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Method

Enzymatic methyl sequencing detects DNA
methylation at single-base resolution from
picograms of DNA

Romualdas Vaisvila," V.K. Chaithanya Ponnaluri,’ Zhiyi Sun,' Bradley W. Langhorst,
Lana Saleh, Shengxi Guan, Nan Dai, Matthew A. Campbell, Brittany S. Sexton,
Katherine Marks, Mala Samaranayake, James C. Samuelson, Heidi E. Church,

Esta Tamanaha, lvan R. Corréa Jr., Sriharsa Pradhan, Eileen T. Dimalanta,

Thomas C. Evans Jr., Louise Williams, and Theodore B. Davis

New England Biolabs, Incorporated, Ipswich, Massachusetts 01938, USA

Bisulfite sequencing detects 5mC and 5hmC at single-base resolution. However, bisulfite treatment damages DNA, which
results in fragmentation, DNA loss, and biased sequencing data. To overcome these problems, enzymatic methyl-seq
(EM-seq) was developed. This method detects 5mC and 5hmC using two sets of enzymatic reactions. In the first reaction,
TET2 and T4-BGT convert 5mC and 5hmC into products that cannot be deaminated by APOBEC3A. In the second reac-
tion, APOBEC3A deaminates unmodified cytosines by converting them to uracils. Therefore, these three enzymes enable
the identification of 5mC and 5hmC. EM-seq libraries were compared with bisulfite-converted DNA, and each library type
was ligated to lllumina adaptors before conversion. Libraries were made using NAI12878 genomic DNA, cell-free DNA, and
FFPE DNA over a range of DNA inputs. The 5mC and 5hmC detected in EM-seq libraries were similar to those of bisulfite
libraries. However, libraries made using EM-seq outperformed bisulfite-converted libraries in all specific measures examined
(coverage, duplication, sensitivity, etc.). EM-seq libraries displayed even GC distribution, better correlations across DNA
inputs, increased numbers of CpGs within genomic features, and accuracy of cytosine methylation calls. EM-seq was effec-
tive using as little as 100 pg of DNA, and these libraries maintained the described advantages over bisulfite sequencing. EM-
seq library construction, using challenging samples and lower DNA inputs, opens new avenues for research and clinical

applications.
[Supplemental material is available for this article.]

There are approximately 0.6 billion cytosines in the human ge-
nome, and when both DNA strands are considered, 56 million of
those are followed by guanines (CpGs) (International Human
Genome Sequencing Consortium 2001). In mammalian genomes,
70%-80% of CpGs are modified (Schiibeler 2015). Cytosines mod-
ified at the fifth carbon position with a methyl group results in
S-methylcytosine (SmC), and oxidation of SmC leads to the for-
mation of 5-hydroxymethylcytosine (ShmC). These modifications
are important because of their impact on a wide range of biological
processes, including gene expression and development (Smith and
Meissner 2013). Cytosine modifications are often linked with al-
tered gene expression; for example, methylated cytosines are asso-
ciated with transcriptional silencing and are found at transcription
start sites of repressed genes (Deaton and Bird 2011) or at repetitive
DNA and transposons (de Koning et al. 2011). In contrast, cytosine
methylation can also activate some genes, for example, 3' CpG is-
land methylation during development (Yu et al. 2013). The accu-
rate detection of SmC and 5hmC can have profound implications
in understanding biological processes and in the diagnosis of dis-
eases such as cancer.

"These authors contributed equally to this work.

Corresponding author: lwilliams@neb.com

Article published online before print. Article, supplemental material, and publi-
cation date are at https://www.genome.org/cgi/doi/10.1101/gr.266551.120.
Freely available online through the Genome Research Open Access option.

To date, bisulfite sequencing has been the accepted standard
for mapping methylomes. Sodium bisulfite chemically modifies
unmethylated cytosines, causing their deamination to uracils.
However, SmC and ShmC are not converted (Supplemental Fig.
1; Huang et al. 2010). Sequencing distinguishes cytosines from
these modified forms as they are read as thymines and cytosines,
respectively (Frommer et al. 1992). Despite its widespread use,
bisulfite sequencing has significant drawbacks. It requires extreme
temperatures and pH, which cause depyrimidination of DNA, re-
sulting in DNA degradation (Tanaka and Okamoto 2007).
Furthermore, unmethylated cytosines are damaged disproportion-
ately compared with 5SmC or ShmC, resulting in bisulfite libraries
that have an unbalanced nucleotide composition. All these issues
give rise to libraries with reduced mapping rates and skewed
GC content representation. There is an underrepresentation of
G- and C-containing dinucleotides and an overrepresentation of
AA-, AT-, and TA-containing dinucleotides, compared with a non-
converted genome (Olova et al. 2018). Bisulfite libraries do not ad-
equately cover the genome and can include many gaps with little
or no coverage. To overcome this, increasing the sequencing
depth may recover some missing information, but at steep se-
quencing costs.

© 2021 Vaisvilaetal. Thisarticle, published in Genome Research, is available un-
der a Creative Commons License (Attribution-NonCommercial 4.0 Internation-
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The limitations of bisulfite libraries have driven the develop-
ment of new approaches for mapping SmC and ShmC. The meth-
ylation-dependent restriction enzymes (MDREs) Msp]I and AbaSI
were used to detect genomic SmC or ShmC (Cohen-Karni et al.
2011; Sun et al. 2013). Additionally, AbaSI was further adapted
for use in single-cell ShmC detection (Mooijman et al. 2016).
These methods have drawbacks related to the enzymatic properties
of MDRE, such as variable target site cleavage efficiency, resulting
in potential biases. An alternate enzymatic method to identify
ShmC is ACE-seq. This method relies on two enzymes, T4-phage
beta-glucosyltransferase (T4-BGT) and apolipoprotein B mRNA ed-
iting enzyme catalytic subunit 3A (APOBEC3A). First, ShmC is glu-
cosylated using T4-BGT, which prevents its deamination by
APOBEC3A. However, cytosine and 5mC can still be deaminated,
and when sequenced, they are represented as thymines, whereas
5hmCs are sequenced as cytosines. A comparison of ACE-seq
libraries to an unconverted genome identifies ShmCs to single-
base resolution (Schutsky et al. 2018). Recently, TET-assisted pyri-
dine borane sequencing (TAPS) was described, and it combines an
enzymatic step followed by a chemical reaction to detect SmC and
ShmC (Liu et al. 2019). TAPS relies on the ability of tet methylcy-
tosine dioxygenase 1 (TET1) to oxidize all the SmC and ShmC into
S-carboxycytosine (5caC). The 5caCs are then reduced to dihy-
drouracil (DHU) using pyridine borane. PCR then converts DHU
to thymine, enabling cytosines and the corresponding cytosine
modifications to be differentiated.

