
1 

 

Appendix S1. Methods 
 
Biological samples 

Skeletal muscle samples were obtained from a flock of Dorset/Suffolk/Rambouillet cross-bred 

sheep raised at Utah State University. Samples were taken of longissimus lumborum (LL) 

skeletal muscles from three fetuses at 100 days of gestation and three lambs at 12 weeks 

postpartum (Vuocolo et al. 2007; Byrne et al. 2010). The fetal samples corresponded with 

tertiary myotube formation (Bonnet et al. 2010). This near-term fetal-lamb developmental 

transition has been associated with a major switch in gene expression in skeletal muscle as 

well as changes in muscle fibre oxidative status and muscle cell hypertrophy (Byrne et al. 

2010). The LL muscle was dissected from the animals at equivalent pre-determined sites 

within 15 minutes of euthanasia, weighed, frozen under liquid nitrogen and stored at -80°C.  

The fetuses included one male and two females while the lambs were all male. Animals were 

reared and euthanased in accordance with the animal ethics guidelines of Utah State 

University (Logan, Utah, USA). 

 
Microarray transcript profiling 

Gene expression analyses were performed by using RNA isolated from the fetal and lamb 

ovine LD muscle samples (n=3/ group). Affymetrix Bovine GeneChip microarrays 

(Affymetrix, Santa Clara, CA), containing 24,072 probe sets were employed, as previously 

described (Fleming-Waddell et al. 2007; Vuocolo et al. 2007; Byrne et al. 2010). All 

microarray images and quality
 
control measurements were within recommended limits.  

Previous studies indicated that the bovine Affymetrix microarray could be used for analysis of 

ovine gene expression although there was some minor data loss due to species specific 

sequence differences in the probe sets (Vuocolo et al. 2007).  Expression values were 

determined with the GeneChip Operating Software (GCOS) v1.1.1 and the MAS5.0 

processing algorithm (Fleming-Waddell et al. 2007; Vuocolo et al. 2007; Byrne et al. 2010).  

All data are available at the National Centre for Biotechnology Information (NCBI) Gene 

Expression Omnibus (GEO), as raw and processed (MAS5.0) data (Accession number 

GSE20112) . There was also good correspondence between changes in gene expression 

measured by the microarrays and qRT-PCR. 

  
Chromatin immunoprecipitation followed by sequencing  

Experimental design: Enrichment for histone 3 lysine 27 trimethylation (H3K27me3) at 

genomic loci was measured using chromatin immunoprecipitation followed by next 

generation sequencing (ChIP-Seq) for the fetal (n=3) and lamb (n=3) LL muscle samples. 

ENCODE minimum standards were used for ChIP-Seq unless otherwise specified 

(Consortium 2011a). Each sample was initially independently processed. Pooled input 

nucleosomal DNA from the three animals was used as the input control for each 

developmental age.  

 

Chromatin immunoprecipitation: Chromatin immunoprecipitation was performed essentially 

according to an established method (Wagschal et al. 2007). Briefly, nuclei were isolated from 

1.2 g of thawed LL muscle and the chromatin subsequently treated with micrococcal nuclease 

(MNase) (10 U/ µl) (New England BioLabs, Ipswich, MA) to generate nucleosomes. 

Preliminary experiments optimised the concentration of MNase and time of chromatin 

digestion. Soluble MNase digested chromatin was recovered using mild sonication and 

centrifugation. To assess the extent of MNase digestion and the production of nucleosomes, 

the soluble chromatin was digested with proteinase K and DNA extracted by phenol/ 
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chloroform (1:1) and precipitated in the presence of 250 mM NaCl and glycogen (20 µg/ml). 

The DNA was further purified using the PCR mini-elute purification kit (Qiagen) and 

subjected to 1.5% agarose gel electrophoresis with DNA visualised using ethidium bromide. 

A single strong ~150 bp band, corresponding to DNA associated mononucleosomes, was 

present in all samples. Direct incubation of purified genomic DNA with MNase did not 

produce a distinct ~150 bp band. Although MNase has a cleavage site nucleotide bias this is 

not a problem for nucleosome mapping (Allan et al. 2012; Gaffney et al. 2012). 

 

The soluble chromatin was pre-cleared with Protein A-Sepharose / salmon sperm DNA 

(Millipore).  A proven and highly specific antibody to H3K27me3 (Millipore 07-449; 10 μg 

per incubation) was used for immunoprecipitation (Bock et al. 2010; Egelhofer et al. 2011).  

