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SUMMARY

Social insects are promising model systems for epigenetics due to their immense morphological 

and behavioral plasticity. Reports that DNA methylation differs between the queen and worker 

castes in social insects [1–4] have implied a role for DNA methylation in regulating division of 

labor. To better understand the function of DNA methylation in social insects, we performed 

whole-genome bisulfite sequencing on brains of the clonal raider ant Cerapachys biroi, whose 

colonies alternate between reproductive (queen-like) and brood care (workerlike) phases [5]. Many 

cytosines were methylated in all replicates (on average 29.5% of the methylated cytosines in a 

given replicate), indicating that a large proportion of the C. biroi brain methylome is robust. 

Robust DNA methylation occurred preferentially in exonic CpGs of highly and stably expressed 

genes involved in core functions. Our analyses did not detect any differences in DNA methylation 

between the queen-like and worker-like phases, suggesting that DNA methylation is not associated 

with changes in reproduction and behavior in C. biroi. Finally, many cytosines were methylated in 

one sample only, due to either biological or experimental variation. By applying the statistical 

methods used in previous studies [1–4, 6] to our data, we show that such sample-specific DNA 

methylation may underlie the previous findings of queen- and worker-specific methylation. We 

argue that there is currently no evidence that genome-wide variation in DNA methylation is 

associated with the queen and worker castes in social insects, and we call for a more careful 

interpretation of the available data.

RESULTS AND DISCUSSION

The clonal raider ant Cerapachys biroi provides a good system to investigate insect DNA 

methylation, because age-matched individuals that are genetically identical can be collected 
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easily [7]. C. biroi has no distinct queen and worker castes. Instead, all ants in a colony 

produce female offspring by parthenogenesis [8], and colonies undergo stereotypical cycles 

alternating between queen-like reproductive phases (ants lay eggs inside the nest) and 

worker-like brood care phases (ants do not lay eggs but nurse the brood and forage for food) 

[5]. To characterize the brain methylome of C. biroi, we sequenced eight samples of 

bisulfite-treated DNA extracted from pools of 20 brains dissected from age-matched ants 

collected in the reproductive phase (four samples) and in the brood care phase (four 

samples) from four source colonies belonging to two different clonal lineages (Experimental 

Procedures).

The average proportion of methylated cytosines across the eight samples was 2.1% ± 0.1% 

(mean ± SD), which is substantially higher than what has been reported for the honeybee 

(0.1%) [1] and other ant species (0.3% in Camponotus floridanus and 0.2% in Harpegnathos 
saltator) [2]. Methylation-sensitive AFLP on additional samples confirmed higher levels of 

methylation in C. biroi than in other social insects (Table S1; Supplemental Experimental 

Procedures). DNA methylation was found primarily in CpG dinucleotides (66.3% ± 1% of 

the methylated cytosines) and within genes (82.5% ± 0.6%), especially in exons (57% 

± 0.9%). Such exonic CpG methylation has been reported in other insect species and in 

mammals, and it may affect gene function through histone modifications [9], nucleosome 

stability [10], and/or alternative splicing [1, 2, 11]. As previously shown in other ant species 

[2], levels of DNA methylation in C. biroi were associated with patterns of alternative 

splicing (Figure S1; Supplemental Experimental Procedures), and transposable elements 

were hypomethylated compared to the genome baseline (Wilcoxon rank-sum test, W = 64, p 

= 0.0002; Table S2; Supplemental Experimental Procedures).

Robust DNA Methylation Is Associated with Highly Expressed Genes Involved in Core 
Functions

On average, 29.5% ± 1.7% of the methylated cytosines in a given sample showed robust 

methylation, as they were methylated in all eight samples, despite behavioral, reproductive, 

and genotypic differences among samples. Additionally, the percentage of sequencing reads 

indicating methylation was higher for the cytosines that were methylated in all samples 

(58.2% ± 0.4%) than for those that were methylated in only a subset of samples (17.4% 

± 1.9%). Strikingly, 99.3% ± 0.1% of the cytosines with more than 60% reads indicating 

methylation were methylated in all samples (Figure S2). This suggests that DNA 

methylation is not only robust across samples but also within samples, hence across 

individual brains. However, to more definitively assess variation in DNA methylation across 

individuals would require very deep sequencing coverage from single brains.