Currently, there is no exclusive enzymatic method to detect
5mC and 5hmC to single-base resolution. Here enzymatic meth-
yl-seq (EM-seq) is described, the first purely enzymatic conversion
method for mapping SmC and ShmC. EM-seq provides a novel
approach to study methylomes without introducing biases often
associated with bisulfite sequencing. The resulting higher com-
plexity methylomes provide new avenues to investigate and gain
a deeper understanding of development and disease.

Results

Enzymatic detection of 5mC and 5hmC

Enzymatic detection of 5SmC and ShmC requires three enzymes
and two sets of reactions. Tet methylcytosine dioxygenase 2
(TET2) and T4-BGT are used to protect 5SmC and ShmC from sub-
sequent deamination by APOBEC3A. TET2 is a Fe(Il)/alpha-keto-
glutarate-dependent dioxygenase that catalyzes the oxidization
of 5SmC to ShmC, then 5-formylcytosine (5fC), and finally 5caC
with the concomitant formation of CO, and succinate (Fig. 1A).
T4-BGT catalyzes the glucosylation of both TET2-formed and
genomic S5hmC to S5-(B-glucosyloxymethyl)cytosine (5gmC)
(Fig. 1B). Next, APOBEC3A deaminates cytosines, but not the pro-
tected forms of SmC or ShmC (Fig. 1C), thus enabling their
discrimination.

The enzymes mTET2CDA (TET2) (Tamanaha et al. 2016),
APOBEC3A (NEB), and T4-BGT (NEB) were characterized to deter-
mine their suitability for detecting cytosine methylation. TET2 ef-
ficiently oxidized >99% of 5mCs in a range of organisms,
including the mouse, humans, and Arabidopsis thaliana (Supple-
mental Fig. 2A,B). TET2 activity is robust with 70%-80% of 5caC
formed and ~10% of each of the intermediates ShmC and 5fC.
The bacteriophage Xanthomonas oryzae (XP12) has 96% of SmC
oxidized by TET2 (Supplemental Fig. 2B). This lower rate is attrib-
uted to XP12 having 100% of its cytosines methylated compared
with mammalian or plant genomic DNA. The combined activity

of TET2 and T4-BGT on ShmC effectively removes ShmC by oxida-
tion and glucosylation (Supplemental Fig. 2C). These two enzymes
work together to protect 5SmC and ShmC from deamination by
APOBEC3A.

Human APOBEC3A deaminates cytosines and 5mCs in sin-
gle-stranded DNA substrates with a strong preference for TC and
CC dinucleotides (Carpenter et al. 2012; Wijesinghe and Bhagwat
2012; Suspéne et al. 2013; Ito et al. 2017; Silvas et al. 2018). An en-
gineered form of APOBEC3A (NEB E7133) used in these studies ful-
ly deaminated all cytosine or SmC oligonucleotide substrates
by extending the reaction time (Supplemental Fig. 3A,B). An
APOBEC3A activity time course on oligonucleotides containing
cytosine, SmC, or its oxidative derivatives showed efficient deam-
ination after 180 min of cytosine and SmC (Supplemental Fig. 3C)
and 50% deamination of ShmC. 5fC was a poor substrate, whereas
5caC and 5gmC appeared not to react. APOBEC3A is a long-acting
enzyme with a half-life of 6 h for oligonucleotide substrates with
5SmC, ShmC, and 5gmC. The half-lives for 5caC and SfC are re-
duced to 2 h and 1 h, respectively (Supplemental Table 3). The for-
mation of ShmU rather than enzyme inactivation likely inhibits
APOBEC3A activity. In general, the APOBEC3A activity on 5mC,
S5hmC, and ScaC resembles a previously described APOBEC3A,
but activity was reduced on 5fC (Supplemental Fig. 3C; Nabel
et al. 2012; Schutsky et al. 2017). These data show selective deam-
ination by APOBEC3A.

Further investigation of TET2, T4-BGT, and APOBEC3A en-
zyme activity on NA12878 DNA using LCMS (Supplemental
Table 6) showed that SmC decreased from 2.675% in unconverted
NA12878 DNA to ~0.02% when TET2 was used. T4-BGT had no ef-
fect on the percentage of 5SmC; however, when it was combined
with TET2 and APOBEC3A, the amount of 5mC became undetect-
able. The formation of 5gmC by T4-BGT could not be measured as
the LCMS standard is not readily available. The appearance of ura-
cil was detected only when APOBEC3A was included in reactions.
Taken together with the characterizations of TET2, T4-BGT, and
APOBEC3A, these data show the potential of these three enzymes
in mapping genomic SmC and ShmC at single-base resolution.

Methylomes derived from EM-seq

EM-seq, a high-throughput sequencing method to characterize
CpG modifications, combines NEBNext library preparation with
the oxidation, glucosylation, and deamination reactions (Fig. 24,
B). The EM-seq and bisulfite libraries were made using 10, 50,
and 200 ng of NA12878 genomic DNA. EM-seq libraries had high-
er library yields using fewer PCR cycles for all DNA inputs (Fig. 3A).
They contained fewer sequencing duplicates, resulting in more
useable reads (Fig. 3B) and therefore increasing the effective ge-
nome coverage. EM-seq libraries also resulted in a more normalized
GC bias profile than did bisulfite libraries, which have an AT- rich
and GC- poor profile (Fig. 3C). The dinucleotide plot (Supplemen-
tal Fig. 6) provided further evidence of a normal coverage profile.
These basic attributes are key to improvements in CpG detection
by EM-seq libraries.