Immune complexes were precipitated with Protein A-Sepharose, washed sequentially with 

low salt buffers supplemented with 0.1% NP-40 in 1xTE buffer and then eluted in ChIP 

Elution Buffer (50 mM NaCl, 50 mM Tris-Cl (pH 7.5),  0.1 mM PMSF, 5 mM EDTA, 1% 

SDS (w/v)). The H3K27me3 immunoprecipitated DNA and the input nucleosomal DNA were 

quantified using Quant-IT
TM 

PicoGreen double stranded DNA Reagent (Invitrogen).  

Approximately 50-100 ng of purified DNA was isolated from each H3K27me3 

immunoprecipitation. The antibody to H3K27me3 has been widely validated and in the 

current investigation its specificity was demonstrated by the strong association of H3K27me3 

with (i) homeobox encoding transcription factors (Pauler et al. 2009), (ii) X chromosome 

inactivation in females (King et al. 2008; Escamilla-Del-Arenal et al. 2011), as well as (iii) 

strong enrichment of the modified genes in a variety of datasets available in GSEA which 

were generated by manipulation of the polycomb protein complex responsible for H3K27 

methylation , and (iv) substantial agreement with human ENCODE data for H3K27me3 in a 

variety of tissues (Zhou et al. 2011).  

 

ChIP-Seq data generation: DNA isolated from purified H3K27me3 nucleosomes and input 

nucleosomes was sequenced by using the Illumina Genome Analyser II (GAII) sequencing-

by-synthesis technology in accordance with standard operating procedures (Genome Analysis 

Services, Geneworks, Adelaide, SA).  End repaired and adaptor-ligated DNA fragments of 

~170 bp were size selected from acrylamide gels, purified and amplified by PCR.  Each 

library was validated using an Agilent 2100 Bioanalyser and then sequenced. Single-end 65 

bp sequence reads were generated and base quality scores were produced using the GAII data 

analysis software pipeline (v 1.3.2).  Approximately 10 million sequence reads per sample 

were generated. A total of eight libraries were produced corresponding to three fetal and three 

lamb H3K27me3 samples, as well as the two input nucleosomal DNA controls for each 

developmental stage. The number of reads per sample was consistent with ENCODE 

recommendations (CONSORTIUM 2011b; Ma & Wong 2011). Mean quality scores were 

plotted as a function of sequence position for each library and all libraries showed Q20 scores 

extending beyond 60 bp. A total of 95.8 million reads (6.2 Gb) was generated. The ChIP-Seq 

data has been deposited in the NCBI Gene Expression Omnibus (GEO) under the SuperSeries 

GSEXXXXX. 

 
Mapping sequence reads to the bovine genome sequence 

Sequence reads were mapped to the bovine genome sequence as an annotated ovine genome 

sequence was unavailable. Orthologous ovine and bovine sequences show considerable 

identity i.e. ~ 97% in gene coding sequences and ~93% in intergenic sequences (Kijas et al. 

2006) (our unpublished data). Moreover, both species have substantial similarities in their 

chromosomal organisation and extensive gene synteny (Goldammer et al. 2009). Therefore, it 

was anticipated that there would be efficient mapping of ovine sequence reads onto the bovine 
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annotated genome sequence. Sequence reads were initially screened for adaptor and filtered 

for mammalian repeats using RepeatMasker (RM-3.2.8 and db-20090604)  and reads with ≥ 

50 bp of unmasked sequence were subsequently used. Studies using the human genome 

revealed that 79.6% of the genome is uniquely mapable using 30 bp reads (Rozowsky et al. 

2009). Although a number of sequence alignment algorithms were available, the cross-species 

nature of the alignment, particularly the potential for indels, was not easily accommodated by 

most programs, which are typically optimised for identity mapping within a species. 