The degree of robust DNA methylation differed between CpG and non-CpG contexts and 

across genomic locations. While 164,258 CpG positions (41.3% ± 2.2% of the methylated 

CpGs) were methylated in all eight samples, only 9,047 non-CpG positions (4.8% ± 0.4% of 

the methylated non-CpGs) were methylated in all samples, revealing that CpG methylation 

is more robust than non-CpG methylation (Figure 1A). Similarly, while 121,858 exonic 

CpGs (60.9% ± 3.8% of the methylated exonic CpGs) were methylated in all eight samples, 

only 38,036 intronic CpGs (26.2% ± 1.5% of the methylated intronic CpGs) and 4,364 
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intergenic CpGs (8.3% ± 0.5% of the methylated intergenic CpGs) were methylated in all 

samples, revealing that DNA methylation is more robust in exons compared to introns and in 

genic (exons and introns) compared to intergenic regions (Figure 1B).

The comparison between genes with and without robust methylation revealed that genes 

with robust methylation (i.e., with at least one cytosine methylated in all eight samples) were 

significantly enriched for gene ontology (GO) terms related to core processes, such as DNA 

repair; RNA binding and processing; and protein translation, folding, transport, and binding 

(Table S3). Genes with robust methylation also were more expressed than genes without 

robust methylation (Wilcoxon rank-sum test, W = 5,216,694, p < 0.0001). More generally, 

there was a positive relationship between the level of expression and the level of methylation 

(Spearman rank-correlation test, rho = 0.59, p < 0.0001; Figure 2A). DNA methylation may 

preferentially target highly expressed genes and/or DNA methylation may enhance gene 

expression.

DNA Methylation Is Not Associated with Reproduction and Behavior

To determine whether parts of the C. biroi methylome are associated with reproduction and 

behavior, we performed two analyses to investigate whether DNA methylation differs 

between brains of age-matched ants in the reproductive phase and in the brood care phase. 

First, we compared the proportion of methylated reads between the two phases for each 

CpG. There was no CpG for which the proportion of methylated reads significantly differed 

between phases after correcting for multiple testing (all p values > 0.22). Second, we used 

the methylation status of each CpG (methylated or not methylated) to calculate the number 

of CpGs that were methylated in all four samples from one phase and not methylated in all 

four samples from the other phase. Then we determined whether such a number of 

differentially methylated CpGs could be expected by chance by repeating the analysis for all 

possible sample randomizations. We found 1,560 differentially methylated CpGs between 

the reproductive phase and the brood care phase, while random comparisons returned an 

average of 1,727 ± 222 differentially methylated CpGs (median = 1,705; ranging from 1,418 

to 2,115; Figure S3). This suggests that the 1,560 apparently differentially methylated CpGs 

were false positives. Therefore, our analyses did not detect any significant differences in 

DNA methylation between brains of ants in the reproductive phase and brains of ants in the 

brood care phase.

In line with the finding that DNA methylation is not associated with reproduction and 

behavior in the context of colony cycles in C. biroi, there was a strong negative relationship 

between the level of DNA methylation and the level of differential gene expression. Genes 

that were differentially expressed between the reproductive phase and the brood care phase 

had fewer methylated sites, while genes with a stable expression between phases tended to 

be more methylated (Spearman rank-correlation test, rho = −0.32, p < 0.0001; Figure 2B). 

Because our analyses did not detect differentially methylated CpGs and DNA methylation is 

less likely to be found in genes that are differentially expressed between phases, it is 

unlikely that DNA methylation is involved in the regulation of the clonal raider ant colony 

cycles.
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Re-evaluating the Evidence for Caste-Specific DNA Methylation

Our finding that DNA methylation is robust and not associated with changes in reproduction 

and behavior in C. biroi seems to contradict previous studies that reported DNA methylation 

differences between the queen and worker castes in four social insect species. Although the 

findings of caste-specific DNA methylation have been reviewed extensively in the literature 

[12–27], there are only four empirical studies that used whole-genome bisulfite sequencing 

to report such differences in ants and bees [1–4]. All those studies investigated differential 

methylation using the same statistical method, which does not require biological replicates 

but is prone to producing false positives stemming from sample-specific DNA methylation.