EM-seq and bisulfite NA12878 libraries have similar cytosine
methylation for all DNA inputs with CpG methylation ~52%,
whereas CHG and CHH contexts methylation is <0.6% (Fig. 4A;
Supplemental Fig. 7A). Two internal controls, unmethylated lamb-
da and CpG methylated pUC19, were included during library con-
struction. Methylation in the CpG, CHG, and CHH contexts was
<0.6% for unmethylated lambda DNA, ~96% for pUC19 CpG
methylation, and <1.6% in the CHG and CHH contexts
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EM-seq: enzymatic detection of DNA methylation
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Figure 1.

(Supplemental Fig. 7B,C). Furthermore, methylKit data (Supple-
mental Fig. 8) showed increased coverage of CpGs by EM-seq as
well as the expected percentage of methylation per base, with
the majority of CpGs being found at 0% and 100%. EM-seq librar-
ies had increased amounts of intermediate methylation. We also
compared CpG detection between the EM-seq and bisulfite librar-
ies using 1x to 21x coverage depths (Fig. 4B). There are 56 million
CpGs in the human genome, considering both DNA strands (Inter-
national Human Genome Sequencing Consortium 2001). At a cov-
erage depth of 1x, EM-seq detects approximately 54 million CpGs
for the 10-, 50-, and 200-ng NA12878 inputs. However, the 50-ng
and 200-ng input bisulfite libraries cover around 45 million CpGs,
with 36 million CpGs for the 10-ng input (Fig. 4B,C). Furthermore,
by increasing the coverage threshold cutoff to 8x, the EM-seq

A TET2

aKG Suc
co, O NH,

0, CO, Y 0, CO, , 0,
,& TETZIFeZ" ,& TETZIFeZ* ,& TET2/Fe2*

Enzymes involved in the detection of 5mC and 5hmC. (A) TET2 catalyzes the oxidization of
5mC to 5hmC, 5fC, and 5caC in three consecutive steps. (B) The T4-phage enzyme T4-BGT glucosylates
pre-existing genomic 5hmC as well as 5hmC formed by the action of TET2 to 5-(B-glucosyloxymethyl)
cytosine (5gmC). (C) APOBEC3A deaminates cytosine, 5mC, and, to a lesser extent, 5ShmC.

libraries covered approximately seven
times more CpGs at 10-ng inputs and
2.2 times more CpGs at 200-ng inputs

e 5l

N""0 (Fig. 4B,C). As coverage depths increase
DNA to greater than 11x, bisulfite libraries
5caC

cover more CpGs (Fig. 4B), most likely
as a result of biases and uneven genome
coverage (Fig. 3C; Supplemental Fig. 6).
CpGs covered by the two library types
were compared using correlation analysis
at coverage depths of 1x (Fig. 4D,E), 5x,
or 10x (Supplemental Fig. 9A,B). The
use of different coverage thresholds
results in the identification of differential
numbers of CpGs between EM-seq
and whole-genome bisulfite sequenc-
ing (WGBS) libraries (Supplemental Fig.
9C). The correlation levels improved
for both EM-seq and WGBS as coverage
thresholds increased from 1x to 10x.
WGBS covered more CpGs at 10x com-
pared with EM-seq (615,413 vs. 179,991
CpGs), whereas EM-seq covered signifi-
cantly higher numbers of CpGs at 1x
(53.4 M vs. 25.9 M) and 5x levels (14.8
M vs. 3.5 M). This suggests a focusing ef-
fect for WGBS at a small number of CpGs compared with a well-
dispersed coverage by EM-seq. Correlations that compared EM-
seq and bisulfite libraries (Supplemental Fig. 9D) also showed
EM-seq outperforming bisulfite libraries. Overall, these data indi-
cate that the CpGs identified by the two methods are largely the
same but that EM-seq identifies additional unique CpGs.

As expected, increased CpG coverage in EM-seq libraries
translates into greater numbers of CpGs found within genomic
features. As inputs decrease from 200 ng to 10 ng NA12878 DNA
there is a minimal shift in genomic feature representation for
EM-seq libraries (Fig. SA) and the Dfam 3.1 (Hubley et al. 2016)
list of repetitive DNA elements (Fig. 5B). Further analysis of CpG
coverage and methylation status within 2 kb of the transcription
start site (TSS) at 1x coverage depth again shows that EM-seq
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Figure 2. Enzymatic methyl-seq (EM-seq) mechanism of action and workflow. (A) Principle pathways that are important for enzymatic identification of
5mC and 5hmC using EM-seq. The actions of TET2 (blue) and T4-BGT (purple) on 5mC and its oxidation products, as well as the activity of APOBEC3A
(green) on cytosine, 5gmC, and 5caC are shown. The red cross represents no APOBEC3A activity. T4-BGT glucosylates 5ShmC (pre-existing 5hmC and that
formed by the action of TET2). TET2 converts 5mC through the intermediates 5hmC and 5fC into 5caC. APOBEC3A has limited activity on 5fC and un-
detectable activity on 5gmC and 5caC (Supplemental Fig. 3C). Uracil is replaced by thymine during PCR and is read as thymine during lllumina sequencing.
(B) DNA is sheared to ~300 bp, end repaired, and 3’-A-tailed. EM-seq adaptors are then ligated to the DNA. The DNA is treated with TET2 and T4-BGT
before moving to the deamination reaction. The library is PCR amplified using EM-seq adaptor primers and can be sequenced on any lllumina sequencer.

Genome Research 3
www.genome.org


http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.266551.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.266551.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.266551.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.266551.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.266551.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.266551.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.266551.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.266551.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.266551.120/-/DC1
http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on May 3, 2026 .

Vaisvila et al.