Consequently, the ovine sequence reads were mapped to the bovine genome (Btau_4.0 (Elsik 

et al. 2009; Tellam et al. 2009), including the unassigned scaffolds, using BLAT (Kent 2002) 

but optimised with the following parameters:  -minIdentity=75;  -tileSize=11;  

maxIntronSize=5;  StepSize=5 –mask=lower and -qMask=lower.  Ovine sequence reads with 

> 75% identity over > 50 bp, allowing for an indel size of up to 5 bp, were identified. Of the 

total number of ChIP-Seq reads, 11.6 and 9.9 million from the fetal and lamb samples, 

respectively, passed three filters: (i) unique mapping to the bovine genome; (ii) length of the 

sequence match ≥ 50 bp, and; (iii) sequence identity ≥ 75 %. The uniquely mapped reads for 

each sample were converted to alignment files detailing the genomic co-ordinates and strand 

for each read. Btau_4.0 is 89% complete (Elsik et al. 2009) and thus some reads were likely 

lost due to the incomplete nature of the genome sequence. Other sequences were not mapped 

due to localised species specific sequence divergence, particularly as a consequence of large 

indels, or the inability to be mapped uniquely to the genome. The Y chromosome sequence 

was unavailable for mapping. 
 
H3K27me3 peak detection 

The software package CisGenome was used to identify genomic regions of H3K27me3 

nucleosome enrichment for each sample relative to the corresponding input nucleosome 

control (Ji et al. 2008).  CisGenome is an integrated computational tool for ChIP-Seq 

analysis. The uniquely mapped sequence reads were extended to a read length of 147 bp 

(direction dependent on strand), representing the length of the input nucleosomal DNA. The 

signal was the count of the number of overlapping DNA reads at each nucleotide position. 

H3K27me3 peaks were identified by using the CisGenome software based on the number of 

reads derived from the H3K27me3 immunoprecipitated DNA in a sliding window of 200 bp, 

stepped every 50 bp, compared to the number of reads in the same region for the input 

nucleosomal control i.e.  (a two sample analysis). A conservative threshold of 10 or more 

sequence reads in the 200 bp window was applied. CisGenome normalised for library size 

when the peaks were generated. FDR estimates were based on the level of H3K27me3 

nucleosome enrichment in this window compared to the input nucleosome control using a 

conditional binomial model with a FDR ≤ 0.1 (Ji et al. 2008).  Windows of enriched 

H3K27me3 nucleosomes that overlapped were merged into one region, retaining the minimal 

FDR and maximum fold change enrichment values. This pair-wise analysis was performed 

for each of the biological replicates. Gaps of H3K27me3 modification within broad regions of 

strong modification are likely due to local sequence regions that do not uniquely map, or local 

sequence divergence between the ovine and bovine genome. Reads mapping to genomic 

sequence unassigned to a bovine chromosome (ChrUN) were not included in subsequent 

analyses. 

 

The H3K27me3 enriched regions showed strong overlaps in pairwise comparisons between 

the three biological replicates at each developmental stage. The percentage of H3K27me3 

peaks that overlapped in pairwise comparison by more than 1 bp in each group was 62-74% 

and 67-77% for the fetal and lamb samples, respectively. Moreover, the H3K27me3 read 

counts in RefSeq gene promoters showed pairwise correlation coefficients of 0.87- 0.94 and 
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0.86-0.91 for the biological replicates within the fetal and lamb groups, respectively.  The top 

ranked 500 genes showed greater than 96% overlap between biological replicates in each 

biological state. Moreover, there was greater than 95% overlap between the top ranked 500 

genes for the fetal and lamb biological replicates. Thus, there was good agreement between 

the biological replicates in terms of peak position and overlap of genes ranked according to 

H3K27me3 promoter read counts in the fetal and lamb samples. 

 

To examine the architecture of the H3K27me3 modification across the genome in each 

developmental state, the uniquely aligned reads from the three biological replicates within 

each developmental group were pooled and compared to their age matched input nucleosomal 

control reads using CisGenome for H3K27me3 peak detection, as described above (two 

sample analysis), but excluding the X chromosome from analysis. Combining sequence reads 

from the biological replicates provided additional statistical power for detection of 

H3K27me3 peaks. The X chromosome was excluded due to the largely chromosome-wide 

enrichment of H3K27me3 nucleosomes on one of the two X chromosomes in females due to 

X chromosome inactivation. Peak list tables (*.cod files) produced by CisGenome defined the 

peak parameters (chromosome, peak start, peak end, peak strand, peak length, FDR, log2 (fold 

change) and strand specific read counts (forward and reverse)) for the fetal and lamb states. 

These data were used to identify correlations between H3K27me3 peaks and transcriptional 

start sites (TSS), CpG Islands (CGIs) and genes (CDS). They were also used to define genes 

with promoters enriched with H3K27me3 peaks (see below). 

