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Whole-genome bisulfite sequencing with improved
accuracy and cost

Masako Suzuki,1,3 Will Liao,2,3 Frank Wos,2,3 Andrew D. Johnston,1 Justin DeGrazia,2

Jennifer Ishii,2 Toby Bloom,2 Michael C. Zody,2 Soren Germer,2 and John M. Greally1
1Center for Epigenomics and Department of Genetics, Albert Einstein College of Medicine, Bronx, New York 10461, USA; 2New York
Genome Center, New York, New York 10013, USA

DNAmethylation patterns in the genome both reflect and help to mediate transcriptional regulatory processes. The digital

nature of DNA methylation, present or absent on each allele, makes this assay capable of quantifying events in subpopu-

lations of cells, whereas genome-wide chromatin studies lack the same quantitative capacity. Testing DNA methylation

throughout the genome is possible using whole-genome bisulfite sequencing (WGBS), but the high costs associated with

the assay have made it impractical for studies involving more than limited numbers of samples. We have optimized a

new transposase-based library preparation assay for the Illumina HiSeq X platform suitable for limited amounts of DNA

and providing a major cost reduction for WGBS. By incorporating methylated cytosines during fragment end repair, we

reveal an end-repair artifact affecting 1%–2% of reads that we can remove analytically. We show that the use of a high

(G+C) content spike-in performs better than PhiX in terms of bisulfite sequencing quality. As expected, the loci with trans-

posase-accessible chromatin are DNA hypomethylated and enriched in flanking regions by post-translational modifications

of histones usually associated with positive effects on gene expression. Using these transposase-accessible loci to represent

the cis-regulatory loci in the genome, we compared the representation of these loci between WGBS and other genome-wide

DNAmethylation assays, showingWGBS to outperform substantially all of the alternatives. We conclude that it is now tech-

nologically and financially feasible to perform WGBS in larger numbers of samples with greater accuracy than previously

possible.

[Supplemental material is available for this article.]

The study of cytosine modifications is central to the understand-
ing of how transcriptional regulation is maintained in a cell
type, as DNAmethylation (5-methylcytosine, 5mC) can be propa-
gated through mitosis to daughter chromatids (Jeltsch 2006) and
can therefore mediate the “persistent homeostasis” described by
Nanney (1958) as the defining characteristic of cellular epigenetic
memory. In human disease susceptibility, evidence for persistent
homeostasis is sought at the molecular level, testing whether cells
exposed to a past perturbation have retained a memory of that
event by undergoing cellular reprogramming (Lappalainen and
Greally 2017). The need for such events to be heritable through
mitosis in cells undergoing division coupledwith the relative tech-
nical ease of studying DNAmethylation has prompted a large and
increasing number of studies of DNA methylation to test whether
it could be associated with or even contributing to these pheno-
types (Michels et al. 2013). Biochemically, DNA methylation is a
term used to describe 5mC, which almost always occurs at cyto-
sines followed by a guanine, the CG (CpG) dinucleotide. This
modification occurs genome-wide, generally sparing cis-regulatory
sites, especially those where CG dinucleotides cluster densely
(CpG islands). Oxidase activity converts 5mC to 5-hydroxyme-
thylcytosine (5hmC), 5-carboxylcytosine (5caC), and 5-formylcy-
tosine (5fC), which occur at very low levels relative to 5mC. There
are numerous assays that measure DNA methylation (Ulahannan
and Greally 2015), the current gold standard approach using

sodium bisulfite conversion to quantify DNA methylation at nu-
cleotide resolution (Clark et al. 1994). Sodium bisulfite converts
unmodified cytosine, 5caC, and 5fC to uracil, but both 5mC and
5hmC are resistant to bisulfite conversion, allowing the ratio of
converted to unconverted cytosines at a locus to be calculated, rep-
resenting the proportion of alleles in the cell population with
5mC, as well as the minor fraction of 5hmC.

Epigenetic association studies require testing large numbers
of individuals in order to find differences towhich statistical signif-
icance can be attributed. The choice of assays to use for these stud-
ies represents a trade-off between cost and information content.
Random fragmentation of the genome followed by bisulfite se-
quencing allows the whole-genome bisulfite sequencing (WGBS)
assay to be performed. However, to get enough coverage to repre-
sent cytosines at CG dinucleotides and elsewhere in the genome,
the amount of sequencing required has been too costly formost re-
search budgets. The decision has therefore been made to sacrifice
comprehensiveness and to survey the genome instead, attempting
to focus on the loci believed to be the most informative in the
genome. For microarrays, this has involved getting expert input
and using genomic annotations to curate the loci represented
(Bibikova et al. 2011), while sequencing-based approaches focus
on using restriction enzymes that cut at motifs containing CG di-
nucleotides (Meissner et al. 2005; Smith et al. 2009; Suzuki et al.
2010) or capture enrichment for loci believed to be maximally
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informative (Li et al. 2015), tending to overrepresent gene promot-
ers and CpG islands (Ulahannan and Greally 2015).

