1982). This conserved karyotype is 24 

believed to be similar to the 2n = 14 ancestral marsupial karyotype (Deakin et al. 2013), 25 

which implies their chromosomes have remained largely unchanged over roughly 55 million 26 

years of evolution (Deakin and Kruger-Andrzejewska 2016; Rofe and Hayman 1985).  27 

Macropods (kangaroos and wallabies) evolved from a common ancestor with a 2n = 22 28 

karyotype, derived from the 2n = 14 ancestral marsupial karyotype by five fissions, one 29 

fusion, and two centromere repositionings (Eldridge and Johnston 1993; Hayman 1990; Rens 30 

et al. 1999; Rofe 1978). In contrast to the dasyurids, macropods display far more karyotype 31 

diversity. Their karyotypes range from 2n = 10 female/11 male for the swamp wallaby 32 

(Wallabia bicolor) to  2n = 24 for the banded hare wallaby (Lagrostrophus fasciatus) 33 

(Sharman 1961). Curiously, most of the rearrangements in macropods seem to involve the 34 
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centromeres, either in the form of centromere repositioning, pericentric inversions, or 35 

Robertsonian fusions (Eldridge and Johnston 1993; Hayman and Martin 1974). The 36 

Petrogale genus of macropods, the rock-wallabies, typify this remarkable chromosomal 37 

evolution. There are 23 chromosomal taxa of Petrogale, though only 17 recognised species. 38 

Of these species, only two share a similar karyotype, all others having diverged through 39 

chromosomal rearrangements (Potter et al. 2017). These chromosome rearrangements have 40 

not completely prevented parapatric species from hybridising (Eldridge and Close 1992; 41 

Potter et al. 2015). 42 

 43 

In addition to the difference in the rate of chromosomal evolution, there is a distinct 44 

difference in their telomere biology; dasyurids possess a unique telomere length dimorphism. 45 

For each chromosome pair, one autosome will have particularly long telomeres, and the other 46 

relatively short telomeres – a pattern that is consistent across all chromosome pairs and 47 

dasyurid individuals investigated to date (Bender et al. 2012; Ingles and Deakin 2016). This 48 

pattern was first detected by quantitative fluorescence in situ hybridisation using PNA 49 

telomere probes, however, the differences in telomere length were so extreme that 50 

visualisation alone was enough to detect the dimorphism (Bender et al. 2012). Interestingly, 51 

in males the Y chromosome was always the chromosome with long telomeres, which has led 52 

to the hypothesis of parent-of-origin-based telomere length regulation in dasyurids: 53 

maternally derived chromosomes having short telomeres, and paternally derived 54 

chromosomes long telomeres. This hypothesis proposes resetting the telomere length in germ 55 

cells, with telomeres being elongated in the male germline and trimmed in the female 56 

germline (Bender et al. 2012). However, although the dimorphism was present in both sexes, 57 

evidence that this was parentally based was only from observation of telomere length of male 58 

sex chromosomes.  59 

 60 

Telomere length dimorphism is particularly interesting, given the conserved karyotype of 61 

dasyurids, but also the role that telomeres have in maintaining the genomic landscape. Is it a 62 

coincidence that this telomere length dimorphism is associated with such a conserved 63 

karyotype or does it play a role in maintaining it? Telomere length appears to influence the 64 

epigenetic landscape of mammalian telomeric and subtelomeric regions (Benetti et al. 2007). 65 

Interestingly, we had previously observed a very distinct pattern of 5-methylcytosine 66 

hypermethylation at chromosome ends in Tasmanian devils (Ingles and Deakin 2015). In 67 

contrast, we observed hypermethylation of pericentric regions in the tammar wallaby (Ingles 68 
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and Deakin 2015). Are these differences in methylation associated with the differences in the 69 

rates of chromosome evolution and in telomere biology between dasyurids and macropods, or 70 

simply species-specific patterns, related to differences in their genomic landscape? 71 

 72 

In this study, we set out to test two hypotheses relevant to telomeric landscapes in marsupials. 73 

Firstly, we tested the parental-control of telomere length hypothesis in female dasyurids by 74 

taking advantage of paternally imprinted X chromosome inactivation in marsupials (Sharman 75 

1971), where the maternally and paternally derived X chromosomes are epigenetically 76 

distinguishable (Ingles and Deakin 2015; Loebel and Johnston 1993; Rens et al. 2010). 77 

Secondly, we posited that differences in the epigenetic landscapes between dasyurids and 78 

macropods influence the rates of chromosomal change. We determined the pattern of DNA 79 

methylation in divergent dasyurid species, which all share the conserved dasyurid karyotype. 80 

We compared these patterns with those of rock-wallaby species, whose karyotypes are 81 

diverged from each other to see if there was an association between DNA methylation of 82 

telomeric regions and the evolutionary stability of the dasyurid karyotype compared to 83 

macropods. 84 

 85 

Materials & Methods  86 

Samples used and cell culture 87 

We used six dasyurid individuals, encompassing four species (five females and one male), as 88 

well as six Petrogale individuals comprising three species (three females and three males). 89 