 
Nucleotide profiles of input nucleosomes and H3K27me3 nucleosomes 

The G+C contents of the 147 bp H3K27me3 nucleosomes located in peaks by CisGenome 

and the input nucleosomes were determined for each biological state. For the latter, the input 

nucleosome 65 bp sequences that uniquely mapped to the bovine genome (excluding ChrUN 

and chromosome X) were extended to 147 bp as previously described and input nucleosome 

peaks were independently detected using a CisGenome one sample analysis, a sliding window 

of 200 bp and minimum read count of 10. False discovery rates were estimated by modelling 

the read count in non-binding windows using a negative binomial distribution. By comparing 

the observed number of windows that have k reads with the expected number of windows that 

have k reads, an estimate of the false positive rate was made (Ji et al. 2008). A FDR cutoff of 

0.1 was used. The nucleosome and H3K27me3 nucleosome peak co-ordinates were used to 

extract relevant 147 bp sequences. In addition, one million random 147 bp sequences were 

extracted from the unmasked portion of the bovine genome. The G+C content of each 147 bp 

nucleosome sequence and frequency of nucleotides at each position in the sequence were then 

determined for all three data sets i.e. (i) H3K27me3 enriched nucleosomes; (ii) input 

nucleosomes, and; (iii) the randomised control. This was performed for both the lamb and 

fetal samples. Differences in G+C content were defined using the Mann-Whitney U test.  The 

ChIP-Seq method involved preparation of nucleosomes using MNase (Dingwall et al. 1981). 

The cleavage site for MNase was associated with a nucleotide bias however this has been 

shown to not be a problem for nucleosome mapping as similar results can be obtained with 

other nucleases of differing specificities (Allan et al. 2012; Gaffney et al. 2012). Exclusion of 

the first and last five nucleotides from the 147 bp nucleosomal sequences gave essentially the 

same results for G+C contents.    

 
Visualisation of ChIP-Seq data using Hilbert space filling curves 

The H3K27me3 peaks identified in the pooled analyses for each developmental state were 

visualised using a Hilbert space filling curve for each autosome. A Hilbert curve is a 

continuous fractal space filling curve that maintains locality information. The Hilbert curve 
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visualisation tool HilbertVis was used, which is adapted for representation of genomic data 

(Anders 2009). The tool allows the display of very long data vectors (e.g. genomic features of 

chromosomes) in a space-efficient manner that maintains locality relationships thereby 

allowing high resolution visualisation of genomic features (i.e. H3K27me3 peaks). The 

H3K27me3 peak co-ordinates (in *.cod files) for the fetal and lamb developmental time 

points were converted to gff (General Feature Format) files and uploaded into the HilbertVis 

GUI tool.  A Hilbert curve for each autosome and for each developmental state was generated.  

 
Association of sequence reads within H3K27me3 peaks with genome architecture 

Sequence reads within H3K27me3 peaks in both developmental states were examined for 

their association with structural features of the bovine genome including genes, transcriptional 

start sites (TSS) and CpG islands (CGI). The B. taurus genome coordinates (assembly 

BTAU_4.0) for RefFlat genes were obtained from the University of Santa Cruz California 

(UCSC) website (UCSC). (UCSC)(UCSC)(UCSC)The RefFlat gene set contained 10,891 

genes annotated for transcription and coding sequence start and stop coordinates. This 

information was derived from full length cDNA sequences. A further set of 29,027 gene 

sequences (RefSeq) was obtained by downloading the NCBI B. taurus reference gene 

sequences and their coordinates . RefSeq genes are a collection of curated, non-redundant 

gene sequences produced by NCBI. ‘LOC’ RefSeq genes were manually updated for recent 

annotations. The positions for 37,595 CpG islands (CGI) in BTAU_4.0 were downloaded 

from the UCSC genome browser. There was no attempt to correct for alternative promoters. 

For each gene set the distance from the gene feature start site to each H3K27me3 peak was 

calculated and the number of sequence reads within each 100 bp window derived to a 

maximum distance of 10 kb in either direction. For the RefFlat dataset, the sequence start was 

defined as the TSS while for the RefSeq dataset the gene start was defined as the first base of 

exon 1. The H3K27me3 peak distances from CGI boundaries were similarly calculated. To 

determine the correlation between H3K27me3 peaks and CGI, the coordinates of each CGI 

were extended 500 bp either side to capture CpG island shores (Doi et al. 2009; Irizarry et al. 

