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Supplemental experimental procedures 

Mouse breeding. All animal procedures were conducted in accordance with the Home Office 

Animals (Scientific Procedures) Act 1986 (Project License number-70/6693). Animals were 

maintained on a 12 h light-dark cycle (0700-1900) and provided with environmental enrichment. 

Several iterations of the breeding program were conducted. For the founder generation, 8 week old 

C57BL/6J mice were purchased from Charles River Laboratories, UK. Animals were mated at 10-14 

weeks of age by housing males with virgin females overnight. The following morning, dams were 

singly housed with ad libitum access to standard chow, or protein restricted diet (Special Diets 

Services, UK, Table S1) without investigator blinding. Females were maintained on the respective 

diet until the offspring were weaned onto standard diet. Upon weaning at 21 days, littermates of a 

single sex were housed in groups of 3-4 animals, until they reached sexual maturity. Only litters with 

5-10 pups were included. Individual offspring were weighed weekly from weaning. All adults were 

killed at 16-20 weeks of age.  All animals were sacrificed by carbon dioxide asphyxiation between 

10 am and 12 pm. Tissues were collected immediately after sacrifice and flash frozen in liquid 

nitrogen, with the exception of endocrine pancreas and cauda epididymis, which were processed as 

described below.  

The model of maternal obesogenic diet was conducted as described previously (1), with the 

following exceptions; only male G1 offspring were profiled at the age of 6 months. 

Spontaneous locomotor activity. Experiments were undertaken in parallel with matched Control-

PR adult mice using two Mouse Feeding and Activity Analyser cages with infrared photocells (Ugo-

Basile). Mice were provided with ad libitum access to standard chow and water and environmental 

enrichment throughout the experiment. Experiments commenced at 15:00 and continued for 47 h. 

The number of beam crosses in both vertical and horizontal fields were counted per hour. Animals 

were only profiled once. To analyse a difference in activity the average number of counts were used 

between the hours of 19:00 to 24:00 and a t-test was used to determine significant differences between 

PR mice and Control mice for these average counts. 
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Pancreatic islet isolation and ex vivo function. The endocrine pancreas was surgically removed and 

digested in Hanks Buffered Salt Solution containing 1 mg/mL collagenase P, 0.15 mg/mL DNaseI. 

Islets were hand-picked into RPMI1640 medium with 11 mM glucose, 10% (v/v) FBS, 100 U/mL 

penicillin, 100 g/mL streptomycin and cultured for 2 h (37 0C, 5% CO2). Islets of equal size and 

number were then incubated in HBSS (10 mM HEPES (pH7.4), 0.2% BSA) supplemented with 17 

mM glucose. After 1 h, insulin concentration in the medium was determined by ELISA. 

Processing of mature spermatozoa. Caudal epididymis was dissected from sacrificed animals, 

chopped into fine pieces in sperm motility medium (108 mM Nacl, 7.2 mM KCl, 1.2 mM KH2PO4, 

0.74 MgSO4, 0.004% (v/v) sodium lactate, 5 mM NaHCO3, 0.35 mM sodium pyruvate, 1.8 mM 

CaCl2, 20 mM HEPES, 4 mg/mL BSA) and then incubated for 30 min, 37 0C with gentle rotation to 

allow motile spermatozoa to swim free. The upper phase containing sperm was then removed and 

sperm pelleted (1500 x g, 15 min, 4 0C). The pellet was washed in PBS containing 0.5% (v/v) Triton-

X a further three times to lyse any contaminating somatic cells. DNA was then extracted using a 

standard phenol/chloroform procedure. Sperm purity was confirmed by sequencing of bisulphite PCR 

products targeting imprinting control regions associated with MEST, MCTS2, NESP, IGF2/H19 (for 

primer sequences see Table S4). 

Reduced representation bisulphite sequencing (RRBS). RRBS of sperm was performed with 

modification of published protocols (2). Briefly, 100 ng of DNA was digested overnight with 20 U 

of MspI or 20U TaqI, and then pooled. Following clean-up and size-selection using Agencourt XP 

beads, multiplexed sequencing libraries were prepared using the Ovation Ultralow Methyl-Seq 

Library System by NuGEN (USA). The libraries were pooled and sequenced on an Illumina 

HiSeq2000 instrument (8 samples per lane) at the Kings College BRU sequencing facility.  