Fibroblast cell lines for a female Tasmanian devil (Sarcophilus harrisii) and tiger quoll 90 

(Dasyurus maculatus) were previously established at the Australian National University from 91 

samples collected under approval of the Australian National University Experimentation 92 

Ethics Committee (AEECP R. CG.11.06). Sminthopsis crassicaudata cell culture was 93 

established from spleen tissue collected under the approval of the University of Melbourne 94 

Animal Ethics Committee (1513686). Phascogale calura fibroblast cell line was established 95 

from peritoneal tissue from a male euthanised under the approval of the Western Sydney 96 

University Animal Care and Ethics Committee (A12175). Three species of rock-wallabies 97 

were used: Petrogale assimilis, P. sharmani and P. inornata. Rock-wallaby fibroblast cell 98 

lines were established from ear biopsies from samples collected under approval of University 99 

of Canberra Animal Ethics Committee (CEAE 16-04). Both sexes were represented for all 100 

three Petrogale species. All cell lines were grown in AmnioMAX C-100 medium (Life 101 

Technologies Australia Pty Ltd, Mulgrave, VIC, Australia) at 35°C in 5% CO2.  102 
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 103 

An additional two S. harrisii female samples were used. Blood from these individuals was 104 

collected under the approval of the Tasmanian Department of Primary Industries and Water 105 

(DPIPWE) Animal Ethics Committee and metaphase chromosomes prepared by DPIPWE as 106 

previously detailed (Pearse et al, 2012). 107 

 108 

Tissue culture harvesting 109 

Cells were grown in culture until about 50-70% flask confluence. Culture medium was 110 

replaced and treated with 0.1µg/ml of colcemid (Gibco KaryoMAXtm in Hanks' Balanced Salt 111 

Solution; Thermo Fisher Scientific Australia Pty Ltd, Scoresby, Victoria, Australia). Cells 112 

were incubated for three and a half hours at 35°C in a 5% CO2 incubator (two hours for the 113 

cytospin protocol), harvested by treatment with trypsin-EDTA (0.25%, Gibco, Thermo Fisher 114 

Scientific Australia Pty Ltd), and pelleted by centrifugation at 260g for 5 minutes. 115 

Supernatant was removed, the pellet resuspended in 10 ml cold PBS, and centrifuged at 260g 116 

for 5 minutes. The pellet was resuspended in a small amount of residual supernatant and up to 117 

3 ml of cold hypotonic (75 mM KCl) was added drop-wise. Cells were incubated in a 37°C 118 

water bath for 15 minutes to allow the metaphase chromosomes to swell, prior to metaphase 119 

fixation. Unless performing the cytospin procedure, after harvesting cells, metaphase 120 

chromosomes were harvested and fixed as previously described (Alsop et al. 2005). 121 

 122 

Sequential metaphase staining 123 

The same slides were used for both telomeric and epigenetic mark staining for all individuals, 124 

with the exception of the male P. calura, for which sequential staining did not work. Instead, 125 

the best images for separate PNA FISH and DNA methylation immunofluorescence staining 126 

were used for this species. For all other species, slides were stained for their epigenetic target, 127 

followed by telomeric PNA. Slides were washed for 5 minutes in 2x saline-sodium citrate 128 

buffer between experiments.  129 

 130 

DNA methylation immunofluorescence staining 131 

5-methylcytosine immunofluorescence staining was performed as previously described 132 

(Ingles and Deakin 2015). Briefly, slides were treated for 1 minute 40 seconds in a coplin jar 133 

containing 70% (v/v) formamide in phosphate buffer solution (PBS; 137 mM NaCl, 2.7 mM 134 

KCl, 10 mM NA2HPO4, 2 mM 2.4 KH2PO4) heated to 70°C. Slides were then quenched in 135 

ice cold 70% (v/v) ethanol for 5 minutes, then incubated for 3 minutes each in 90% (v/v) and 136 
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100%  (v/v) ethanol. After air drying, slides were rehydrated in PBS containing 0.03% (v/v) 137 

Tween 20 (PBST) for 3 minutes, then blocked in PBST with 1% (w/v) bovine serum albumin 138 

(BSA) for 20 minutes. The primary anti-5-methylcytosine (Clone 10G4) antibody (Zymo 139 

Research, Irvine, CA, USA) was diluted in 1 in 200 in PBST and added to the slide and 140 

incubated in a humid chamber at 37°C for an hour. Slides were washed twice for 5 minutes in 141 

PBST, and then 200 μl of the secondary probe (1 in 500 dilution of AffiniPure Donkey Anti-142 

Mouse IgG in PBST; Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, USA) 143 

was added to the slide and incubated in a humid chamber at 37°C for an hour. After two 144 

washes for 5 minutes in PBST, slides were treated in 4% (w/v) Paraformaldehyde in PBS for 145 

15 minutes, washed 3 times for 3 minutes per wash in PBST, then mounted with DAPI (4’,6-146 

diamidino-2-phenylindole dichloride) in Vectashield (Vector Laboratories Inc., Burlingame, 147 

