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Abstract 

Background  Bisulfite conversion (BC) has been the gold standard in DNA methylation profiling for decades. During 
this chemical process, non-methylated cytosines are converted into uracils, while methylated cytosines remain intact. 
Despite its popularity, BC has major drawbacks when used for sensitive applications with low-quality and -quan-
tity DNA samples, such as the required large amount of DNA input, the caused DNA fragmentation and loss, 
and the resulting reduced sequence complexity. Lately, to account for BC-related disadvantages the first commercial 
enzymatic conversion (EC) kit was launched. While EC follows the same conversion principle as BC it uses two enzy-
matic steps instead of one chemical step with BC. In this study, we validated and compared the conversion perfor-
mance of the most widely used BC and EC kits using a multiplex qPCR assay (qBiCo) we recently developed, which 
provides several indexes: conversion efficiency, converted DNA recovery and fragmentation.

Results  Firstly, we implemented and standardized both DNA conversion methods. Secondly, using qBiCo, we 
performed a developmental validation for both conversion approaches, including testing the following parameters: 
repeatability, reproducibility, sensitivity and robustness. Regarding conversion efficiency, both methods performed 
similarly, with the limit of reproducible conversion being 5 ng and 10 ng for BC and EC, respectively. The recovery, 
however, is structurally overestimated for BC: 2.3 ± 0.7 and 0.7 ± 0.2 for EC. In contrast, degraded DNA input resulted 
in high fragmentation values after BC and low-medium values for EC (14.4 ± 1.2 and 3.3 ± 0.4, respectively). Finally, we 
converted 10 ng of 22 genomic DNA samples using both methods. We observed an overestimation of the BC DNA 
recovery (130%) and a low recovery for EC (40%).

Conclusions  Our findings indicate that both DNA conversion methods have strengths and weaknesses. BC shows 
a high recovery, whereas EC does not cause extensive fragmentation that is characteristic to BC. EC is, therefore, 
more robust to the analysis of degraded DNA such as forensic-type or cell-free DNA, at least for the genomic DNA 
inputs tested here. We believe that the low recovery of EC could be improved by further optimizing and automat-
ing the bead-based cleanup steps. Overall, our study provides the first independent benchmarking of bisulfite- 
and enzyme-based conversion kits.
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Background
DNA methylation is among the most studied human epi-
genetic markers and is associated to a wide range of rel-
evant biological processes such as aging and disease. CpG 
dinucleotides (or CpG sites) are concentrated in CpG 
islands often located at gene promoter sites. Cytosine 
methylation at CpG sites is involved in gene activity regu-
lation, generally resulting in silencing of gene expression 
[1]. Due to its important role in transcription regulation, 
DNA methylation biomarkers can be a valuable source of 
information for accurate inference of biological age and 
other common phenotypes and for early detection or 
progression of disease [2–5]. Moreover, DNA methyla-
tion markers are used in applied fields such as in foren-
sics to predict age and habits that involve environmental 
interaction such as smoking [6–9].

To measure CpG methylation, DNA usually needs to be 
converted to create sequence-based differences. Bisulfite 
conversion (BC) has been the gold standard for analysis 
of CpG methylation for decades. During this process, 
incubation of DNA with sodium bisulfite results in the 
conversion of unmethylated cytosine to uracil, while 
methylated cytosines remain intact. Subsequently, ana-
lyzing the ratio of converted to non-converted cytosines 
through, e.g., DNA sequencing, provides the methylation 
status of CpG sites [10–14]. Particularly when coupled 
with whole-genome sequencing or methylation microar-
rays, BC has extensively been used to discover novel bio-
markers toward the development of diagnostic tests [15, 
16].

Bisulfite conversion, however, has at least three major 
drawbacks. Firstly, incomplete conversion or preferential 
degradation of unmethylated DNA can influence meas-
urement by overestimation of methylation levels [17]. 
While current bisulfite conversion kits have been avail-
able for decades and are considered robust, some often 
fail to convert efficiently, or at least in low amounts (less 
than 10 ng input DNA), and the possibility of random 
failure due to experimental issues cannot be excluded 
either [18]. Also, we acknowledge that CpG methylation 
is widely underrepresented genome-wide compared to 
non-CG context, hence in theory it could be affected less 
likely. However, in targeted assay investigations prim-
ers are often specifically designed to bind to non-CG 
sequences to distinguish non-converted DNA. Therefore, 
incomplete non-CG conversion can still indirectly impact 
methylation quantification. This is highly relevant as CpG 
methylation lately finds its way into the clinic via trans-
lating findings into targeted diagnostic tests for pheno-
type correlation or prediction, such as for the estimation 
of biological aging rate, or the diagnosis of cardiovascu-
lar diseases, colorectal cancer liver metastasis and many 
more diseases [19–24]. Secondly, the harsh chemical 

treatment with sodium bisulfite causes severe DNA frag-
mentation, thereby limiting further downstream analysis 
and resulting in potentially substantial loss of the con-
verted DNA template [25]. Thirdly, the complexity of the 
genome as a whole decreases as all non-CpG cytosines 
that are expected to be unmethylated are converted to 
uracils. During polymerase chain reaction (PCR) with a 
U-tolerating polymerase [26], the uracils are converted 
to thymines, leaving a converted DNA sequence with 
skewed base composition. This T-rich sequence substan-
tially decreases the sequence complexity from a 4- to a 
3-letter genome, which further decreases the specificity 
of primer or probe binding in subsequent PCR or capture 
experiments, respectively.