Sequencing statistics are given in Table S5. Bismark (v0.7.12) was used to align RRBS reads 

to the reference genome mm10, using Bowtie2 (v2.1.0). Methylation counts for each CpG were 

extracted using a custom program (https://bitbucket.org/xboxrob/methylation-extractor). The first 2 

bp of each read was removed to prevent the filled-in cytosine position being used for methylation 

https://bitbucket.org/xboxrob/methylation-extractor
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calling. DMRs were called using a custom program (https://bitbucket.org/xboxrob/bs-seq-dmr-caller) 

which uses a windowless approach.  The algorithm progresses along the genome and determines 

groups of CpGs that have the same directional difference between case and control. Each CpG must 

be within 1 kbp of its neighbouring CpG otherwise the region is split.  To determine the significance 

of the region the chi-squared statistic is calculated for the pooled counts across each of the CpGs in 

the region and across all the samples. The sample IDs are then permutated and a new statistic is 

calculated, this is repeated 1000 times and the original statistic is compared to 1000 permutated 

statistics to produce a p-value for each region. The false discovery rate was then calculated for each 

of the regions. RRBS data was also mapped using the above programs to the rDNA consensus 

(BK000964.3). The rDNA consensus was adjusted by moving the last 300 bp to the front of the 

sequence (e.g. position 1 of the consensus becomes position 301). All other analysis was performed 

as above. 

Multiplex bisulphite-PCR deep sequencing. Targeted bisulphite PCR-based analysis was 

performed using the 48.48 layout on the Fluidigm C1 system (Fluidigm, USA), coupled with Illumina 

MiSeq sequencing. Bisulphite PCR primers were designed using Primer3 (3), sequences are given in 

Table S4. DNA was bisulphite converted (EpiTect, Qiagen) prior to amplification. Amplicons from 

a single sample were pooled and individually indexed to create a multiplex library prior to sequencing 

(150 bp PE) on an Illumina MiSeq instrument using v3 chemistry.  

Bis-PCR-seq data was mapped using the same protocol as described for RRBS either to mm10 

(ICR data) or to the adjusted consensus rDNA reference. Only those reads that mapped to the correct 

starting position were used for further analysis. For rDNA analysis, for each read the sequence at 

position -104 was determined as either C or A which amounted to 99% of all reads (the remaining 

were removed from all analysis). The methylation status of each read for position -133 was then 

determined allowing us to assign each read to one of four possibilities Cu, Cm, Au or Am. The total 

number of reads in each category was then calculated. 

https://bitbucket.org/xboxrob/bs-seq-dmr-caller
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In vitro methylation assays. 10 ng of C57BL/6J DNA was whole-genome amplified using the 

GenomePlex kit from Sigma according to the manufacturers’ instructions. Then 1g of WGA DNA 

was in vitro methylated using SssI methylase (NEB) according the manufacturers’ instructions. 

Methylated fragments were mixed with unmethylated WGA fragments (from the same original WGA 

DNA samples) at a range of ratios, and then subjected to Fluidigm-based Bisulphite PCR analysis as 

described above. 

Whole genome sequencing libraries. Multiplexed libraries for whole genome sequencing were 

prepared according to the standard DNA-seq Illumina protocol. Six different libraries were pooled 

and sequenced (150 bp PE) using a high output kit on an Illumina NextSeq instrument, at the Barts 

and London Genome Centre. Reads were mapped to the revised rDNA consensus described 

previously using Bowtie 2 v2.1.0. Those reads which overlapped the C/A variant at position -104 

were used. The number of reads containing either A or C were counted and the %A calculated. 

pRNA sequencing assays. 2 g of total RNA extracted with Qiagen miRNeasy Micro Kit and treated 

with DNase was reverse transcribed using a target-specific primer (1 M). Replicate PCR reactions 

targeting pRNA were performed in parallel either including or excluding SYBR Green. PCR was 

halted as soon as product was detectable and the reactions without SYBR Green were used for 

subsequent library preparation. Reverse transcriptase negative reactions were carried out in parallel 

to control for DNA contamination.  Libraries were sequenced (150 bp PE) on an Illumina MiSeq 

instrument using v3 chemistry. Primer sequences are given in Table S4. 