CA, USA). 148 

 149 

Cytospin protocol and histone modification immunofluorescence 150 

Histone modification immunofluorescence was performed on a single female S. harrisii 151 

culture. Metaphasic preparations from tissue culture were placed on ice and the cell count 152 

was checked by loading 10 μl of suspension into a cell counting chamber (Bio-Rad TC20TM 153 

Automated Cell counter; BioRad Laboratories Pty., Ltd, Gladesville, NSW, Australia). Cells 154 

were diluted, if necessary, to a density of 1×105 cells/ml in hypotonic solution containing 155 

0.1% (v/v) Tween 20. Slides were prepared by loading 250 μl of the cell suspension into a 156 

ShandonTM Double Cytofunnel (Thermo Fisher Scientific Australia Pty Ltd) and centrifuged 157 

at 800 rpm for 3 minutes in a cytospin using a Thermo Shandon Cytospin 3 Cell Preparation 158 

System (Thermo Shandon, Waltham, MA, USA). Slides were air dried for 5 minutes and then 159 

incubated in KCM buffer (120 mM KCl, 20 mM NaCl, 10 mM Tris HCl (pH 7.5), 0.5 mM 160 

EDTA) for 15 minutes at room temperature. Primary antibodies were diluted 1/200 (H3K9ac 161 

- 07-352; H4Kac – 06-598: Merck Serono Australia, Pty Ltd, Frenchs Forest, NSW, 162 

Australia), or 1/400 (H3K4me2 -07-441: Merck Serono Australia, Pty Ltd) in KCM/10% 163 

fetal calf serum (FCS) and incubated on slides at 37°C for 2 hours. After two washes for 5 164 

minutes in KCM buffer, slides were incubated for 30 minutes at 37°C with the secondary 165 

antibody (Fluorescein (FITC) AffiniPure donkey anti-rabbit IgG; Jackson ImmunoResearch 166 

Laboratories, Inc.) diluted 1/500 dilution in KCM/10% FCS. Slides were washed twice in 167 

KCM for 5 minutes, and fixed in 4% (w/v) paraformaldehyde in KCM for 15 minutes at 168 

room temperature. They were then rinsed in dH2O, air dried, and then mounted with DAPI in 169 

Vectashield (Vector Laboratories Inc.). 170 
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 171 

Telomere Peptide Nucleic Acid (PNA) Fluorescence in situ Hybridisation (FISH) 172 

10 μl of the telomere PNA probe (1x hybridisation Mix, 1x telomere PNA TelC-Cy3 labelled 173 

probe; Panagene Inc, Daejeon, Korea) was added to a slide, mounted with a coverslip and 174 

sealed with rubber cement. Metaphases were denatured on an 80°C heating block for 3 175 

minutes, and then placed in a humid chamber at 37°C for 2 hours. Unbound probe was 176 

removed by washing twice for 15 minutes in 70% (v/v) formamide, 10 mM Tris HCl pH 7.2, 177 

and 1% (w/v) BSA and then washing three times for 5 minutes in 0.1M Tris HCl pH 7.2, 178 

0.15M NaCl and 0.08% (v/v) Tween 20. Slides were dehydrated through an ethanol series 179 

(70% (v/v), 90% (v/v), 100% (v/v) ethanol) for 1 minute in each, air dried, and then mounted 180 

with DAPI (4’,6-diamidino-2-phenylindole dichloride) in Vectashield (Vector Laboratories 181 

Inc., Burlingame, CA, USA).  182 

 183 
 184 
Microscope image capturing 185 

All images were captured using an AxioCam Mrm Rev.3 charged-coupled device camera 186 

(Carl Zeiss Ltd, Cambridge, UK) and ISIS Fluorescence Imaging System software version 187 

5.4.11 (Metasystems, Newton, MA, USA). Slide coordinates were noted for metaphase 188 

spreads in order to match results for immunofluorescence staining and PNA FISH. 189 

 190 

Results 191 

Telomere length and parental origin in dasyurids 192 

We first tested the parental control of telomere length hypothesis by determining whether 193 

there was a correlation between the 5-methylcytosine status of the X chromosome, indicative 194 

of the parental origin of the chromosome, and telomere length in female dasyurids. We 195 

performed this experiment on five female individuals from three different species; the 196 

Tasmanian devil Sarcophilus harrisii, the fat-tailed dunnart Sminthopsis crassicaudata, and 197 

the spotted quoll Dasyurus maculatus, as well as a male red-tailed phascogale Phascogale 198 

calura.  199 

 200 

We examined the methylation patterns of metaphase chromosomes, as differential 201 

methylation of X chromosomes had not been previously examined in the dunnart, quoll or 202 

phascogale. Broad patterns of DNA methylation staining were consistent between all four 203 

dasyurid species studied. In all individuals, chromosomes displayed strong DNA methylation 204 



7 
 

staining at their ends, but weak staining throughout most of the homologue (Fig. 1), 205 

consistent with a previous study examining DNA methylation in S. harrisii using the same 206 

technique (Ingles and Deakin 2015). There were observed differences in DNA methylation 207 

staining between both X chromosomes in all individuals, with one X chromosome being 208 

strongly methylated, and the other hypomethylated. In the male P. calura, the active maternal 209 