The problemwith a single survey design is that it is unlikely to
be equally informative across different cell and tissue types. It is
also increasingly apparent that changes in DNA methylation are
more informative at distal cis-regulatory elements rather than ca-
nonical promoters (Schmidl et al. 2009; Aran et al. 2013; Blair et
al. 2013; Ko et al. 2013; Hu et al. 2014; Rönnerblad et al. 2014;
Taberlay et al. 2014; Zhang et al. 2014). These distal cis-regulatory
elements are also notable for beingmore cell-type–specific in terms
of their genomic locations than promoters (Won et al. 2013), in-
creasing the challengewhen trying to find a survey assay that is in-
formative for multiple different cell types. We have shown that
several of the most common survey assays for DNA methylation
grossly underrepresent these distal regulatory loci (Ulahannan
and Greally 2015). While we have developed targeted bisulfite se-
quencing as an interim solution (Li et al. 2015), the capture com-
ponent of the assay has significant costs, and more sequencing is
needed as greater proportions of the genome are captured, with ad-
ditional costs involved when redesigning for a new cell or tissue
type. WGBS is therefore emerging as the optimal strategy for com-
prehensive DNA methylation studies across different cell types.

It has therefore become a major priority to try to harness the
advances in technologies that are permitting whole-genome se-
quencing (WGS) to be performed increas-
ingly cost-efficiently, so that similar cost
savings can be applied to WGBS. The re-
lease of the Illumina HiSeq X reduced
the cost of WGS substantially and has
prompted exploration of this platform
for WGBS (Raine et al. 2018). In this re-
port, we describe how we developed a
new protocol to utilize fully the capabili-
ties of the HiSeq X and of other high-out-
put instruments, such as the HiSeq 4000,
and reduce the cost of WGBS, based on
the development of a new transposase-
based library preparation protocol and
optimization of sequencing.

Results

The cost efficiency of the HiSeq X system
and of similar systems, such as the HiSeq
4000, in part depends upon the libraries
having large inserts that allow 150-bp
paired-end sequencing to work effective-
ly without a high fraction of reads over-
lapping within the insert, a practical
problem when using DNA treated with
sodiumbisulfite, which has a degradative
effect. The TruSeq DNA Methylation Kit
for WGBS marketed by Illumina uses
post-bisulfite adaptor tagging (PBAT)
(Miura et al. 2012), for which 75-bp
paired-end sequencing is recommended,
suitable for the shorter fragments from
PBAT libraries. Apart from the insert
size issue, the use of patterned flow cells
and different base calling software on
the HiSeq X system makes a transition
from the use of earlier assays and tech-

nologies potentially problematic, requiring the optimization of
both library preparation and sequencing, as we describe below.

We developed a new transposase-based approach that we call
BS (bisulfite)-tagging, illustrated in Figure 1. In its use of transpo-
sases, the assay resembles prior tagmentation-based bisulfite li-
brary preparation assays (Adey and Shendure 2012; Wang et al.
2013), while the incorporation of 5mC for end repair is compara-
ble with the T-WGBS approach used for very low input DNA
amounts (Lu et al. 2015), and generates an initial normal complex-
ity sequence before reading into the (G+C)-depleted bisulfite-con-
verted insert. Unlike T-WGBS, the extra expenses of a modified
transposase and premethylated oligonucleotides are not required
for BS-tagging.

There are three types of duplicate sequences that can be gen-
erated using the X system. The X system-specific problem, because
of the use of patterned flow cells, is when a library fragment occu-
pying one well migrates or jumps into an adjacent well, referred to
as a proximal duplicate. The second is the PCR duplicate, in which
the same library fragment is amplified and is sequenced in differ-
ent wells, while the third is the separate amplification of each of
two complementary strands ofDNA (complementary stranddupli-
cate). Duplicates are usually identifiable by having the same
start and end positions in the genome, allowing their removal by
data filtering. As BS-tagging can only amplify one of the two

Figure 1. Overview of the BS-tagging assay. Standard transposases are used but with a 5mC fill-in. The
bisulfite treatment changes the original transposon sequence and prevents it from being amplified, but
the fill-in complement with 5mC remains amplifiable. One custom oligonucleotide is needed for this
assay.