45S pre-ribosomal RNA expression. 1 g of total RNA extracted with Qiagen miRNeasy Micro Kit 

and treated with DNase was reverse transcribed using a mix of transcript specific primers (1 M 

each), targeting the co-transcriptionally cleaved and degraded 1-650 nt region of the 5’-external 

transcribed spacer of the 45S pre-rRNA (4), or genes selected for non-variable expression from the 

RNA-seq data (Itgb1, Mapk1, Hibadh). Primer sequences are given in Table S4. Reverse transcriptase 

negative reactions were carried out in parallel to control for DNA contamination. Relative expression 
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levels were determined using qRT-PCR with intercalation of SYBR Green using the 2Ct formula. 

Data is presented after normalisation and averaging across all control genes.  

Integrative computational analyses and statistics. For all pairwise analyses presented, a two-tailed 

student t-test was used after verifying a normal distribution and similar variance between groups using 

the Bartlett test. For all correlation analysis the Kendall rank correlation coefficient (τ) was used. For 

comparison of weaning weight, organ weights and insulin secretion between PR and Control litter 

means were used. For all other analysis individual mice values were used. All statistical analysis and 

plotting were performed in R (v3.2.0) and scripts are available on request.  
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  Supplementary figures 

Figure S1. Spontaneous locomotor activity was recorded over a 47 h period. After 24 h of 

conditioning, activity in the active phase (highlighted: 1900-2400) was found to be reduced in PR 

(red, n = 8) compared to Control (black, n = 10), (t-test, P = 0.009). Litters of 5-10 pups included.  
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Figure S2. Insulin secretion of isolated pancreatic islets in response to stimulation with 17 mM 

glucose was reduced in PR (n = 9; nL = 8) compared to Control males (n = 7; nL = 4) (t-test, P = 

0.0023).  
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Figure S3. Age at which the animal was sacrificed (top, y-axis) did not correlate with A-variant CpG-

133 methylation (CpG-133A) in liver of Control (black, n = 26, t = -0.16, P = 0.27) or PR (red, n = 

24, t = 0.15, P = 0.30). Weight at the time of death (bottom, y-axis) did not correlate with A-variant 

CpG-133 methylation in liver of Control (black, n = 25, t = -0.1, P = 0.5) or PR (red, n = 24, t = 0.04, 

P = 0.80).  
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Figure S4. Technical replication confirms that methylation determined from RRBS (x-axis) is highly 

correlated with that determined using Bis-PCR-seq (y-axis) (t = 0.77, P = 1 x 10-5). Black line is x = 

y, grey lines are +/-0.05. Black = Control, Red = PR.  

  



10 
 

 

Figure S5. CpG-133 methylation of the C-variant in sperm (CpG-133C) does not correlate with 

weaning weight for Control (black, n = 15;  = -0.22, P = 0.25), or PR (red, n = 17;  = 0.03, P = 

0.87). 
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Figure S6. In vitro methylated DNA was mixed with whole genome amplified DNA in fixed 

proportions and the methylation of CpG-133 determined using Bis-PCR-seq. The positive correlation 

supports that methylation is not inducing amplification bias (t = 1, P = 0.0028). 
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Figure S7. Methylation of the imprinting Control regions (ICR) associated with maternally 

methylated MEST (top left), MCTS2 (top right), NESP (bottom left) and paternally imprinted gene 

IGF2/H19 (bottom right) confirm that there is no difference in the purity of sperm between Control 