2009) and all H3K27me3 peaks that overlapped with these extended coordinates, including 

partial overlaps, were then identified. The number of sequence reads within these windows 

for each genome feature was then determined. Each analysis was independently performed for 

the fetal and lamb samples. H3K27me3 peaks overlapping gene promoter regions were 

calculated using a 2.5 kb window that included 2 kb upstream and 500 bp downstream of the 

first base of exon 1 of each RefSeq gene (Mikkelsen et al. 2007). 

 

Association of sequence reads in H3K27me3 peaks in RefSeq gene promoters with gene 

expression 

In order to correlate the co-localisation of H3K27me3 enriched regions with gene expression, 

we compared sequence reads in H3K27me3 peaks in promoters of autosomal RefSeq genes 

with corresponding gene expression data. The bovine Affymetrix microarray was used for 

measurement of gene expression in the LL skeletal muscle samples (Fleming-Waddell et al. 

2007; Vuocolo et al. 2007; Byrne et al. 2010).  H3K27me3 peaks were detected in 4,070 and 

3,384 promoters from the RefSeq annotated gene list for the fetal and lamb samples, 

respectively. The H3K27me3 sequence counts within these gene promoter windows were then 

determined, normalised for library size and corrected for the normalised input control.  Of the 

genes containing H3K27me3 sequence tags in their promoters, gene expression signals were 

correspondingly measured for 1,953 and 1,466 Affymetrix probe-sets, corresponding to 1,430 

and 1,107 annotated unique genes for the fetal and lamb samples, respectively.  Probe-sets 

which reported ‘no’ expression (called as Absent by MAS5.0 in all biological replicates for a 

developmental state) were also assessed for H3K27me3 levels within the promoter regions of 
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the corresponding genes. Gene expression levels were divided into four categories: no 

expression; low expression (log2 scaled averages <4); medium expression (log2 scaled 

averages ≥4 and <8) and high expression (log2 scaled averages ≥ 8). The independent MAS5 

Affymetrix flag calls for the expressed genes were either Present or Marginal for all 

biological replicates for each developmental state. A t test was used to measure statistical 

differences between the levels of H3K27me3 sequence reads in each gene expression 

category compared with the ‘no’ expression gene category.  

 

Differentially modified gene promoters between the fetal and lamb developmental states  

The strategy used for detection of RefSeq autosomal genes with significant differences in 

H3K27me3 promoter density was as follows. The number of sequence reads in the promoters 

of genes for each of the biological replicates was determined. For each gene these reads were 

corrected for library size and corresponding normalised input controls were subtracted. A 

figure of 0.1 reads was added to any zero values and quantile normalisation employed. 

Significant differences in H3K27me3 promoter reads between the two developmental states 

were then determined using an adaptation of the statistical package designed to analyse RNA-

seq data in the commercial package CLCBIO (CLCBIO).  An FDR corrected P value ≤ 0.1 

was considered significant. SuppInfo_8 lists the differentially modified genes including fold 

change relative to the fetal sample, P-value, FDR corrected P-value, fetal normalised mean 

value, and lamb normalised mean value for each gene. Genes associated with changes in 

H3K27me3 promoter modification may, in some cases, reflect alternative promoter use (data 

not shown). 

 
Gene function enrichment analysis 

To identify higher level functional themes associated with gene lists, the Database for 

Annotation, Visualization and Integrated Discovery (DAVID version 6.7) was used (Huang 

da et al. 2009a; Huang da et al. 2009b). DAVID provides statistical methods for identification 

of enriched biological and structural terms within a gene list compared to a relevant 

background gene list. For the analysis of modified genes in the fetal or lamb samples, 

statistically over-represented Gene Ontology (GO) terms, keywords and pathways as well as 

protein structural themes were identified with a Benjamini-Hochberg-adjusted p-value ≤ 0.05 

and a minimum number of 10 genes/ term. Functional Annotation Clustering was performed 

using the DAVID system using the highest stringency option. This higher level analysis 

displayed related functional annotation terms together based on overlaps of genes associated 

with each function term. It therefore gives an overview of gene function information 

associated with large datasets. In this case enrichment scores (- log (geometric mean of the P-

values for terms in the cluster)) greater than 1.3 with terms represented by at least 5 genes 

were considered significant. For the differentially modified genes a cluster enrichment score ≥ 

1.0 for Functional Annotation Clustering and a p-value ≤ 0.05 for GO terms were used. The 

gene backgrounds were either the bovine autosomal RefSeq genes for the intragenome 

analysis or genes whose promoters showed enrichment of H3K27me3 for the analysis of 

differential modification between the biological states.  
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