Enhanced whole-genome bisulfite sequencing

Genome Research 1365
www.genome.org

 Cold Spring Harbor Laboratory Press on June 10, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


complementary strands, these should never enter the library to be-
gin with, reducing this source of nonproductive sequencing. We
show the duplicate rates for X-WGBS as part of Supplemental
Table S1. Our stringent removal of smaller insert size library com-
ponents in order to minimize overlapping read pairs (and hence,
effective coverage) reduces the amount of starting material, proba-
bly contributing to the increased PCR duplicate rates compared
with WGS, but without the additional penalty of complementary
strand duplicates. The insert size ofWGBS libraries using PBAT ap-
proaches tends to be small, <210 bp (Raine et al. 2018). To optimize
insert sizes for the 150-bp paired-end sequencing of the Illumina
HiSeq X system, we adjusted the transposase treatment and the
bead clean up conditions, as described in the supplied BS-tagging
protocol.

The sequencing was also customized. Early versions of the
Illumina software (Toh et al. 2017) (e.g., HiSeq Control Software
[HCS] v3.3.39, Real Time Analysis [RTA] v2.7.1) were not designed
to handle unbalanced libraries and required a substantial spike-in
of PhiX to generate data of reasonable quality. In that setting, we
tested whether we could use an alternative source of spike-in
DNA with a higher (G+C) content as a more effective balance
for the (A+T)-rich bisulfite-converted DNA. We compared Illumi-
na’s 44% (G+C) PhiX spike-in (Kircher et al. 2009) with a spike-in
library prepared from Kineococcus radiotolerans, which has 74% (G
+C) (Bagwell et al. 2008), finding that the K. radiotolerans spike-in
performed markedly better than PhiX when both were added at
∼17%proportions, and that even 5.3%K. radiotoleranswas enough
to restore base quality (Fig. 2). These results suggest the broader
possibility that a K. radiotolerans spike-in may be worth exploring
as an alternative to PhiX when sequencing not just bisulfite-con-
verted DNA but also extremely (A+T)-rich genomes. The more re-
cent versions of the HiSeq X software (HCS 3.4.0.38, RTA 2.7.7)
included a revised Q-table to facilitate sequencing of unbalanced
libraries (including WGBS), allowing a 5% PhiX spike-in to gener-
ate high-quality sequencing data. However, since PhiX libraries are
often slightly different in size thanWGBS libraries, and the ExAmp
process on the HiSeq X preferentially clusters smaller fragments, it
is often difficult to achieve precise proportional representation of
the PhiX spike-in in pooled libraries. A (G+C)-rich spike-in such
as fromK. radiotolerans in the setting of the newerHiSeqX software

appears to bemore robust to such variation, althoughwe note that
the insert sizes of the PhiX and K. radiotolerans libraries differed
(Supplemental Fig. S1) and may contribute to some extent to the
differences in quality found. We developed a custom indexing
primer that allows multiplexing of samples on the X system, in-
cluding the use of the custom K. radiotolerans spike-in sample. As
a control for bisulfite conversion, we used unmethylated lambda
DNA as a second spike-in sample.

We show our analytical pipeline in Supplemental Figure S2
and typical results in Supplemental Table S1. We compared the
results of these X-WGBS data with DNAmethylation data generat-
ed by other approaches in the same cell types. In Supplemental
Figure S3, we show the root-mean-square error (RMSE) values for
X-WGBS using bwa-meth (Pedersen et al. 2014) and Bismark
(Krueger and Andrews 2011), WGBS using older sequencing tech-
nology (Lister et al. 2009), reduced representation bisulfite se-
quencing (RRBS), the SeqCap Epi capture approach that we
developed (Li et al. 2015), and microarray-based assays (Infinium
HumanMethylation450, Infinium MethylationEPIC, Illumina),
showing the DNAmethylation patterns of each cell type to cluster
separately, concordantly across all assays.

A major rationale for the use of WGBS as opposed to survey
assays is the ability to measure DNAmethylation at distal cis-regu-
latory sites in diverse tissue types (Ulahannan and Greally 2015).
We tested relative performance by performing the assay for trans-
posase-accessible chromatin with high-throughput sequencing
(ATAC-seq) (Buenrostro et al. 2013) as well as using data from
the ENCODE Project (The ENCODE Project Consortium 2007) to
define the cis-regulatory landscape in the GM12878 cell line.
The loci of transposase-accessible chromatin coincide with loci
of decreased DNA methylation and are flanked by enrichment
for histone H3 lysine 4 tri- and monomethylation (H3K4me3,
H3K4me1) and histone H3 lysine 27 acetylation (H3K27ac) (Sup-
plemental Fig. S4). The X-WGBS assay reports the large majority
of loci of transposase-accessible chromatin in GM12878 cells,
whereas RRBS is especially poorly representative of distal (nonpro-
moter) regulatory loci (<10%) (Fig. 3). The SeqCap Epi CpGiant de-
sign has approximately equivalent coverage of cis-regulatory sites
as the InfiniumHumanMethylation450microarray,which reflects
how both are designed to target the same loci. The Infinium