X chromosome was strongly methylated (Fig. 1). 210 

 211 

By performing PNA-FISH to visualise telomeres on the same metaphase spreads, we 212 

observed that in all species and individuals studied, the hypomethylated X chromosomes had 213 

long telomeres and the hypermethylated X chromosomes had short telomeres (Fig. 1). This 214 

correlation between methylation status and telomere length was observed in most metaphases 215 

examined (Table 1). A correlation between paternal origin as denoted by weaker 216 

chromosome DNA methylation staining, and long telomeres, was observed in 92.6% of 217 

observed metaphases. A single tetraploid metaphase, representing 0.6% of metaphases 218 

examined, was observed with an opposite correlation, with long telomeres on 219 

hypermethylated X chromosomes. For the remaining 6.8% of metaphases, we could not 220 

confidently assert an association; at least one of the staining signals for either DNA 221 

methylation or telomeres were too similar on both X chromosomes to differentiate them in 222 

such cases. In one case, both X chromosomes exhibited hypermethylation and relatively long 223 

telomeres. Overall, however, our results strongly support that in each individual, 224 

hypomethylated X chromosomes corresponding to the inactive paternal X had long 225 

telomeres, and the hypermethylated X chromosomes corresponding to the active maternal X 226 

had short telomeres.  227 

 228 

To confirm that the hypermethylated X chromosome corresponds to the active X 229 

chromosome, we also tested for the enrichment of three active chromatin histone marks 230 

(H3K4me2, H3K9ac and H4Kac) on the X chromosome with short telomeres. This was done 231 

in a single female S. harrisii individual. Similar to DNA methylation, we expected the active 232 

maternal X to be enriched with these markers, relative to the inactive paternal X chromosome 233 

(Koina et al. 2009; Rens et al. 2010; Wakefield et al. 1997; Zakharova et al. 2011). We 234 

observed a similar trend to DNA methylation staining with these three histone markers; X 235 

chromosomes with higher relative enrichment of the active X marks had short telomeres, and 236 

X chromosomes with lower relative enrichment of active X marks had longer telomeres 237 

(Table 2, Fig. 2). 238 
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 239 

Rock-Wallaby DNA methylation and telomere staining 240 

We performed DNA methylation and telomere staining on Petrogale rock wallabies, to 241 

compare their broad methylation and telomeric landscape with that of dasyurids, as well as 242 

with the more closely related tammar wallaby. All Petrogale species and individuals 243 

observed have interstitial telomere repeats pericentrically located on the acrocentric 244 

chromosome 1 (Fig. 3). We observed large single telomeric spots at the acrocentric ends of 245 

chromosomes 2, 3 and 4 in P. sharmani and P. assimilis, but not in P. inornata, similar to 246 

what was previously reported (Metcalfe et al. 1997). In P. sharmani the submetacentric 247 

chromosome 5 has interstitial telomeric signals at the centromere, this was more pronounced 248 

in the female spreads than the male spreads. In P. inornata the submetacentric chromosome 4 249 

has interstitial telomeric signals just below the centromere on the long arm. In many 250 

metaphases this was only apparent on one of the chromosome 4 homologues. In P. assimilis 251 

we did not observe the interstitial repeats previously reported on submetacentric chromosome 252 

6s (Metcalfe et al. 1997). 253 

 254 

All rock-wallaby species exhibited hypermethylation of the proximal ends of chromosome 255 

(Fig. 3). Differentiation of X chromosome methylation was prevalent: inactive X 256 

chromosomes exhibited a lack of DNA methylation on the q arm, which was otherwise 257 

methylated in the active chromosome in both males and females (Fig. 3).  258 

 259 

Discussion 260 

We have examined broad patterns of DNA methylation, and the telomere landscape, in the 261 

distinct marsupial lineages of dasyurids and Petrogale. Contrary to our expectations, the 262 

methylation pattern of Petrogale species more closely resembled that of dasyurids than of the 263 

more closely related tammar wallaby. Our results have also provided further support for the 264 

parent-of-origin control of telomere length in dasyurids, and indicate the difference in rate of 265 

chromosomal evolution between these lineages is not associated with differences in broad 266 

DNA methylation patterns.  267 

 268 

Parent-of-origin control of telomere length 269 

The dasyurid telomere length dimorphism was proposed to be under parental control because 270 

of the consistent observation of long telomeres on the Y chromosome in male dasyurids 271 