Published by Cold Spring Harbor Laboratory Press

80 Input (ng) Method
= EM-si
;g o [ 10
50
40
30
20
10

Bisulfite
EM-seq

50 Bisulfite

Library Yield (nM)

EM-seq

0 200 Bisulfite
DNA Input

PCR Cycles

EM-seq

[}
=)
<
il
)
>
Q
o

°
@

N

©
E
S

=z

Expected

Rep. Reads Coverage % Mapped % Dups % Usable Effective Coverage
1 649M 21 100.0% 49.7% 40.1% [ 8
2 649M 21 100.0% 55.0% 35.6% |7
1 650M 21 100.0% 12.6% 76.5% I 6
2 650M 21 100.0% 15.3% 73.9% I 6
1 649M 21 100.0% 18.9% 68.5% | 4
2 649M 21 100.0% 17.0% 69.5% | 5
1 650M 21 100.0% 9.6% 81.1% I 7
2 652M 21 100.0% 8.5% 81.4% I 7
1 649M 21 100.0% 9.2% 77.1% | 16
2 649M 21 100.0% 10.9% 75.6% I 16
1 650M 21 100.0% 9.4% 815 SRR |
2 649M 21 100.0% 10.2% 80.7% [N 7
0 5 10 15 20
Effective Coverage (x)
EM-seq 10 ng
EM-seq 50 ng
——EM-seq 200 ng

WGBS 10 ng

WGBS 50 ng

WGBS 200 ng

0 10 20 30 40

1
05 ﬁ "___\\’“’\—\,\\
100

50 60 70 80 90

GC Content (%)

Figure 3. NA12878 EM-seq libraries. EM-seq and bisulfite libraries were made using 10 ng, 50 ng, or 200 ng of NA12878 DNA (spiked with 2 ng unme-
thylated lambda DNA and 0.1 ng CpG methylated pUC19). Libraries were sequenced on an lllumina NovaSeq 6000, and 324 million read pairs per library
were used for analysis. (A) EM-seq uses fewer PCR cycles but results in more PCR product than does WGBS for all NA12878 input amounts. (B) Table of
sequencing and alignment metrics for EM-seq and WGBS libraries using 324 million lllumina read pairs. Metrics were calculated using bwa-meth,
SAMtools, and Picard. Theoretical coverage is calculated using the number of bases sequenced/total bases in the GRCh38 reference. (% Mapped)
Reads aligned to the reference genome (grch38+controls); (% Dups) reads marked as duplicate by Picard MarkDuplicates; (% Usable) the set of
Proper-pair, MapQ 10+, primary, nonduplicate reads used in methylation calling (SAMtools view -F 0xFOO0 -q 10); and (Effective Coverage) % Usable x the-
oretical coverage. (C) GC-bias plot for EM-seq and WGBS libraries. EM-seq libraries display an even GC distribution, whereas WGBS libraries have an AT-rich

and GC-poor profile.

libraries have higher coverage compared with that of the bisulfite
libraries (Fig. 5C). CpG coverage and methylation for both library
types across TSS were also analyzed either at a coverage depth of 8x
(Fig. SD,E) or with no coverage filtering (Supplemental Fig. 10).
These data again show an accurate representation of cytosine
methylation status by EM-seq. Transcription start sites are expect-
ed to have limited CpG methylation. EM-seq libraries display low
levels of CpG methylation across the TSS. These results are not
confined to TSS. Coverage data for other genomic features and reg-
ulatory elements are similarly even (Supplemental Fig. 11). Fur-
thermore, to evaluate the effect of methylated cytosine density
on EM-seq performance, we used XP12 genomic DNA, in which
every cytosine is methylated. No overt biases were seen when cyto-
sine density was investigated by using strand-specific 50-bp win-
dows at 25-bp step intervals. However, the overall methylation
detection was lower than expected in this extreme methylation
scenario (90.2%-97.4%) (Supplemental Fig. 12).

In addition to methylomes derived from genomic DNA, lung
formalin-fixed paraffin-embedded (FFPE) DNA and cell-free DNA
(cfDNA) were used for comparisons of bisulfite and EM-seq librar-
ies (Supplemental Figs. 13, 14). Libraries were constructed using 10
ng of each DNA type, which generated 750 million total reads. The
data followed similar trends to that seen for genomic DNA, with
cfDNA and FFPE DNA EM-seq libraries producing better sequenc-
ing library metrics (insert size, duplication, GC content) and ex-
pected cytosine methylation. EM-seq also detected more CpGs
over a wide range of genomic features and had higher library
correlations.

100-pg EM-seq libraries

EM-seq libraries were made using 100 pg to 10 ng NA12878 geno-
mic DNA and generated 810 million total reads per library. Se-

quencing metrics for these libraries are shown in Supplemental
Figure 15. Low-input libraries behaved similarly to the 10-ng to
200-ng DNA libraries with even coverage across GC bias plots
(Fig. 6A) and similar global cytosine methylation in the CpG,
CHG, and CHH contexts (Fig. 6B; Supplemental Fig. 16A). Unme-
thylated lambda and pUC19 control DNA gave similar methyla-
tion in the CpG, CHG, and CHH contexts to standard 10-ng and
200-ng EM-seq libraries (Supplemental Fig. 16B,C). The lowest
DNA inputs needed additional PCR cycles (Supplemental Table
5), and the number of unique reads was reduced in the 100-pg
and 500-pg libraries. This is reflected in the cumulative coverage
plot where, at 1x minimum coverage depth, approximately 24 mil-
lion and 50 million CpGs were detected, respectively (Fig. 6C). For
the 10-ng WGBS libraries, only 37 million CpGs were detected (Fig.
4B), which further underscores the ability of EM-seq to identify
more CpGs. The 1-ng and 10-ng low-input EM-seq libraries both
covered 54 million CpGs (Fig. 6C), the same number identified us-
ing the standard EM-seq protocol. Additional analysis of CpG
methylation using correlation plots (Supplemental Fig. 17A), com-
parison of genomic features (Supplemental Fig. 18A), and heat-
maps displaying CpG coverage over specific genomic features
(Supplemental Fig. 19A-C) indicates that the low-input libraries
perform very well. The 500-pg to 10-ng DNA inputs identified sim-
ilar numbers of genomic features at >5x coverage depths, and the
100-pg input covered slightly fewer (Supplemental Fig. 18A). In ad-
dition, methylKit CpG methylation plots indicate that methyla-
tion is as expected with the majority of CpGs falling into either
0% methylation or 100% methylation (Supplemental Fig. 20).
To compare the 10-ng NA12878 data from low-input EM-seq, stan-
dard EM-seq, and WGBS libraries, reads were downsampled to 810
million total reads. For all analysis, including correlation (Supple-
mental Fig. 17B), genomic feature coverage (Supplemental Figs.
188, 19D,E), and methylation distribution histograms
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Figure 4. EM-seq accurately represents methylation. lllumina NovaSeq data for 10, 50, and 200 ng of
NA12878 DNA EM-seq and WGBS libraries were generated; 324 million paired reads for each library were
aligned to a human + control reference genome using bwa-meth 0.2.2, and methylation information was
extracted from the alignments using MethylDackel (https://github.com/dpryan79/MethylDackel). The
top- and bottom-strand CpGs were counted independently, yielding a maximum of 56 million possible
CpG sites. (A) NA12878 EM-seq and WGBS methylation in CpG contexts are similarly represented. The
methylation state for NA12878 DNA in the CHG and CHH contexts and the unmethylated lambda con-
trol and CpG methylated pUC19 control DNAs are shown in Supplemental Figure 7. (B) The number of
CpGs covered for EM-seq and bisulfite libraries was calculated and graphed at minimum coverage depths
of 1x through 21x. (C) The number of CpGs detected was compared between the EM-seq and bisulfite
libraries at 1x and 8x coverage depths. CpGs unique to EM-seq libraries or bisulfite libraries or those that
were common to both are represented in the Venn diagrams. methyIKit analysis at minimum 1x coverage
shows good CpG methylation correlation between libraries made using 10 ng and 200 ng of NA12878
DNA for EM-seq (D) and WGBS (E) libraries. Methylation level correlations between inputs and replicates
of EM-seq libraries are better than for WGBS libraries. Correlation between EM-seq and WGBS libraries at
10-ng, 50-ng, and 200-ng NA12878 DNA inputs are shown in Supplemental Figure 9D.