Figure 2. Improved quality of whole-genome bisulfite sequencing (WGBS) with Kineococcus radiotolerans used as a spike-in. The plot shows the propor-
tion of reads at or above a quality score of 30 for read 1 (left) and read 2 (right). The pink lines show the performance of K. radiotolerans (G +C=0.74) added
at a proportion of 17.9% (light pink) or 5.3% (dark pink), and PhiX (G +C=0.44, green). The results are plotted to show the quality for C/G (solid lines)
separately from other nucleotides (dotted lines), as the performance of WGBS is especially problematic for C/G nucleotides, a fact missed by plots that do
not separate out these nucleotides. The high (G+C) K. radiotolerans spike-in, even at 5.3% proportion, restores C/G quality to levels comparable with the
other nucleotides.
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MethylationEPIC microarray, designed to cover more sites than
the HumanMethylation450 design, interrogates over half the
ATAC-seq peaks overall and just under half of the distal cis-regula-
tory loci in GM12878 cells.

We noted the puzzling finding that lambda DNA appeared to
have some unconverted cytosines indicating DNA methylation,
which should not be occurring in this organism. When we ex-
plored this finding, we found the lack of conversion to occur at
all cytosines in both CG and CH contexts throughout a minority
of sequence reads. This indicates that our fill-in reaction using
5mC following transposase activitywas extending beyond the typ-
ical several nucleotides in this subset of molecules (Supplemental
Fig. S5). When we then explored the human DNA being simulta-
neously sequenced, we found that 1%–2% of the reads showed a
similar pattern of a complete lack of conversion of all cytosines
in all dinucleotide contexts (Fig. 4). This artifact is likely to have oc-
curred in previous bisulfite sequencing studies that involved

fragment end repair, but remained un-
recognized because of the use of unmod-
ified cytosine in the fill-in reaction.
We therefore developed an algorithm
(filterFillIn2) to identify four consecu-
tive, unconverted CHH sites in a se-
quence read, allowing us to filter those
for which we have a high suspicion of
this technical artifact.

We show that the X-WGBS data re-
veal the many types of events typically
sought in a study of mammalian DNA
methylation. In Figure 5, we show exam-
ples of low-methylated regions (LMRs)
(Feldmann et al. 2013) and differentially
methylated regions (DMRs) (Akalin et al.
2012). We also show that the X-WGBS
reads can be used to identify allele-specif-
ic DNAmethylation (ASM) (Kaplow et al.
2015).

Whenwe compare the reagent costs
for the equivalent amount of WGBS on
the X and HiSeq 2500 platforms, the rel-
ative cost reduction associated with X-
WGBS is approximately fourfold com-

pared to the HiSeq 2500 (2×125 bp) and approximately threefold
compared with the HiSeq 4000 (2 ×150 bp). This assumes 100 GB
of raw data on the 2500 and 4000 at list prices (currently $31.70
and $20.50 per GB, respectively), and 120GB on the HiSeqX to ac-
count for the additional spike-in needed, as well as the elevated
platform-specific duplicate rates. Library preparation costs for X-
WGBS are similar to standard commercial kits.

Discussion

We show how a combination of modifications to the library prep-
aration, sequencing, and analysis can make WGBS substantially
more cost-efficient and accurate. The use of transposases for library
preparation coupled with the preservation of large inserts allows a
restricted amount of starting DNA to be used while exploiting the
long read capability of the Illumina HiSeq X. The inclusion of a
custom oligonucleotide gave us the potential to add an additional

Figure 3. The relative representation of cis-regulatory elements genome-wide by different DNA meth-
ylation assays. We use the ATAC-seq peaks as a representation of the cis-regulatory elements in GM12878
cells. Thesewere further subdivided into those distal (>10 kb upstreamor >2 kbdownstream) fromRefSeq
genes. The X-WGBS results interrogate at least one CG in the majority of these loci at 5 or 10× coverage,
whereas RRBS represents only a small proportion of these loci, with the Infinium HumanMethylation450
microarray and the SeqCap Epi CpGiant system representing similar proportions (as expected for designs
targeting the samegenomic loci),with the expanded InfiniumMethylationEPICmicroarray representinga
higher proportion of ATAC-seq peaks.