(Bender et al, 2012). We have provided support for this hypothesis by demonstrating that in 272 
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all females tested, telomere length was correlated with parental origin of the X chromosomes, 273 

based on the epigenetic markers we used. Paternal X chromosomes had relatively long 274 

telomeres, and maternal X chromosomes had relatively short telomeres.  275 

Of all 161 metaphases examined with DNA methylation, hypermethylation of the X in 149 276 

metaphases (denoting the maternal X) was associated with relatively short telomeres 277 

compared to the hypomethylated X (denoting the paternal X). For 11 metaphases, the 278 

differences in either telomeric or cytosine methylation staining between X chromosomes was 279 

not considerable enough to differentiate them, and in only one metaphase did we find a 280 

reverse correlation than expected, where the hypermethylated X had long relatively long 281 

telomeres (Table 1). This observation could be due to telomeric amplification occurring in 282 

cell culture. If there were no correlation between parental origin and telomere length, we 283 

would expect to see a much higher number of metaphases where hypermethylated X 284 

chromosomes had long telomeres. 285 

 286 

Histone modification-based enrichment also supported this parent-of-origin hypothesis (Table 287 

2). To preserve the histone modifications, metaphase spreads were prepared using a cytospin 288 

technique instead of a fixative method. However, this method was less robust in producing 289 

well spread chromosomes, which affected our results and ability to analyse the chromosomes. 290 

Furthermore, the cell line used sometimes had three apparent X chromosomes, which was not 291 

initially recognised during cytospin technique optimisation due to insufficient metaphase 292 

quality. Two of these X chromosomes have maternal characteristics, with the other appearing 293 

paternal. Since we only analysed metaphases where we could identify at least two X 294 

chromosomes, this would also affect our results in spreads where the paternal X is not 295 

actually observable or present. Despite these difficulties, there is still a clear trend towards 296 

our hypothesised parent-of-origin control of telomere length, with 37 metaphases of 54 297 

displaying enrichment of the active mark (denoting the maternal X) on the X chromosome 298 

with short telomeres, and only two metaphases displaying an opposite trend (Table 2).  299 

If telomere length was not associated with parental chromosome origin, we would not expect 300 

to see the association with telomere length and epigenetic staining. Thus, our findings support 301 

the parent-of-origin hypothesis: that telomere length in dasyurids is determined by parental 302 

origin of the chromosome, with paternal chromosomes having the long subset of telomeres.  303 

 304 

Although we now have evidence of parental telomere regulation in sex chromosomes from 305 

males and females, there is still evidence lacking from autosomes. However, it is unlikely 306 
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that autosomes would not undergo a similar process of telomere regulation. It seems a 307 

needless complexity to have separate processes to regulate telomere length of autosomes and 308 

sex chromosomes, yet still produce the non-random bimodal distribution on telomere lengths 309 

across all chromosomes. The simpler, and more likely scenario, is that autosomes undergo the 310 

same processes of telomere regulation as sex chromosomes. With the costs of obtaining 311 

single-nucleotide polymorphism data on individual animals becoming more accessible, it 312 

should be feasible in the future to test this by distinguishing between maternal and paternal 313 

autosomes using oligopaint single-molecule super-resolution probes, targeting parental 314 

differences in single-nucleotide polymorphisms (Beliveau et al. 2015). 315 

 316 

Is there an association between dasyurid karyotype conservation and telomere length 317 

dimorphism? 318 

It is curious that telomere length dimorphism is unique to and conserved amongst dasyurids, 319 

of whom all karyotyped to date share a similar 2n = 14 karyotype. A few inversions have 320 

been observed in five species, but there is no evidence of interchromosomal rearrangements 321 

in the family, despite approximately 55 million years of evolution (Hayman and Martin 1974; 322 

Metcalfe et al. 2004; Rofe and Hayman 1985; Westerman and Woolley 1990; Westerman and 323 

Woolley 1993; Young et al. 1982). Could karyotype conservation in dasyurids be linked to 324 

telomere length dimorphism? 325 

 326 

The grey short-tailed opossum (Monodelphis domestica), belonging to the order 327 

Didelphimorphia, has also previously been examined for DNA methylation, showing a 328 

similar pattern of DNA methylation of telomeric regions (Ingles and Deakin, 2015) but no 329 

telomere length dimorphism (Pagnozzi et al. 2002). The order Didelphimorphia is 330 

characterised by three sets of karyotypic groups across their observed species, of which over 331 

40 species have been karyotyped of the 80 plus species (Svartman 2009). These include a 2n 332 

= 14 complement with similar morphology to the dasyurid karyotype, 2n = 18, and 2n = 22 333 

(Carvalho et al. 2002; Reig et al. 1977; Silva et al. 2017) and suggests some level of 334 

karyotype stability within the order. Chromosome conservation is nevertheless more extreme 335 

in dasyurids, having no observed interchromosomal rearrangements (Hayman and Martin 336 

1974; Rofe and Hayman 1985; Westerman and Woolley 1990; Westerman and Woolley 337 

1993; Young et al. 1982).  Taken together with results on rock-wallabies, these data would 338 

suggest that the dasyurid telomere length dimorphism rather than the epigenetic landscape of 339 

telomeric regions, may be contributing to the lack of interchromosomal rearrangements 340 
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among dasyurids. However, caution should be taken with this interpretation since 341 

experiments were not designed to test whether telomere length dimorphism is causative for a 342 

conserved karyotype. 343 

 344 

There have been reports of increased cancer prevalence in dasyurids compared to other 345 

marsupials, independent of the transmissible tumours in Tasmanian devils (Canfield and 346 