der- or overconversion of cytosines (Gen-
ereux et al. 2008; Raine et al. 2017; Peat
and Smallwood 2018). To overcome these
issues, we developed EM-seq, an entirely
enzyme-based method to determine cy-
tosine methylation status. This method
relies on a trio of enzymes and their abil-
ity to optimally oxidize SmC, glucosylate
5hmC, and deaminate unmodified cyto-
sines to thymines. The TET2 enzyme
used in this study has robust activity, con-
verting 99.5% of SmC to its oxidative
forms. Furthermore, combined enzyme
activity of TET2 and T4-BGT on
NA12878 DNA showed that 0.9% residu-
al SmC is available for deamination by
APOBEC3A (Supplemental Table 6).
This number is lower than the 2.7% ob-
served for commercial bisulfite-conver-
sion kits (Holmes et al. 2014). TET2 and
T4-BGT act together to effectively protect
both 5mC and 5ShmC, but not cytosines,
from deamination by APOBEC3A (Sup-
plemental Table 6). This enzymatic ma-
nipulation of cytosine, 5SmC, and ShmC
enables the identification of SmC and
ShmC in high-throughput sequence
data. SmC and 5hmC are sequenced as
cytosines, whereas cytosines are se-
quenced as thymines. Thus, the nucleo-
tide classification of EM-seq sequencing
data is the same as that of bisulfite se-
quencing data, and they are seamlessly
integrated with any pipeline used for
bisulfite data including, but not limited
to, Bismark (Krueger and Andrews 2011)
and bwa-meth (Pedersen et al. 2014).
The EM-seq and WGBS libraries
were generated by Illumina adaptor liga-
tion to DNA before either EM-seq or bisul-
fite conversion. Analysis of both these
libraries shows that they have similar
global methylation, but differences be-
come noticeable with more in-depth
analysis. Traditional bisulfite treatment
fragments DNA, which makes it hard to
sequence all mappable CpGs in a ge-
nome. In contrast, enzymatically con-
verted DNA does not have the same
fragmentation bias. This results in EM-
seq libraries that have even GC-bias pro-
files and dinucleotide distributions. This
even genome coverage is especially rele-

(Supplemental Fig. 21), the low-input and standard EM-seq meth- vant to the assessment of CpG methylation state. Also of interest
ods produced similar results and outperformed WGBS libraries. was how efficiently enzymatically converted DNA dealt with in-
creasing SmC densities. Based upon XP12 data, no explicit biases
were detected (Supplemental Fig. 12); however, methylation was

Discussion slightly lower than expected, perhaps owing to the extreme cyto-

sine densities across the entire XP12 genome, and further optimiza-
The most routinely applied method to detect SmC and ShmC in ge- tion of the EM-seq protocol could overcome this. Studies of
nomic DNA uses sodium bisulfite. Despite its popularity, sodium genomes with 100% cytosine methylation would be rare and in
bisulfite treatment damages DNA and is often associated with un- contrast to human somatic cells, in which SmC accounts for ~1%
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Figure 5. Cytosine methylation at key genomic features. Genomic features for the 10-ng, 50-ng, and
200-ng NA12878 DNA EM-seq and WGBS libraries were assessed; 324 million paired reads for each li-
brary were analyzed and annotated using featureCounts (Liao et al. 2014). (A) EM-seq and WGBS cover
a diverse range of genomic features, but EM-seq libraries show greater coverage of all features examined.
Coverage of various genomic feature types is represented with one point per region. The vertical position
is defined by the average coverage of the feature. Points are staggered horizontally to avoid too much
overlapping. Features from NCBI’s RefSeq, the Eukaryotic Promoter, UCSC Table Browser, and Dfam
are shown, and the numbers covered at >5x depth are indicated. (B) Repetitive genomic regions
(Dfam 3.1) are more evenly covered by EM-seq libraries. (C) deepTools2 (Ramirez et al. 2016) heat
map of CpG coverage for +2 kb of the TSS for the three DNA inputs for EM-seq and bisulfite libraries
at a minimum coverage of 1x. Plots were created using random sampling of the same number of raw
reads from each library. (D) Percentage of CpGs covered at a minimum of 8x coverage, +2 kb, across
TSS. (E) Methylation status for EM-seq and bisulfite libraries using 8x minimum coverage depth. EM-
seq libraries show less CpG methylation and more accurately represent the expected CpG methylation
pattern.

ies. The intact nature of enzymatically
converted DNA is shown by the ability
to construct longer insert libraries, up
to 350 bp, and to generate long ampli-
cons from enzymatically converted
DNA (Supplemental Fig. 5). Correlation
analysis of CpG methylation illustrates
the reproducibility of EM-seq (Fig. 4D)
over bisulfite sequencing (Fig. 4E). Itis be-
coming increasingly clear that methyla-
tion plays important roles in cancer
and embryonic development. Bisulfite-
induced damage and uneven coverage
have limited methylation assessment in
these and other areas of research.