We used the C. biroi methylome to assess the validity of the statistical method used in 

previous studies. First, we investigated whether sample-specific DNA methylation occurred 

in C. biroi by comparing DNA methylation across the eight samples. We found that, on 

average, 105,321 ± 18,935 cytosines (17.8% ± 2.7% of the methylated cytosines) and 46,027 

± 6,453 CpGs (11.5% ± 1.3% of the methylated CpGs) showed sample-specific DNA 

methylation. Second, we applied the statistical method used in previous studies to our own 

data (Supplemental Experimental Procedures). Instead of performing one analysis with four 

replicates, we performed four separate analyses, each comparing the reproductive phase and 

the brood care phase of one source colony. We found several hundred differentially 

methylated exons between the phases for all four source colonies (Figure 3), which is in 

striking contrast to our combined analysis of the four replicates. However, overlapping the 

results from the four separate comparisons revealed no exon that was consistently 

significantly differentially methylated between the two phases in all four analyses (Figure 3). 

This shows that the lists of differentially methylated exons generated by the statistical 

method used in previous studies are random or colony specific, and they likely stem from 

sample-specific DNA methylation.

To our knowledge there are only two empirical genome-wide studies of DNA methylation in 

social insects that used a replicated experimental design to test whether methylation differs 

between queens and workers in honeybees [28], Dinoponera ants, and Polistes wasps [29]. 

Neither of the two studies detected significant differences in DNA methylation between 

queen and worker brains (Supplemental Experimental Procedures), which is consistent with 

our finding that brain DNA methylation does not differ between the reproductive and brood 

care phases in the clonal raider ant.

Conclusions

The use of biological replicates allowed us to conduct a proper study of the brain methylome 

of the clonal raider ant C. biroi. Our analysis reveals that a large proportion of methylation is 

robust both across and within samples, especially in exonic CpGs of highly expressed genes 

involved in general processes. We also report that DNA methylation is unlikely to be 

involved in regulating the reproductive and behavioral dynamics of the C. biroi colony cycle. 

Finally, evaluating the statistical method used in previous studies with our data indicates that 

there currently is no empirical evidence for genome-wide variation in DNA methylation 

associated with the queen and worker castes in other social insect species. Such a lack of 

well-supported evidence does not necessarily imply that caste-specific methylation does not 
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exist, but rather calls for more controlled and carefully replicated studies of DNA 

methylation in insect societies.

EXPERIMENTAL PROCEDURES

Sample Preparation

In C. biroi, the presence or absence of larvae triggers the switch between the phases of the 

colony cycle [30]. We used this effect of the larvae to prepare the samples for our study. We 

first collected 500 callow (recently eclosed) workers, which are light-colored age-matched 

ants, from a source colony in the brood care phase. We split those callows into two 

subcolonies, from one of which we removed all the larvae. The subcolony with the larvae 

remained in the brood care phase, while the other entered a new reproductive phase. We then 

waited a complete cycle (circa 34 days) until the two subcolonies were again at opposite 

ends of the cycle. The subcolony in the brood care phase was flash frozen 6 days after the 

ants started foraging, while the subcolony in the reproductive phase was flash frozen when 

the first eggs were laid. Thus, the ants collected in the brood care phase and in the 

reproductive phase were the same age, and they were morphologically and genetically 

identical (all came from the same source colony, i.e., the same clonal genotype).

For each subcolony, we dissected the brains of 30 individuals with two ovarioles [8], pooled 

20 brains to extract DNA for whole-genome bisulfite sequencing, and pooled ten brains to 

extract RNA for RNA sequencing (see the Supplemental Experimental Procedures for DNA 

and RNA extraction protocols). We repeated this entire process four times using four 

different source colonies spanning two clonal lineages: source colonies A1 and A2 (C1 and 

C16 from clonal lineage A or MLL1 in [31]), and B1 and B2 (STC1 and STC6 from clonal 

lineage B or MLL4 in [31]). This resulted in eight DNA samples and eight RNA samples 

(four in the reproductive phase and four in the brood care phase for both DNA and RNA).