Figure 4. A subset of reads shows apparent cytosine methylation throughout their lengths, in CG and CH dinucleotide contexts. Our use of 5mC for end
repair reveals the expected∼10-bp increase in the C/T ratio (y-axis) in read 1 (right). However, prompted by our finding of unconverted cytosines in lambda
DNA, we tested whether any of the reads had a pattern of unconverted cytosines in all dinucleotide contexts (the expected CG and the uncommon CH
contexts). We found a subset of reads in which no cytosines were converted. To categorize these, we developed the filterFillIn2 software to identify four
consecutive unconverted cytosines in a CHH context. The effect on DNA methylation values is shown in the C/T plots, the original values in red and fol-
lowing removal in green. The inset shows that ∼1%–2% of the DNA methylation value is accounted for by this artifact.
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index that in turn permitted the exploration of the performance of
the high (G+C) K. radiotolerans spike-in DNA, associated with bet-
ter sequencing performance than the standard PhiX spike-in. The
selective amplification of one strand had the benefit of reducing
redundant sequencing due to the generation of one of the species
of potential duplicates at the first step of library preparation.
Analytically, our detection ofwhat appeared to beCHmethylation
throughout individual reads highlights for the first time an artifact
that may have gone unrecognized in prior bisulfite sequencing ex-
periments involving end-repair. It can be inferred that a small pro-
portion of the DNAmolecules is completely single-stranded at the
fill-in stage, resulting in the incorporation of 5mC throughout the
molecule and not just the ∼10 bp typically repaired (Fig. 4). Why
such a subpopulation of ssDNA molecules should exist at the li-
brary preparation stage is not clear; there are no prior reports asso-
ciating this with the use of transposases, although it should be
recognized that this would normally be difficult to recognize to
be occurring. In prior protocols using unmodified cytosine for
the fill-in, the effect would have been to inflate slightly the propor-
tion of unmethylated cytosines. The subset of affected molecules
can be identified when using 5mC for the fill-in by identifying
the reads with multiple consecutive methylated cytosines in a
CH context, for which we developed the filterFillIn2 software,
available in the Supplemental Methods and at GitHub (https://
github.com/will-NYGC/bstag).

There is increasing pressure to develop a comprehensive and
affordable DNA methylation assay that can be applied in pheno-

typic association studies. Comprehensiveness is essential so that
we are always able to test informative cis-regulatory sites in any giv-
en tissue. The substantial variability of cis-regulatory site locations
between cell and tissue types (Won et al. 2013)makes a single fixed
design surveying the genome less than optimally comprehensive.
Furthermore, bisulfite sequencing captures a lot of features about
DNAmethylation substantially better than is possible using survey
approaches. For example, in Figure 5, we demonstrate LMRs
(Feldmann et al. 2013), DMRs (Akalin et al. 2012), and ASM (Kap-
low et al. 2015).What is apparent at the DMR in the figure is that it
reflects the LMR being wider in IMR-90 than in GM12878. This is
apparent atmultiple loci when browsing these results, and appears
to reflect an observation made by Hodges and colleagues several
years ago, that changes in DNAmethylation between cell types re-
flects a spreading and contraction of hypomethylated regions
around a core that remains constitutively hypomethylated across
cell types (Hodges et al. 2011). This is also reminiscent of themod-
el of CpG island shores being more variably methylated than the
constitutively hypomethylated CpG islands that they flank (Iri-
zarry et al. 2009). The other major reason for studying DNA me-
thylation as opposed to chromatin components is that DNA
methylation can be measured quantitatively across the cells in
the population, allowing detection of changes of transcriptional
regulation patterns involving minor proportions of cells, whereas
chromatin immunoprecipitation followed by sequencing (ChIP-
seq) is substantially less quantitative, although capable of identify-
ing allele-specific chromatin states (Ding et al. 2014). Changes

Figure 5. Typical X-WGBS results in IMR-90 and GM12878 cell lines. The green wiggle track represents the proportion of methylated DNA at each CG
dinucleotide in a ∼100-kb region on Chromosome 2, with annotations of low-methylated regions (LMRs), histone post-translational modifications, and
transposase-accessible chromatin also shown. We also show allele-specific methylation (ASM) at the rs11686156 single nucleotide polymorphism which
is heterozygous in GM12878 and flanked by unmethylatedDNA for the C allele (blue) andmethylatedDNA for the A allele (red). A differentially methylated
region (DMR), where DNA methylation is higher in IMR-90 than GM12878 cells, is apparent at the site of the LMRs on the left of the region shown.
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involving small proportions of cells is the typical outcome of epi-
genetic association studies (Lappalainen and Greally 2017), mak-
ing DNA methylation the better choice than ChIP-seq for
sensitive detection of these changes.