The adaptation of enzymatic con-
version for high-throughput sequencing
enhances the study of diverse DNA types
as well as that of lower DNA inputs.
Bisulfite sequencing has traditionally
been difficult to apply to cfDNA and
FFPE DNA, primarily owing to low inputs
and the presence of DNA damage. In con-
trast, EM-seq libraries display little to no
DNA damage and have few biases associ-
ated with it. This, combined with accu-
rate DNA methylation calls, enhances
the potential of EM-seq to extract in-
formation from challenging samples.
Indeed, the cfDNA and FFPE data present-
ed in this paper strongly suggest that rel-
evant methylation information can be
more easily extracted than data generated
from bisulfite libraries. Potentially, DNA
damage could inhibit enzymatic reac-
tions, but this is not clear from the cur-
rent data. In addition, EM-seq can be
reliably used with as little as 100 pg with
methylation and CpG coverages that are
similar to the 10-ng to 200-ng DNA in-
puts. Methylation analysis of lower DNA
inputs and single cells using post bisulfite
adaptor tagging (PBAT), a modified bisul-
fite library construction protocol, has
been successful (Okae et al. 2014; Peat
et al. 2014; Smallwood et al. 2014).
These libraries tend to have less extreme
AT- and GC-related bias than do libraries
containing adaptors ligated before bisul-
fite conversion. Another area of interest
to researchers is cytosine methylation
in non-CpG contexts. Enzymatic con-
version in these contexts is efficient, as
shown by recent publications looking at
cytosine methylation in A. thaliana
(Feng et al. 2020) and also non-CpG

of total DNA bases and therefore affects 70%-80% of all CpG dinu- methylation at satellite DNA repeats in zebrafish (Ross et al.

cleotides in the genome (Bird 2002). An important consideration in 2020). Beyond short-read sequencing, enzymatic conversion has
generating methylomes is the amount of sequencing required to the potential to be optimized for long-read sequencing using
adequately cover all relevant sites in genomes. By using the same Pacific Biosciences (PacBio) or Oxford Nanopore (Sun et al. 2021).
number of reads, EM-seq libraries cover more genomic features at Enzymatic conversion could also be used for reduced representa-
increased depths, making it more economical than bisulfite librar- tion libraries, arrays, target enrichment, and long-amplicon
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Figure 6. Low-DNA-input EM-seq libraries. Low-input EM-seq libraries were made using 100 pg, 500 methylome information with mRNA ex-

pg, 1 ng, and 10 ng of NA12878 DNA. Libraries were sequenced on a NovaSeq 6000 and evaluated for
consistency before combining technical replicates and sampling 810 million total reads from each library
type for methylation calling. (A) GC-bias plot for EM-seq library replicates shows even GC distribution. (B)
CpG methylation levels are as expected for all DNA inputs at ~53%. (C) CpG coverage as a function of
minimum coverage depth is similar to standard-protocol libraries and shows the impact of library com-

plexity and duplication on coverage.

sequencing with most of the improvements to these applications
coming from the intact nature of enzymatically converted DNA
and the improvements to coverage profiles. Enzymatic conversion
can overcome many challenges that arise from bisulfite sequencing
and therefore enables discoveries in areas of methylome research
that have previously been inaccessible.

New methods to capture cytosine methylation or hydroxy-
methylation status have recently been reported. TAPS detects
SmC and ShmC by combining the enzymatic oxidation of 5SmC
and 5hmC to 5caC, with the chemical deamination of 5caC.
This enzymatic/chemical method can be modified to detect only
ShmC, by glucosylating ShmC to 5gmC before TET1 oxidation
(Liu et al. 2019). Another method that detects only ShmC but
not SmC is ACE-seq. This differs from TAPS as it relies only on en-
zymes to protect ShmC, via glucosylation, from enzymatic deam-
ination. As a result, cytosine and SmcC are sequenced as thymines.
EM-seq is the only method that uses enzymes to detect SmC and
ShmC. Enzymatic conversion is compatible with as little as 100
pg of DNA input and challenging DNA samples such as cfDNA
and FFPE DNA. TAPS data differ from EM-seq and bisulfite se-
quencing data in that 5mC and ShmC are converted but are not
cytosines. Specific analysis tools for calling cytosine modifications
from TAPS data are available (Liu et al. 2019). EM-seq data can be
processed directly using established bisulfite data pipelines, which
negates significant investment in the development and validation
of analysis tools.

Mapping of individual SmC and ShmC is becoming increas-
ingly important. The subtraction of ShmC data, identified using
ACE-seq, from 5SmCs and 5ShmCs detected using bisulfite conver-
sion provides an avenue to identify SmC. However, this method
is limited by the quality of the bisulfite data. The identification of
individual 5mCs and 5ShmC can be achieved by combining EM-
seq sequencing data with data from either ACE-seq or from a mod-
ification of the EM-seq protocol that identifies only ShmC. In this

pression levels (RNA-seq), chromatin
state determinations (ATAC-seq, NOMe-
seq, NicE-seq, Hi-C, histone modifica-
tions), and regulatory factor occupancy
(ChIP-seq) data would lead to enhanced
multiomic comparisons. This will ulti-
mately lead to a more complete under-
standing of cell regulation.

EM-seq provides accurate characterization of cytosine meth-
ylation within genomes. EM-seq does not damage DNA in the
same ways that are reported for bisulfite sequencing. Subse-
quently, all metrics examined, including but not limited to ge-
nome coverage, CpGs detected, and genomic features identified,
are improved. EM-seq is versatile as it can be used with lower
DNA inputs as well as damaged DNA. Enzymatic conversion will
enhance studies using single cells, cfDNA, or FFPE DNA as these
types of input are often associated with developmental research
or investigations involving diseases such as cancer.