Library Preparation and Sequencing

Library preparation for whole-genome bisulfite sequencing and RNA sequencing, 

sequencing, and post-processing of the raw data were performed at the Epigenomics Core at 

Weill Cornell Medical College (see the Supplemental Experimental Procedures for details). 

Each phase and each clonal lineage was equally represented in each of the two batches of 

library preparation and sequencing.

Methylated Cytosines

For each position with coverage ≥10 in each sample (on average 63.6% ± 4.6% of the 

cytosines had a coverage ≥10), the methylation status (methylated or not methylated) was 

determined by comparing the proportion of sequencing reads indicating methylation 

(methylated reads) to a binomial distribution, where the number of trials is the number of 

reads (coverage), the number of successes is the number of methylated reads, and the 

probability of success is the conversion rate of the bisulfite sequencing treatments. If the 

proportion of methylated reads could not be explained by chance (p < 0.05 after correcting 

for multiple testing [32]), the position was considered methylated. If it could, the position 

was considered unmethylated.
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Differentially Methylated CpGs

Quantitative Method—For each CpG with coverage ≥10 in all samples, we performed a 

paired t test to compare the proportion of methylated reads between the reproductive phase 

(four replicates) and the brood care phase (four replicates), and then we corrected the p 

values for multiple testing [32].

Permutation Method—We counted the number of CpGs with coverage ≥10 in all samples 

that were methylated in the four samples of one phase but unmethylated in the four samples 

of the other phase. We then compared this number to the numbers for all possible 

combinations of four and four samples to assess the number of differentially methylated 

CpGs that could be expected by chance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

This work was supported by a Marie Curie International Outgoing Fellowship (PIOF-GA-2012-327992) to R.L., as 
well as NIH grant 1DP2GM105454-01, a Klingenstein-Simons Fellowship Award in the Neurosciences, and an 
Irma T. Hirschl/Monique Weill-Caulier Trusts Research Award to D.J.C.K. P.R.O. was supported by a grant from 
the Leon Levy Foundation for Mind, Brain, and Behavior. We thank the Epigenomics Core at Weill Cornell Medical 
College for technical support. Ryszard Maleszka, Sylvain Foret, and two anonymous reviewers provided helpful 
comments on an earlier version of the manuscript.

References

1. Lyko F, Foret S, Kucharski R, Wolf S, Falckenhayn C, Maleszka R. The honey bee epigenomes: 
differential methylation of brain DNA in queens and workers. PLoS Biol. 2010; 8:e1000506. 
[PubMed: 21072239] 

2. Bonasio R, Li Q, Lian J, Mutti NS, Jin L, Zhao H, Zhang P, Wen P, Xiang H, Ding Y, et al. Genome-
wide and caste-specific DNA methylomes of the ants Camponotus floridanus and Harpegnathos 
saltator. Curr Biol. 2012; 22:1755–1764. [PubMed: 22885060] 

3. Glastad KM, Hunt BG, Yi SV, Goodisman MA. Epigenetic inheritance and genome regulation: is 
DNA methylation linked to ploidy in haplodiploid insects? Proc Biol Sci. 2014; 281:20140411. 
[PubMed: 24789901] 

4. Foret S, Kucharski R, Pellegrini M, Feng S, Jacobsen SE, Robinson GE, Maleszka R. DNA 
methylation dynamics, metabolic fluxes, gene splicing, and alternative phenotypes in honey bees. 
Proc Natl Acad Sci USA. 2012; 109:4968–4973. [PubMed: 22416128] 

5. Ravary F, Jaisson P. The reproductive cycle of thelytokous colonies of Cerapachys biroi Forel 
(Formicidae, Cerapachyinae). Insectes Soc. 2002; 49:114–119.

6. Drewell RA, Bush EC, Remnant EJ, Wong GT, Beeler SM, Stringham JL, Lim J, Oldroyd BP. The 
dynamic DNA methylation cycle from egg to sperm in the honey bee Apis mellifera. Development. 
2014; 141:2702–2711. [PubMed: 24924193] 

7. Oxley PR, Ji L, Fetter-Pruneda I, McKenzie SK, Li C, Hu H, Zhang G, Kronauer DJ. The genome of 
the clonal raider ant Cerapachys biroi. Curr Biol. 2014; 24:451–458. [PubMed: 24508170] 

8. Ravary F, Jaisson P. Absence of individual sterility in thelytokous colonies of the ant Cerapachys 
biroi Forel (Formicidae, Cerapachyinae). Insectes Soc. 2004; 51:67–73.