Cunningham 1993; Canfield et al. 1990; Griner 1979). Formation of cancers cells often goes 347 

hand in hand with chromosomal rearrangements (Mitelman 2000). How then do we reconcile, 348 

on one hand the karyotypic stability of their species, yet on the other a propensity for higher 349 

cancer rates and all the genomic restructuring that entails? We have already noted the 350 

association between telomere length dimorphism and dasyurid karyotype stability, but it is 351 

also possible that this telomere feature could affect cancer formation in dasyurids. Telomere 352 

length can affect predisposition to certain cancers (Artandi and DePinho 2010; der-Sarkissian 353 

et al. 2004). Hence, we have previously suggested that the shortened subset of dasyurid 354 

telomeres could be at least partially responsible for higher rates of cancer in dasyurid (Ingles 355 

and Deakin 2016), consistent with tumour formation of both transmissible devil facial 356 

tumours involving fusions of chromosomes with short telomeres (Ingles and Deakin 2015; 357 

Stammnitz et al. 2018). It seems contrary that telomere length dimorphism would exert 358 

chromosome stability in one instance, and instability in another. If telomere length 359 

dimorphism is reset in the germline (Bender et al. 2012; Ingles and Deakin 2016), these 360 

resetting mechanisms could be contributing to chromosome stability at a speciation level. 361 

Other differences between mitosis and meiosis might contribute to this discrepancy, or 362 

perhaps telomere length dimorphism only influences one, or none, of these processes. 363 

 364 

Telomeres are an essential component of meiosis, these are required for the tethering and 365 

assembly of the bouquet formation of chromosomes during meiosis (Voet et al. 2003). 366 

Telomeric attachment to the nuclear envelope is essential for the successful synapsis between 367 

chromosome homologues, and resolution of recombination events (Boateng et al. 2013; Link 368 

et al. 2013). Functional telomeres are important for meiosis to occur, shortened telomeres can 369 

impair chromosome pairing and formation of the meiotic spindle during meiosis, as well as 370 

reduce meiotic recombination (Liu et al. 2002; Liu et al. 2004). It is plausible, therefore, that 371 

telomere length dimorphism, or more precisely, the dimorphic germline mechanisms of 372 

telomere length regulation underlying the dimorphism, could be influencing rates of 373 

chromosomal evolution in dasyurids.  374 
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 375 

Broad marsupial epigenetic patterns 376 

Contrary to our expectations, all dasyurid and Petrogale species examined displayed the 377 

same general pattern of DNA methylation, with terminal regions of the chromosomes being 378 

hypermethylated, and low methylation staining throughout the rest of the chromosome body. 379 

In the case of the rock-wallabies, this is despite the rearrangements that have occurred 380 

between the species used. Unlike the tammar wallaby (Ingles and Deakin 2015; Loebel and 381 

Johnston 1993), there was no evidence of strong pericentromeric DNA methylation staining 382 

in rock-wallabies. The tammar wallaby may be unique in this regard. Tammar wallabies also 383 

exhibit extremely strong signals at centromeres when hybridised with a telomeric repeat 384 

probe, and actual signals of telomeres are weak in comparison (Supplementary Fig. 1), 385 

implying a different genomic architecture surrounding the centromeres in tammar wallabies. 386 

 387 

Differences in DNA methylation staining are apparent in X chromosomes of all females, 388 

consistent with previous studies looking at DNA methylation and X chromosome inactivation 389 

in marsupials (Ingles and Deakin 2015; Loebel and Johnston 1993; Rens et al. 2010). In 390 

dasyurids this manifests as hypomethylation of the inactive paternal X (Fig. 1). In the rock 391 

wallabies examined, the hypomethylation is restricted to the long arm of the inactive X 392 

chromosome (Fig. 3). In contrast, the short arm of the X chromosome is also hypomethylated 393 

on both the maternal and paternal chromosomes in the tammar (Ingles and Deakin 2015). The 394 

heterochromatic short arm of the tammar wallaby X shares homology with the 395 

heterochromatic Y chromosome (Toder et al. 1997). It would be interesting to determine if 396 

there are any genes on the short arm of the Petrogale X chromosomes and whether they 397 

escape X chromosome inactivation in these species as suggested by the DNA methylation 398 

pattern.  399 

 400 

Petrogale assimilis has a slight increase in DNA methylation staining at sites which roughly 401 

correspond to sites of synteny breaks in chromosomes 1 and 2 in most other related 402 

macropods for those chromosomes (Fig. 3) (Bulazel et al. 2007; Ferreri et al. 2004), although 403 

this is not observed in other species or chromosomes studied here. Kangaroo endogenous 404 

retrovirus (KERV) has been associated in the tammar wallaby with these two sites of breaks 405 

in synteny (Ferreri et al. 2005; Ferreri et al. 2004). Given the weak level of methylation 406 

staining at these sites in P. assimilis, a technique able to detect DNA methylation at a finer 407 
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scale would be required to determine if methylation is associated with these breaks in synteny 408 

and correspond with KERV.  409 

 410 

It is curious that we did not observe all interstitial telomeric signals in Petrogales that were 411 

previously observed, specifically the interstitial telomeric repeat previously reported on 412 

chromosome 6 (Metcalfe et al. 1997). It is possible that this is due to individual variation of 413 

animals used. For example, the interstitial telomeric signals at chromosome 4 of P. inornata 414 