Methods

Enzymes used to detect cytosine methylation

Generation, expression, and purification of the TET2 construct
mTET2CDA are described previously (Tamanaha et al. 2016). T4-
BGT (NEB MO0357) and APOBEC3A protein were supplied by
NEB. APOBEC3A is available as either part of an EM-seq kit
(E7120) or the EM-seq module (E7125).

DNA substrates

ES cells were cultured as previously described (Conner 2001). ES
cells were grown in GMEM media (Invitrogen) containing 10%
FBS (GemCell), 1% nonessential amino acids (HyClone), 1%
sodium pyruvate (Invitrogen), 50 uM 2-mercaptoethanol (Sigma-
Aldrich), and 1x LIF (Millipore). To maintain an undifferentiated
state, ES cells were grown on 0.1% gelatin-coated culture dishes
(Stem Cell Technologies). E14 genomic DNA was extracted using
the DNeasy Blood and Tissue Kit (Qiagen). cfDNA was extracted
from 5 mL human plasma (Innovative Research) using the
QIAamp Circulating Nucleic Acid Kit (Qiagen). pUC19 was extract-
ed from dam-/dcm- Escherichia coli cells using the Monarch Plasmid
Miniprep Kit (NEB), and then 10 pg of pUC19 was CpG
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methylated in vitro using 40 U of M.SssI (NEB) in a 200-pL final re-
action volume for 2 h at 37°C. DNA was isolated using NEBNext
sample purification beads. CpG-methylated pUC19 DNA was elut-
ed in 100 pL H,O before repeating the methylation reaction to
minimize the presence of any unmethylated CpGs. For the
APOBEC3A substrate assay, a glucosylated ShmC single-stranded
oligonucleotide was generated (Supplemental Table 2). Ten micro-
grams of substrate was incubated with 40 U of T4-BGT supple-
mented with 40 pM UDP-glu in a 500-pL reaction for 16 h at
37°C. All other DNA were commercially sourced or gifted as indi-
cated in the Supplemental Methods.

TET2 activity analysis

Detailed descriptions of TET2 experiments can be found in the
Supplemental Methods. Genomic DNA was sheared to 1.5 kb using
the Covaris S2 instrument and DNA purified. Varying TET2 con-
centrations were mixed with 100 ng DNA in TET2 1x buffer (50
mM Tris at pH 8.0, 2 mM ATP, 1 mM DTT, 5 mM sodium ascorbate,
5 mM alpha-ketoglutarate [0KG], and 50 pM FeSOy) and incubated
for 60 min at 37°C, and then 0.8 U Proteinase K (NEB) was added
and incubated for 60 min at 50°C. DNA was analyzed for oxidized
5SmC modifications using liquid chromatography mass spectrom-
etry/mass spectrometry (LC-MS/MS) according to the procedure
and instruments described previously (Tamanaha et al. 2016).
TET2 and T4-BGT activity on XP12 genomic DNA was also inves-
tigated. XP12 genomic DNA was sheared to 1.5 kb using the
Covaris S2 instrument, and 1 pg of DNA was incubated in TET2
1x buffer with 16 pg of TET2, 40 pM UDP-glu (NEB), and 10 U of
T4-BGT (NEB) for up to 60 min at 37°C; 0.8 U of Proteinase K
(NEB) was added for 30 min at 37°C and the DNA purified. The nu-
cleotide content of the DNA was then analyzed using LC-MS/MS
(Tamanaha et al. 2016).

APOBEC3A activity analysis

The oligonucleotides and methods used to determine APOBEC3A
site preference are shown in Supplemental Tables 1 and 2 and are
described in detail in the Supplemental Methods. Briefly, 2 uM of
each oligonucleotide and 0.2 pM APOBEC3A in 50 mM Bis-Tris
(pH 6.0), 0.1% Triton X-100 were incubated at 37°C. Incubation
times varied according to the experiment and oligonucleotide be-
ing assayed but ranged from 0-22 h. Reactions were quenched
with eight volumes of ethanol, and the DNA was purified using
the DNA Clean and Concentrator Kit (Zymo Research). DNA sam-
ples were digested to nucleosides using a nucleoside digestion mix
(NEB). Global nucleoside content analysis was performed by LC-
MS or LC-MS/MS. The data points were best fitted by a single expo-
nential equation to follow the disappearance of C, 5SmC, ShmC,
5fC, or ScaC nucleotides and the appearance of U or T (Kaleida-
Graph, Synergy Software). A time course of APOBEC3A activity
was generated using 2 pM oligonucleotide substrate (Supplemen-
tal Table 2) and 25 nM of APOBEC3A in 50 mM Bis-Tris (pH
6.0), 0.1% Triton X-100. Reactions were incubated for up to 23 h
at 37°C. Samples were withdrawn and challenged by adding
2 uM cytosine-only oligonucleotide substrate (Supplemental Table
2) for 15 min at 37°C. Deamination was terminated by sample
purification using the Oligo Clean and Concentrator Kit (Zymo Re-
search). Deamination rates of C > U and 5SmC oxidation derivatives
were quantified with LC-MS (Sun et al. 2021).

Enzymatic methyl-seq

Ten, 50, and 200 ng of NA12878 genomic DNA were combined
with 0.1 ng CpG-methylated pUC19 and 2 ng unmethylated lamb-
da control DNA and was made up to 50 uL with 10 mM Tris 0.1