9. Singer M, Kosti I, Pachter L, Mandel-Gutfreund Y. A diverse epigenetic landscape at human exons 
with implication for expression. Nucleic Acids Res. 2015; 43:3498–3508. [PubMed: 25765649] 

10. Hunt BG, Glastad KM, Yi SV, Goodisman MA. The function of intragenic DNA methylation: 
insights from insect epigenomes. Integr Comp Biol. 2013; 53:319–328. [PubMed: 23509238] 

Libbrecht et al. Page 6

Curr Biol. Author manuscript; available in PMC 2016 October 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



11. Li-Byarlay H, Li Y, Stroud H, Feng S, Newman TC, Kaneda M, Hou KK, Worley KC, Elsik CG, 
Wickline SA, et al. RNA interference knockdown of DNA methyl-transferase 3 affects gene 
alternative splicing in the honey bee. Proc Natl Acad Sci USA. 2013; 110:12750–12755. [PubMed: 
23852726] 

12. Yan H, Bonasio R, Simola DF, Liebig J, Berger SL, Reinberg D. DNA methylation in social 
insects: how epigenetics can control behavior and longevity. Annu Rev Entomol. 2015; 60:435–
452. [PubMed: 25341091] 

13. Isles AR. Neural and behavioral epigenetics; what it is, and what is hype. Genes Brain Behav. 
2015; 14:64–72. [PubMed: 25346298] 

14. Bonasio R. The expanding epigenetic landscape of non-model organisms. J Exp Biol. 2015; 
218:114–122. [PubMed: 25568458] 

15. Welch M, Lister R. Epigenomics and the control of fate, form and function in social insects. Curr 
Opin Insect Sci. 2014; 1:31–38.

16. Yan H, Simola DF, Bonasio R, Liebig J, Berger SL, Reinberg D. Eusocial insects as emerging 
models for behavioural epigenetics. Nat Rev Genet. 2014; 15:677–688. [PubMed: 25200663] 

17. Herb BR. Epigenetics as an answer to Darwin’s “special difficulty”. Front Genet. 2014; 5:321. 
[PubMed: 25309578] 

18. Maleszka R. The social honey bee in biomedical research: realities and expectations. Drug Discov 
Today Dis Models. 2014; 12:7–13.

19. Alvarado S, Fernald RD, Storey KB, Szyf M. The dynamic nature of DNA methylation: a role in 
response to social and seasonal variation. Integr Comp Biol. 2014; 54:68–76. [PubMed: 24813708] 

20. Bonasio R. The role of chromatin and epigenetics in the polyphenisms of ant castes. Brief Funct 
Genomics. 2014; 13:235–245. [PubMed: 24462993] 

21. Dolezal AG, Toth AL. Honey bee sociogenomics: a genome-scale perspective on bee social 
behavior and health. Apidologie. 2014; 45:375–395.

22. Libbrecht R, Oxley PR, Kronauer DJ, Keller L. Ant genomics sheds light on the molecular 
regulation of social organization. Genome Biol. 2013; 14:212. [PubMed: 23895728] 

23. Weiner SA, Toth AL. Epigenetics in social insects: a new direction for understanding the evolution 
of castes. Genet Res Int. 2012; 2012:609810. [PubMed: 22567395] 

24. Drewell RA, Lo N, Oxley PR, Oldroyd BP. Kin conflict in insect societies: a new epigenetic 
perspective. Trends Ecol Evol. 2012; 27:367–373. [PubMed: 22483741] 

25. Patalano S, Hore TA, Reik W, Sumner S. Shifting behaviour: epigenetic reprogramming in eusocial 
insects. Curr Opin Cell Biol. 2012; 24:367–373. [PubMed: 22429916] 

26. Glastad KM, Hunt BG, Yi SV, Goodisman MA. DNA methylation in insects: on the brink of the 
epigenomic era. Insect Mol Biol. 2011; 20:553–565. [PubMed: 21699596] 