When testing human samples, the amount of DNA may be
relatively limited. As the bisulfite treatment is performed following
the transposase-mediated library preparation, we not only require
less input DNA tomake the library, it would be possible to split the
sample at this stage and use part of the library for whole-genome
sequencing and the other for the remainder of the BS-tagging pro-
tocol. Concurrent sequencing to genotype the sample is going to
be very valuable given the recognition that a substantial propor-
tion of variation ofDNAmethylation between individuals is attrib-
utable to DNA sequence polymorphism (Lappalainen and Greally
2017). The protocol can also be used for 5hmC studies if oxBS-seq
(Booth et al. 2012) were to be performed on an aliquot of the same
library or can be used for subsequent capture and targeted bisulfite
sequencing or 5hmC studies, as wehave previously described (Li et
al. 2015). The cost savings associated with the use of the Illumina
HiSeq X system should translate to the newer Illumina NovaSeq
system, which, as is also the case for the HiSeq 4000, is similar to
the X technology in terms of the use of patterned flow cells and
chemistries, assuming the RTA software is similarly tolerant of un-
balanced libraries as recent versions of the HiSeq X software. The
published experience with the NovaSeq system indicates that fur-
ther optimization is required before it can be used reliably for
WGBS (Raine et al. 2018). Furthermore, as the BS-tagging library
preparation approach should be highly amenable to automation,
scaled use of the assay should realize still further savings. This
decrease in the cost of the WGBS assay now allows it to be consid-
ered as a first-line approach in population studies associating DNA
methylation changes with phenotypes. We conclude that, while
adapting WGBS to the HiSeq X system created unique challenges,
these can be overcome with BS-tagging, allowing more cost-effec-
tive mammalian WGBS than previously possible.

Methods

BS-tagging and analysis

The detailed BS-tagging protocol and the list of custom oligonucle-
otides and primers are provided in the Supplemental Methods.
We used 100 ng of genomic DNA extracted from IMR-90 and
GM12878 cells for the BS-tagging library preparation. To monitor
bisulfite conversion efficiency, we spiked in 0.5 ng of unmethy-
lated lambda DNA per 100 ng of genomic DNA (Supplemental
Fig. S1). The genomic DNA (gDNA) was tagmented at 37°C for
5 min with 25 µL 2× TD buffer, 5 µL transposase, and 0.5 ng of
unmethylated lambda DNA in 50-µL reaction volume (Illumina
Nextera). The product was purified with Dynabeads MyOne
Silaine beads (Life Technologies) with Buffer PB (Qiagen). Fol-
lowing purification, the product was end-filled with 2.5 µL
NEB buffer 2 (10×), 1.5 µL Klenow fragment (3′→5′ exo-, NEB),
and 2 µL of 5-methyl-dCTP/dGTP/dATP/dTTP mix (Promega) in
a 50-µL reaction volume. The product was bisulfite-converted us-
ing an EZ DNA Methylation-Gold kit (Zymo Research). Following
the bisulfite treatment, the libraries were amplified with the fol-
lowing PCR conditions: 98°C for 30 sec, a total of 10 cycles of
98°C for 10 sec/63°C for 30 sec/3 min at 72°C using 25 µL of
KAPA HiFi HotStart Uracil+ Ready Mix (2×), 1.5 µL of Illumina
i5-adapter, 1.5 µL of custom i7-adapter, and 5 µL of PCR primer
cocktail (Illumina). Subsequently, the libraries were purified using
Agencourt AMpureXP beads at 0.6× (of PCRmixture volume)mag-

netic bead volume to exclude fragments <400 bp. Before running
the libraries onmassively parallel sequencing, we tested the length
distribution of the library using a Bioanalyzer analysis (Agilent)
and quantified the product withQubit Fluorometric Quantitation.
Massively parallel sequencing was performed on the Illumina
HiSeq X system with HiSeq Control Software (HCS) v3.3.39 and
RTA v2.7.1 using PhiX (17.9% or 5.3%) or 5.3% of K. radiotolerans
gDNA as a spike-in, or RTA 2.7.7 and HCS v3.4.0.38 with 5% of
PhiX as a spike-in.

We show the data analytical pipeline in Supplemental Figure
S2. The obtained sequences were adaptor-trimmed using cutadapt
v1.9.1 (Martin 2011) (cutadapt -O 1—mask-adaptor -g TATAAGA
GACAG -a CTATCTCTTATA -G TATAAGAGATAG -A CTGTCTCT
TATA -p <OUTPUT PREFIX> <R1 FASTQ> <R2 FASTQ>). Because
the library protocol produces R1 reads with G>A transitions and
R2 reads with C>T transitions after bisulfite conversion, short-
read alignment to the Homo sapiens (GRCh37/hg19) reference
genome was performed with bwa-meth with R2 reads mapped
as a typical C>T converted R1 read and R1 reads mapped as a stan-
dard G>A converted read (Pedersen et al. 2014) (bwameth.py –pre-
fix <OUTPUT PREFIX> ‐‐threads <N> ‐‐reference hg19.fa <R2
FASTQ> <R1 FASTQ>). We used hg19 to allow comparisons with
microarray data, which are annotated using this older assembly.
Given that sequence content is largely unchanged in the current
reference sequence (i.e., GRCh38), we do not expect that realign-
ing the reads would significantly affect our conclusions.