(black, n = 17) and PR (red, n = 18). Liver is also shown for comparison. Points represent mean 

methylation of all CpGs profiled within the Bis-PCR-seq amplicon targeting that region.  
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Figure S8. Methylation of CpG-133 in A-variant rDNA copies in sperm (CpG-133A(sperm), x-axis) 

positively correlates with methylation of CpG-133 in A-variant rDNA copies in liver (CpG-

133A(liver), y-axis) in both Control (black, n=13,  = 0.72, P = 0.00028) and PR (black, n=15,  = 

0.54, P = 0.0041). Dashed line is x=y.  
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Figure S9. The percentage of A-variant rDNA copies relative to total copy number (%A) is positively 

correlated between sperm (x-axis) and liver (y-axis) in Control (black; n=12, = 0.77; P = 7 x 10-5) 

and PR male mice (red; n=15, = 0.73; P = 3.7 x 10-5). Dashed line is x=y.  
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Figure S10. The percentage of A-variant rDNA copies relative to total copy number (%A) as 

determined by whole genome sequencing (WGS(%A), x-axis) is positively correlated to that 

estimated from high throughput sequencing bisulphite amplicons generated on the Fluidigm platform 

(Bis-PCR(%A), y-axis, = 1.0 ; P = 0.0028). 
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Figure S11. Methylation of CpG-133 in A-variant rDNA copies (CpG-133A, x-axis) does not 

correlate with the percentage of A-variant rDNA copies relative to total copy number (%A, y-axis) 

in the liver of Control animals (black, n=26, = -0.01; P = 0.97), but is positively correlated in the 

sperm of PR animals (red, n=24, = 0.31; P = 0.034). 
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Figure S12. The percentage of unmethylated A-variant reads as a total of all rDNA copies (%AUN, 

x-axis) is positively correlated between sperm (x-axis) and liver (y-axis) in Control (black; n=13, t = 

0.79; P = 3.2 x 10-5) and PR male mice (red; n=15, t = 0.33; P = 0.093). Dashed line is x=y.  
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Figure S13. The percentage of pRNA reads that encode an A at position -104 (pRNA(%A); y-axis) 

does not correlate with the percentage of A-variant rDNA copies relative to total copy number (%A, 

x-axis) in the liver of Control males or PR males (n = 23, = 0.17, P = 0.27).  
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Figure S14. The percentage of rDNA copies with the A-variant at -104 (left, %A, x-axis) is not 

correlated with the abundance of unprocessed 45S-rRNA (y-axis) in liver of Control (black; n=14, = 

-0.16, P = 0.45), PR liver (red; n=12, = 0.30, P = 0.20).  Methylation of CpG-133 in A-variant 

rDNA copies (right, CpG-133A, x-axis) does not correlate with the abundance of unprocessed 45S-

rRNA (y-axis) in liver of Control (black; n=14, = -0.14, P = 0.52), PR liver (red; n=12, = -0.21, P 

= 0.38). 
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Figure S15. There is natural variation in the relative copy number of rDNA with an A-variant at 

position -104 (%A, indicated left, grey). Methylation is established independently of copy number 

shortly after fertilisation and this is maintained throughout development in Control fed animals. 

However, in animals fed a PR diet, animals with higher %A silence more A-variants through 

methylation at CpG-133 and this correlates with reduced weaning weight. Once established, this 

methylation pattern is maintained into adulthood, in the absence of further exposure. 
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Supplementary tables 

Table S1. The composition diets consumed by dams 

 

 

Component (w/w)% 

  Control  Protein restricted 

VITAMIN PREMIX 0.25 0.25 

TRACE ELEMENTS PREMIX  0.25 0.25 

CaHPO4.2H2O  0.65 1.15 

CaCO3  1.5 1.1 

KH2PO4  0.7 0.7 

 KCl  0.7 0.7 

NaCl  0.3 0.3 

MgSO4.7H2O  0.4 0.4 

MgO  0.2 0.2 

DL METHIONINE  0.2 0.08 

CHOLINE CL 0.4 0.4 

ACID CASEIN  22 9 

CORN STARCH 8 8 

CELLULOSE  5 5 

SOYA OIL  4.3 4.3 

DEXTROSE  55.15 68.17 

TOTAL 100 100 
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Table S2. Details of differentially methylated region identified in sperm from RRBS 

chromosome Start  End Methylation (%) nCpGs P-Value Q-Value Mean Coverage 

17 39843317 39845232 -5.48 126 1.37E-08 0.00024 1026 
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Table S3. Primers used for targeted analysis of DNA methylation, sequence analysis and 

expression. 