(both male and female), were generally only observed on some homologues as opposed to 415 

both. Even previously, there was variation in the detection of interstitial telomeric signals 416 

(Metcalfe et al. 1997). Perhaps this is due to potential differences in interstitial telomeric 417 

sequence length between individuals or populations. It is also possible that certain interstitial 418 

telomeric sites were not detected if they were below the detection limit of the technique used. 419 

This could account for the inability to wholly detect certain interstitial telomeric sequences. 420 

Interestingly, Australasian marsupials are thought to contain non-canonical telomere 421 

sequences in their telomeres (Bender et al. 2012; Gomes et al. 2011; Ujvari et al. 2012). This 422 

raises the possibility that these non-canonical telomere sequences might also be targeted by 423 

DNA methylation. 424 

 425 

Telomeric DNA and interstitial telomeric sequences are prone to breakage (Bosco and de 426 

Lange 2012; Fumagalli et al. 2012; Sfeir et al. 2009; Slijepcevic et al. 1996), and have been 427 

implicated as potential drivers of genome evolution (Bolzan 2017). Could the presence of 428 

interstitial telomeric sequences influence chromosome and karyotype evolution this way? 429 

Here we have reported interstitial telomeric signals in Petrogale species but not in Dasyurid 430 

species. However, two species of dasyurid dunnarts have interstitial telomeric sequences on 431 

chromosomes 1, 2, and 3: Sminthopsis douglasi and Sminthopsis macroura. These have a 432 

‘standard’ dasyurid karyotype, barring an inversion on the X chromosome that differentiates 433 

both species from each other (Bender et al. 2012; Metcalfe et al. 2004). Nevertheless, 434 

interstitial telomeric sequences have been reported much more often in macropods, with all 435 

28 examined macropod taxa having interstitial telomeric sequences, as opposed to the 436 

minority of dasyurid species that do (Metcalfe et al. 2002; Metcalfe et al. 2004; Metcalfe et 437 

al. 2007; Metcalfe et al. 1997; Metcalfe et al. 1998). It is not implausible that interstitial 438 

telomeric sequences might have affected macropod evolution.  439 

 440 
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Interestingly, devil facial tumour 1 chromosomes also retains hypermethylation of terminal 441 

regions of chromosomes based on cytosine methylation staining (Ingles and Deakin 2015), in 442 

spite of the rearrangements that have occurred in this tumour (Deakin et al. 2012; Pearse and 443 

Swift 2006). Other marsupials also seem to exhibit either hypermethylation of the terminal 444 

regions, or otherwise broad chromosome hypermethylation which extends to and includes the 445 

terminal regions, excluding sex-linked X chromosome epigenetic differences. Macropus 446 

eugenii has broad methylation of the chromosomes, Monodelphis domestica and Trichosurus 447 

vulpecula both exhibits hypermethylation of terminal chromosome regions, and the Potorous 448 

tridactylus is hypermethylated throughout its chromosome (Ingles and Deakin 2015; Rens et 449 

al. 2010). The retainment of terminal DNA hypermethylation despite rearrangements in both 450 

Petrogale, other marsupial species, and a rearranged dasyurid cancer implies either of two 451 

things: (i) terminal DNA methylation is important for cell ‘healthiness’ in these marsupials, 452 

or (ii) terminal DNA methylation are intrinsically linked to telomeres (possibly through 453 

subtelomeric regions), and any ‘reshuffling’ of telomeres will also affect terminal DNA 454 

methylation.  455 

 456 

Subtelomeric DNA methylation is an important regulator of the telomeric landscape. DNA 457 

methylation is thought to inhibit recombination of repetitive sequences, which are abundant 458 

in telomeric and subtelomeric regions (Putiri and Robertson 2011). Hypomethylation of 459 

subtelomeric regions leads to a progressive elongation of telomere sequences in mice, 460 

associated with higher rates of recombination (Gonzalo et al. 2006). Conversely, increased 461 

subtelomeric methylation due to increased Dnmt3b expression via Tet knockdown leads to a 462 

shortening of telomeres, which can be partially rescued by Dnmt3b knockdown (Yang et al. 463 

2016), although another study instead found an increase in telomere lengths after targeted 464 

optogenetic increase in sub-telomeric methylation (Choudhury et al. 2016). Regardless, 465 

telomeres and telomere length are heavily influenced by epigenetic factors at telomeric and 466 

subtelomeric regions, which may control accessibility of certain proteins to telomeres and the 467 

propensity for telomeres to undergo recombination (Tardat and Déjardin 2018). Across the 468 

autosomes, we did not observe any noticeable correlation between telomere length and 469 

hypermethylation of the terminal region. Thus, we find no broad changes in DNA 470 

methylation across different telomere lengths that can be observed with the technique used. 471 