The resulting alignments were marked for duplicates using
Picard v2.4.1 (default parameters). To calculate strand-specific du-
plicates, alignments were separated based on their orientation to
the reference genome, then MarkDuplicates was run on the two
alignment sets separately. Our use of methylated cytosines in
end-repair following tagmentation revealed a rare artifact (∼1%–

2% of reads) where incorporation of the methylated cytosines ex-
tended deeper into the duplex fragment than the typical∼9–10 bp
expected from the transposition footprint. Because this obscures
the original methylation state, we designed a custom Perl script,
filterFillIn2, which marks reads with four consecutive methylated
CHs beyond the first nine bases and excludes those reads from
downstream analysis by appending the 0×200 bitwise flag, defin-
ing them as QC failed (see SupplementalMethods). The remaining
sequences were used for downstream analysis.

DNA methylation microarray analysis

Illumina Infinium HumanMethylation450 (HM450) and Methyl-
ationEPIC (EPIC) arrays performed at the New York Genome
Center (NYGC) were prepared and processed according to manu-
facturer specifications. Raw IDAT files were processed to Beta val-
ues with a custom pipeline utilizing the minfi R package (Aryee
et al. 2014) using Illumina background correction (preprocessIllu-
mina function) and subset within array normalization (SWAN)
(Maksimovic et al. 2012) (preprocessSWAN function) to correct
for probe type bias.

ATAC-seq library preparation

The ATAC-seq libraries were prepared similarly to Buenrostro et al.
(2013). We used 50,000 cells from two biological replicates of
GM12878, harvested during the exponential growth phase. The
cells were spun at 500g for 5 min at 4°C and then washed using
50 µL of cold 1× PBS. Samples were then centrifuged at 500g for
5 min. Cells were lysed in cold lysis buffer (10 mM Tris-HCL, pH
7.4, 10mMNaCl, 3mMMgCl2, and 0.1% IGEPALCA-630) and im-
mediately spun at 500g for 5 min at 4°C. The pellet was then resus-
pended in the transposase reactionmix (25 µL 2× TD buffer, 2.5 µL
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transposase, and 22.5 µL nuclease-free water; Illumina Nextera).
Following a 30-min incubation at 37°C, the samples were purified
using the Zymo DNA Clean and Concentrator purification kit.
Following the purification, the libraries were amplified with the
following PCR conditions: 72°C for 5 min, 98°C for 30 sec, a total
of 10 cycles of 98°C for 10 sec/63°C for 30 sec/1 min for 72°C.
Subsequently, the libraries were purified using Agencourt
AMpure XP beads; large fragments were filtered by using 0.6× (of
PCRmixture volume)magnetic bead volume and taking the super-
natant. Primer-dimer and short fragments were removed by col-
lecting bead-associated DNA in a 1:1 (bead solution volume:
mixture volume) mix. The two replicates were run on different
Illumina HiSeq 2500 flowcells to obtain 100-bp paired-end reads,
resulting in a mean of 57 million paired-end reads per sample.

ATAC-seq peak calling

Sequenced reads were aligned to theHomo sapiens (hg19) reference
genome using the Burrows-Wheeler Aligner version 0.7.13 (bwa
mem –M –t <N> hg19.idxbase <R2 FASTQ> <R1 FASTQ>) (Li and
Durbin 2009). Uniquely mapped reads were retained using
SAMtools v0.1.19, followed by removal of mitochondrial reads
by picard-tools v1.92 (Li et al. 2009). Finally, duplicate reads
were removed using both picard-tools (MarkDuplicates.jar) and
SAMtools (samtools rmdup). Read1 reads were shifted using
BEDTools 2 v2.26.0 (Quinlan and Hall 2010), as previously per-
formed (Buenrostro et al. 2013), before calling peaks for each rep-
licate usingMACS2v2.1.0 (macs2 callpeak ‐‐nomodel ‐‐nolambda -g
3e9 ‐‐keep-dup “all” ‐‐slocal 10000 -t <INPUT FILE> -n
<OUTPUT PREFIX>) (Quinlan and Hall 2010; Feng et al. 2012).
Irreproducible discovery rates (IDRs) were found for the overlap-
ping peaks using the method previously described (Li et al.
2011). Peaks with an IDR of less than 0.05 were filtered by consen-
sus blacklisted regions and mitochondria homologous regions.
Finally, the remaining peaks were retained for analysis.