Bis-PCR-seq 

Target RefSeq ID  FP (5’-3’) RP (5’-3’) 

MESP NM_008590  TTTGGATTTATAATGGTAGGGTTA ATTTATCTAATACCACCAAACCAA 

MCTS2 NM_025543     AGTATTAGAATATTGGGGGATTTT TACCCCACTAATTCTTCTTCAAAT 

NESP AF175305  ATAGTGGATAGTGTTTGGAGGATA CCAAAACCACTTCTTATTACTCTC 

IGF2/H19 NM_001122737  ATGGGATTATAGATGGTGATAGG AAACAAAACACATACATTTTCTAAAC 

CpG-133 BK000964  tgttaggtYGattagttgttttt tatcaatacctatctccaaatcca 

pRNA (c/A)  RT primer sequence qPCR primer sequences 

Target RefSeq ID RT (5’-3’) FP (5’-3’) RP (5’-3’) 

Promoter-

associated 

RNA  

BK000964 ggaagaaagaccgggaagag tttcattgacctgtcggtctt tccaggtccaataggaacagat 

45S-rRNA expression RT primer sequence qPCR primer sequences  

Target RefSeq ID RT (5’-3’) FP (5’-3’) RP (5’-3’) 

Pre-

ribosomal 

45S RNA 

BK000964 gaactccggagcaccacatc ggttgagggccaccttattt ggaagaaagaccgggaagag 

Itgb1 NM_010578 caatttggccctgcttgtat ggtttcctggattggattga acattctccgcaagatttgg 

Mapk1 NM_011949  gttggtgcccggatgatgt caccaacctctcgtacatcg aggtctggtgctcaaaagga 

Hibadh NM_145567  cctgtcagccttttcggcta ggattcattggactgggaaa tgcatacatcagggaacacg 
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Table S4. Sample information and sequencing statistics for genome-wide datasets 

ID Diet Sex Tissue 
Number of 
Sequences 

Number of Mapped 
Sequences 

Mapping 
Efficiency (%) 

Exp. 
Type 

30 PR M Sperm 21285506 11239489 52.8 RRBS 

39 PR M Sperm 17711891 9998587 56.5 RRBS 

1 
Contr

ol M Sperm 25724660 13919463 54.1 RRBS 

2 
Contr

ol M Sperm 18269030 9925399 54.3 RRBS 

8 
Contr

ol M Sperm 19374499 11167546 57.6 RRBS 

31 PR M Sperm 23286040 13238536 56.9 RRBS 

42 PR M Sperm 19139146 10698265 55.9 RRBS 

22 
Contr

ol M Sperm 16919944 9327768 55.1 RRBS 

35 PR M Sperm 16478207 9688404 58.8 RRBS 

43 PR M Sperm 20608860 11806223 57.3 RRBS 

6 
Contr

ol M Sperm 19040273 10527075 55.3 RRBS 

23 
Contr

ol M Sperm 17332988 9818345 56.6 RRBS 

36 PR M Sperm 17835701 9911829 55.6 RRBS 

44 PR M Sperm 18996541 10938159 57.6 RRBS 

7 
Contr

ol M Sperm 19123310 11554622 60.4 RRBS 

24 
Contr

ol M Sperm 18292452 10898545 59.6 RRBS 

35 PR M Sperm 62129605 51053493 82.2 WGS 

43 PR M Sperm 51658316 44377652 85.9 WGS 

30 PR M Sperm 68603656 58672164 85.5 WGS 
42
1 PR M Sperm 70302698 60021220 85.4 WGS 

42
4 PR M Sperm 57971503 51559578 88.9 WGS 

44
1 PR M Sperm 72763525 63343976 87.1 WGS 
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