mM EDTA (pH 8.0). The DNA was transferred to a Covaris micro-
TUBE (Covaris) and sheared to 240-290 bp using the Covaris S2 in-
strument. DNA was sheared twice for 40 sec at duty cycle 10%,
intensity 4, and cycles/burst 200. Fifty microliters of sheared mate-
rial was transferred to a PCR strip tube to begin library construc-
tion. NEBNext DNA Ultra II reagents (NEB) were used according
to the manufacturer’s instructions for end repair, A-tailing, and
adaptor ligation of the 0.4-uM EM-seq adaptor (ASmCASmCTS5m
CTTTSmCSmCSmCTASmCASMCGASMCGSmCTSmCTTSmCSm
CGATSmC*T and [Phos]|GATSmCGGAAGAGSmMCASmCASMC
GTSmCTGAASMCTSmMCSmMCAGTSmCA). The ligated samples
were mixed with 110 pL of resuspended NEBNext sample purifica-
tion beads and cleaned up according to the manufacturer’s instruc-
tions. The library was eluted in 29 pL of water, and 28 pL of this
DNA was oxidized in a 50-pL reaction volume containing 50 mM
Tris (pH 8.0), 1 mM DTT, 5 mM sodium-L-ascorbate, 20 mM oKG,
2 mM ATP, 50 mM ammonium iron (II) sulfate hexahydrate, 0.04
mM UDP-glu (NEB), 16 ng TET2, 10 U T4-BGT (NEB). The reaction
was initiated by adding Fe (II) solution to a final reaction concentra-
tion of 40 pM and then incubated for 1 h at 37°C. Then 0.8 U of Pro-
teinase K (NEB) was added and incubated for 30 min at 37°C. The
DNA was purified using 90 pL of resuspended NEBNext sample pu-
rification beads according to the manufacturer’s instructions. DNA
was eluted in 17 pL of water, and 16 pL was then transferred to a
new PCR tube and denatured by the addition of 4 pL of formamide
(Sigma-Aldrich) and incubation for 10 min at 85°C. The DNA was
then deaminated in 50 mM Bis-Tris (pH 6.0), 0.1% Triton X-100,
20 pg BSA (NEB) using 0.2 pg of APOBEC3A (NEB). The reaction
was incubated for 3 h at 37°C, and the DNA was purified using
100 pL of resuspended NEBNext sample purification beads accord-
ing to the manufacturer’s protocol. The sample was eluted in 21 pL
water, and 20 puL of the DNA was amplified using 1 uM of NEBNext
unique dual index primers and 25 pL NEBNext QSU master mix
(NEB M0597) as follows: 30 sec at 98°C; cycling four (200 ng), six
(50 ng), and eight (10 ng) times according to DNA input, 10 sec
at 98°C, 30 sec at 62°C, and 60 sec at 65°C; with a final extension
for 5 min and hold at 4°C. EM-seq libraries were purified using
45 pL of resuspended NEBNext sample purification beads, and the
sample was eluted in 21 pL water. Low-input EM-seq libraries for
100-pg to 10-ng genomic DNA inputs were processed as for the
10-ng to 200-ng genomic DNA inputs except 2 U T4-BGT was
used. Ten nanograms cfDNA and 10 ng lung FFPE were processed
as described for the 10-ng to 200-ng EM-seq libraries, except shear-
ing was not required for the cfDNA. The oxidation reaction for the
cfDNA and FFPE DNA reactions was supplemented with 2 mM DTT.
Large-insert EM-seq libraries were processed as described for the
10-ng to 200-ng EM-seq libraries, except for the following. The
DNA was sheared to 1 kb using a Covaris S2 system with the follow-
ing settings: duty cycle 5%, intensity 3, cycles per burst 200, and
time 40 sec. The clean ups after PCR were as follows: The PCR reac-
tion was either cleaned up as described for the 10-ng to 200-ng EM-
seq protocol, or for larger-insert libraries, the volume was increased
to 100 pL using water. Sixty-five microliters of resuspended NEB-
Next sample purification beads was added and the DNA purified ac-
cording to the manufacturer’s protocol. All libraries were quantified
using D100OHS tape for TapeStation (Agilent) before Illumina
sequencing.

Whole-genome bisulfite sequencing

Ten, 50, and 200 ng of NA12878 genomic DNA were combined
with 0.1 ng CpG methylated pUC19 and 2 ng unmethylated lamb-
da control DNA and made up to 50 pL with 10 mM Tris 0.1 mM
EDTA (pH 8.0). DNA samples were sheared using the same condi-
tions as in EM-seq and processed through NEBNext Ultra II library
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preparation. TruSeq DNA single indices (Illumina) were used in-
stead of the EM-seq adaptor. Bisulfite conversion was performed
using a EZ DNA Methylation-Gold Kit (Zymo Research) following
the manufacturer’s instructions. Ten nanograms of cfDNA and
FFPE bisulfite libraries was made as above except 0.4 uM EM-seq
adaptor was ligated after end repair and A-tailing.

High-throughput sequence data analysis

Paired-end reads from the WGBS and EM-seq libraries were se-
quenced on the same flowcells and demultiplexed using Picard’s
MNluminaBasecallsToFastq 2.18.17 (https://broadinstitute.github
.io/picard/; accessed April 2020). FASTQ reads were adaptor
trimmed (trimadap from bwakit) (https:/github.com/lh3/bwa/
tree/master/bwakit; accessed April 2020) and aligned to a reference
genome including the GRCh38 analysis set and sequences used as
controls (phage lambda, puc19¢, phage T4, and phage XP12) (Sup-
plemental Table 7) using bwameth (Pedersen et al. 2014) and SAM-
tools (Li et al. 2009). Reads were duplicate marked (samblaster)
(Faust and Hall 2014) before sorting (sambamba) (Tarasov et al.
2015). Figures were generated from the same number of reads for
each library, randomly sampled (sambamba view -t 8 -s ${frac_
of_largest}). Methylation amounts by contig and context were
calculated using MethylDackel mbias and extracted using
methylation extract (default settings). Correlation analysis was
performed using methylKit version 1.4.0 with default settings ex-
cept for a minimum coverage threshold of one read (Akalin et al.
2012). Histograms for CpG coverage distribution and CpG methyl-
ation distribution were also generated using methylKit 1.4.0. The
GC bias plot was generated using Picard’s CollectGCBiasMetrics,
and insert size distribution was created with CollectInsertSizeMet-
rics. A nextflow pipeline with full analysis detail is available (https
://github.com/nebiolabs/EM-seq/; accessed April 2020). Addition-
al analysis details of the Illumina libraries are available in the Sup-
plemental Methods.

Data access

The bisulfite and EM-seq data generated in this study have been
submitted to the NCBI BioProject database (https://www.ncbi
.nlm.nih.gov/bioproject/) under accession number PRINA591788.
Scripts used to analyze data are provided as Supplemental Code.
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