Access and analysis of public data

Previously published whole-genome bisulfite and SeqCap Epi data
were downloaded from Gene Expression Omnibus (GEO)
(GSE16256) and DNA Data Bank of Japan (DDBJ) (SRP049215), re-
spectively, and passed through the same analytical pipeline as our
BS-tagging data, except without flipping R1 and R2 during align-
ment or excluding fill-in artifacts. For SeqCap Epi data, duplicates
were also retained for downstream analysis. For the public RRBS
and HM450 data, preprocessed methylation ratios were obtained
from the UCSC Table Browser. Histone modification ChIP-seq
data sets (GSE16256) were downloaded from the NIH ENCODE/
Roadmap Epigenomics Project data matrix (https://www.
encodeproject.org/). Replicates were consolidated into a single
high coverage data set. FASTQs were adaptor-trimmed using
Trim Galore! (https://www.bioinformatics.babraham.ac.uk/projects/
trim_galore/), then aligned to the hg19 reference genome using
BWA-MEM (Li and Durbin 2009), both with default parameters.
Alignments were further processed using the Genome Analysis
Toolkit pipeline, performing insertion/deletion realignment
and base quality score recalibration (DePristo et al. 2011), in accor-
dance with the recommended best practices (https://software.
broadinstitute.org/gatk/best-practices/). Duplicates were marked
using Picard v2.4.1. Read fragment estimation was performed
with phantompeakqualtools (https://github.com/kundajelab/
phantompeakqualtools) and used to extend alignments to estimat-
ed fragment size, then piled up, ignoring nonunique and duplicate
alignments, to determine the ChIP signal. Signals were normalized
by library size (number or reads aligned to autosomal chromo-

somes), then scaled to the equivalent of 1× coverage
using deepTools (Ramírez et al. 2014) (bamCoverage –bam
<BAM> ‐‐minMappingQuality 20 –binSize 1 –smoothLength 0
–ignoreForNormalization chrX chrY chrM –ignoreDuplicates –

numberOfProcessors <N> ‐‐samFlagExclude 512 –normalizeTo1x
2451960000 –outFileName <bigwig output>).

Integrated data analysis

Comparison of DNA methylation ratios was performed at CpG di-
nucleotides covered at ≥5× in the sequencing data. Heat maps of
RMSE values were generated and clustered by complete-linkage
based on Euclidean distance (Supplemental Fig. S3). To assess var-
ious assay signals across putative regulatory regions defined by the
ATAC-seq data (Supplemental Fig. S4), we focused only on distal
accessibility peaks, defined as those ATAC peaks falling outside
10 kb upstream of or 2 kb downstream from a gene (UCSC
Known Genes canonical set). The ATAC-seq transposition signal
was calculated based on read alignments centered at the putative
transposase insertion point position using only R1 of the read pairs
to prevent double counting of insertion instances. For signal heat
maps (Supplemental Fig. S4), we further restricted the analysis to
ATAC peaks with an IDR score ≤0.016 to reduce the set to the
top candidates that were of a more manageable size for plotting.
Mean assay signal was obtained at 50-bp adjacent bins tiled across
a region ±5 kb around summits of these selected ATAC-seq peaks.
TheWashUEpiGenomeBrowser (http://epigenomegateway.wustl.
edu/browser/) was used to visualize user-provided and public data
sets, including the 15-state ChromHMM classifications (Ernst and
Kellis 2012). Candidates for allele-specificmethylationwere select-
ed based on previously implicated transversions (Kaplow et al.
2015) and manually inspected for allele-specific methylation.

Computational requirements

The core analysis steps of preprocessing raw FASTQ files, bisulfite-
aware short-read alignment and DNA methylation genotyping
were performed on the New York Genome Center (NYGC) high-
performance compute cluster requiring roughly ∼300 core hours
for a 30× bisulfite genome on Intel Xeon 2.60 GHz CPUs with
>48GBof availablememory. Additional analysis timewas required
to perform various quality control steps, including but not limited
to bisulfite conversion rate estimation, coverage uniformity assess-
ment, and mean coverage estimation (both genome-wide and
across cis-regulatory loci). Downstreamanalysis such as differential
methylation detection and hypo-/hypermethylated domain pre-
diction required further computational time.

Data access

The bisulfite sequencing, Illumina HumanMethylation450
BeadChip, and Infinium MethylationEPIC microarray data from
the GM12878 and IMR-90 cell lines have been submitted to the
NCBI Gene Expression Omnibus (GEO; https://www.ncbi.nlm.
nih.gov/geo) under accession number GSE103505. filterFillIn2
source code is available in the Supplemental Methods.
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