27. Lyko F, Maleszka R. Insects as innovative models for functional studies of DNA methylation. 
Trends Genet. 2011; 27:127–131. [PubMed: 21288591] 

28. Herb BR, Wolschin F, Hansen KD, Aryee MJ, Langmead B, Irizarry R, Amdam GV, Feinberg AP. 
Reversible switching between epigenetic states in honeybee behavioral subcastes. Nat Neurosci. 
2012; 15:1371–1373. [PubMed: 22983211] 

29. Patalano S, Vlasova A, Wyatt C, Ewels P, Camara F, Ferreira PG, Asher CL, Jurkowski TP, 
Segonds-Pichon A, Bachman M, et al. Molecular signatures of plastic phenotypes in two eusocial 
insect species with simple societies. Proc Natl Acad Sci USA. 2015; 112:13970–13975. [PubMed: 
26483466] 

30. Ravary F, Jahyny B, Jaisson P. Brood stimulation controls the phasic reproductive cycle of the 
parthenogenetic ant Cerapachys biroi. Insectes Soc. 2006; 53:20–26.

31. Kronauer DJ, Pierce NE, Keller L. Asexual reproduction in introduced and native populations of 
the ant Cerapachys biroi. Mol Ecol. 2012; 21:5221–5235. [PubMed: 23013522] 

32. Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical and powerful approach 
to multiple testing. J R Stat Soc Series B Stat Methodol. 1995; 57:289–300.

Libbrecht et al. Page 7

Curr Biol. Author manuscript; available in PMC 2016 October 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Highlights

• A large proportion of brain DNA methylation in the clonal raider ant is 

robust

• Genes with robust methylation show high and stable expression

• DNA methylation is not associated with different reproductive and 

behavioral states

• Evidence for caste-specific DNA methylation in social insects is weak
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Figure 1. Robust Methylation Is Context and Location Dependent
The graphs show the number of methylated cytosines that are methylated in different 

numbers of samples (from one to eight) for CpG and non-CpG contexts (A) and for exonic, 

intronic, and intergenic CpGs (B). Most methylated cytosines are methylated in one sample 

only (random or sample-specific methylation) or in all eight samples (robust methylation). 

See also Tables S1 and S3 and Figure S2.

(A) Levels of robust methylation differ between CpG and non-CpG contexts, as illustrated 

by the sharp increase observed between seven and eight samples for CpGs, but not for non-

CpGs.

(B) Levels of robust methylation differ across genomic locations: DNA methylation is more 

robust in exons compared to introns (sharper increase between seven and eight samples for 

exonic CpGs than intronic CpGs) and in introns compared to intergenic regions (increase 

between seven and eight samples for intronic CpGs, but not intergenic CpGs).
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Figure 2. Relationship between DNA Methylation and Gene Expression and between DNA 
Methylation and Proportional Change in Gene Expression between the Phases of the Colony 
Cycle
(A) There is a positive relationship between the proportion of methylated CpGs per gene and 

gene expression. Genes were ranked according to their mean expression across the eight 

samples before being divided into 100 bins. For each bin, we plotted the mean ± SE 

proportion of methylated CpGs per gene.

(B) Genes with stable expression between phases tend to be more methylated than genes 

with differential expression. Genes were ranked depending on how differential their 

expression was before being divided into 100 bins: in the center are genes with stable 

expression, on the left those that are more expressed in the reproductive phase compared to 

the brood care phase, and on the right those that are more expressed in the brood care phase 

compared to the reproductive phase. For each bin, we plotted the mean ± SE proportion of 

methylated CpGs per gene. See also Table S2 and Figure S1.
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Figure 3. The Lists of Differentially Methylated Exons Returned by the Statistical Method Used 
in Previous Studies without Biological Replicates Are Random or Colony-Specific Lists of Exons
This graph shows the number of differentially methylated exons between the reproductive 

phase and the brood care phase for each source colony: 319 in colony A1, 383 in colony A2, 

261 in colony B1, and 501 in colony B2 (see details in the Supplemental Experimental 

Procedures). There was no exon that was consistently differentially methylated between 

phases in all four source colonies. This shows that the statistical method used in previous 

studies, especially when used without biological replicates [1–4, 6], is prone to return 

random or colony-specific lists of exons. See also Figure S3.
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