This does not imply that finer changes are not occurring. Despite this, our combined results 472 

indicate that the subtelomeric epigenetic landscape is likely an important feature of 473 

karyotypic stability, which maintains ‘healthy’ telomeres unless disrupted. 474 
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 475 

There have been relatively few efforts made to relate to DNA methylation, or epigenetics in 476 

general, with chromosome evolution or speciation, yet those made have revealed a potentially 477 

underappreciated role. In darter species (snakebirds), the difference between their 478 

methylomes was greater than their genetic differences. These epigenetic differences also 479 

more strongly predicted behavioural reproductive isolation compared to genetic differences, 480 

indicating an important barrier driven by epigenetic factors in diverging populations (Smith et 481 

al. 2016). Furthermore, in gibbons, changes in DNA methylation state of Alu elements have 482 

been correlated with evolutionary breakpoints in their lineage, implicating epigenetic state as 483 

a driver of chromosomal change and the large number of chromosome rearrangements seen 484 

in gibbons (Brown and O'Neill 2009; Carbone et al. 2009). The ‘speciation gene’ prdm9 is 485 

responsible for hotspot positioning during recombination in meiosis (Grey et al. 2011), but 486 

also encodes for a histone 3 methyltransferase which enriches at such hotspots (Mihola et al. 487 

2009). We have failed to find any association between cytosine methylation with 488 

chromosome evolution in our study at the chromosome level, yet much work is needed to 489 

understand the role of epigenetics in speciation processes as a whole. These aforementioned 490 

studies represent a burgeoning chapter in the study of speciation, but perhaps one with 491 

important implications in the field. 492 

 493 

Conclusions 494 

Our results support the parent-of-origin hypothesis for telomere length dimorphism in 495 

dasyurids, particularly by providing support from females. Despite their divergent trajectories 496 

of chromosome evolution, the dasyurid and Petrogale species share very similar broad DNA 497 

methylation patterns, exhibiting strong DNA methylation at telomeric ends of chromosomes. 498 

We conclude that broad patterns of DNA methylation are unlikely to account for differences 499 

in their telomeric landscape and cannot be associated with rates of karyotype evolution. This 500 

does not discount the possibility of small-scale epigenetic changes that we are unable to 501 

detect with cytosine methylation staining leading to such differences.  502 
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 729 

Figure Legends 730 

Fig 1: Karyotypes of all dasyurid individuals studied, with telomere PNA staining shown in 731 

red, DNA methylation staining in green and DAPI staining in blue. Species are: A, B and C - 732 

female Sarcophilus harrisii (A and B – chromosome from lymphocyte cultures; C – 733 

chromosomes from fibroblast cells); D - female Sminthopsis crassicaudata; E - male 734 

Phascogale calura and F - female Dasyurus maculatus. The D. maculatus cell line used has a 735 

trisomy for chromosome 2. Scale bar indicate 10 Pm.  736 

 737 
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Fig. 2: Staining of telomeres and histone modification for the active X chromosome on 738 

female S. harrisii chromosomes.  From left to right there is telomere PNA FISH staining, 739 

histone mark staining and enlarged images of the X chromosomes with telomere and histone 740 

mark staining with the inactive, paternal (XP) and active, maternal (XM) chromosomes shown. 741 

Yellow arrows indicate the XP and white arrows indicate XM.  Scale bars indicate 10 Pm. 742 

 743 

Fig. 3: Karyotypes of female and male for three Petrogale species, with telomere staining in 744 

red, cytosine methylation staining in green, and DAPI in blue. Species are A-B; P. assimilis, 745 

C-D; P. sharmani, E-F; P. inornata. Scale bar indicate 10 Pm.  746 

 747 

 748 

  749 
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Table 1. Proportion of metaphases and the correlation between telomere length and relative 750 

DNA methylation in female X chromosomes. 751 

Species Sample type Metaphases 

examined 

No. of metaphases 

with hypermethylated 

X with short telomeres  

No. of metaphases with 

hypermethylated X with 

long telomeres 

Dasyurus 

maculatus 

Fibroblast 

cells 

30 28 93.3% 0 0% 

Sminthopsis 

crassicaudata 

Spleen cells 40 36 90.0% 1 2.5% 

Sarcophilus 

harrissii 

Fibroblast 

cells 

32 31 96.9% 0 0% 

Sarcophilus 

harrissii 

Lymphocyte 

(12/0761) 

19 19 100.0% 0 0% 

Sarcophilus 

harrissii 

Lymphocyte 

(12/1760) 

40 35 87.5% 0 0% 

Total - 161 149 92.6% 1 0.6% 

 752 

Table 2. Proportion of metaphases and the correlation between telomere length and relative 753 

enrichment of histone markers on the X chromosomes.  754 

Histone mark Metaphases 

examined 

No. of metaphases 

where enriched X had 

short telomeres 

No. of metaphases 

where enriched X 

had long telomeres 

H3K4me2 25 21 84% 1 4% 

H3K9ac 19 11 57.9% 1 5.3% 

H4Kac 10 5 50% 0 0% 

Total 54 37 68.5% 2 3.7% 

 755 
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