To overcome the first two of these challenges, a non-
chemical-based approach, enzymatic conversion (EC), 
has been developed [27–30]. EC solely involves enzy-
matic steps as opposed to the chemical conversion of BC, 
promising a more gentle DNA treatment (Fig.  1). First, 
methylated cytosines (5mC) are blocked from being con-
verted with a carboxyl group by TET oxidation and glu-
cose by T4-BGT glycosylation, followed by deamination 
of the unmethylated cytosines into dihydrouracil (DHU) 
by APOBEC. During PCR, DHU is replaced by thymine, 
resulting in a similar unmethylated cytosine-to-thymine 
conversion as by BC, but without the use of the harsh 
chemical conditions [31]. Due to the enzymatic nature of 
EC, a lower amount of fragmentation is expected, which 
is beneficial especially for low-quality samples such as 
cell-free or forensic-type DNA [27, 29, 32].

Both BC and EC comprise of standard molecular biol-
ogy laboratory steps used when handling DNA. There is 
a high diversity in the currently available commercial BC 
kits, whereas at the moment there is only one commer-
cially available EC kit. For instance, considering one of 
the most popular BC kits (EZ DNA methylation kit from 
Zymo Research), BC has a longer protocol time due to a 
16  h incubation step with a column-based purification. 
On the other hand, EC only has a total of 4.5 h incuba-
tion steps, but two tedious and time-consuming bead-
cleanup steps, when performed manually. DNA input for 
BC ranges from 500 pg to 2 µ g, whereas for EC spans a 
narrower range of 10–200 ng (Table 1).

Recently, to overcome the current practice of blindly 
trusting the performance of BC, particularly when using 
low DNA amounts, we developed a multiplex TaqMan-
based quantitative PCR method (qBiCo) that can be used 
as a quality control step prior to conducting costly DNA 
methylation analysis such as sequencing or microar-
ray experiments. In our recent study, we showcased that 
qBiCo can reproducibly and sensitively assess converted 
DNA samples on various qPCR instruments in terms of 
conversion efficiency, recovery and fragmentation, based 
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on the detection of both single-copy genes and repeti-
tive elements [18]. Having developed qBiCo puts us in an 
advantaged position to compare and validate the perfor-
mance of various conversion kits regardless of conversion 
approach and manufacturer.

In this study, we aimed to provide the scientific com-
munity with a first systematic evaluation of the current 
commercially available BC and EC gold standards based 
on qBiCo. First, we adopted a workable and comparable 
protocol for both conversion methods. Second, we per-
formed a developmental validation for each kit, taking 
into account various parameters such as reproducibility, 
robustness in terms of input DNA quality and protocol 

variations. Finally, we compared the performance of 
both kits using a small amount (10 ng) of the same set 
of blood-derived DNA samples to give an insight into the 
conversion performances on low-quality and -quantity 
samples.

Results
Choice of DNA conversion and qPCR assessment 
approaches
For BC, the EZ DNA methylation kit (Zymo Research) 
was chosen as the representative kit as it currently is one 
of the most popular bisulfite conversion kits judged from 
the literature as well as recommended by the company 
itself for use with Illumina Infinium MethylationEPIC 
BeadChip array that is the gold standard in methylation 
discovery studies. Additionally, it was recently ranked as 
the highest-performing kit among more than ten com-
mercial BC kits in our previous investigation [18]. For EC, 
the NEBNext® Enzymatic Methyl-seq Conversion Mod-
ule (New England Biolabs) was chosen as the only com-
mercially available kit of its kind thus far. Given that both 
methods have different requirements and include diverse 
experimental steps, we slightly adjusted their protocols 
to allow for a fair comparison (Table 1). Particularly, for 

Fig. 1  Schematic overview of two DNA conversion approaches for CpG methylation detection. A Bisulfite conversion, B enzymatic conversion. X 
denotes either CH2 O or C 7H13O6 for 5-carboxyl cytosine (5caC) and 5-(beta-glucosyloxymethyl) cytosine (5gmC), respectively. Enzymatic steps are 
shown in orange boxes, whereas chemical steps are shown in blue boxes. Note that EC makes use of a blocking step followed by a conversion step, 
whereas BC uses consecutive conversion steps. Both methods result in an unmethylated cytosine-to-thymine conversion. Created with BioRender.
com

Table 1  Overview and comparison of genomic DNA conversion 
protocols included in this study

Characteristics Bisulfite conversion Enzymatic conversion

DNA input range 0.5–2000 ng 10–200 ng

Protocol incubation 
time

12–16 h 6 h

Cost per conversion €2.91 €6.41

Elution volume range ≥ 10 µl 20 µl
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EC, and after consultation with the manufacturer to test 
a beta protocol more targeted for difficult, low input and 
already degraded DNA samples, no fragmentation prior 
to conversion was performed (see Methods for details). 
Importantly, that way we ensure that we solely measure 
the effect of the conversion method on the observed 
fragmentation levels. For BC, the elution volume was 
increased to 20 µ l to match the EC protocol.

To evaluate the two DNA conversion approaches, 
we employed the qPCR-based tool qBiCo (v2) that we 
have recently developed [18]. In brief, qBiCo is a 5-plex 
qPCR assay targeting a set of single-copy and repetitive 
sequences of the human DNA in order to assess several 
BC performance parameters: genome-wide conversion 
efficiency, converted DNA concentration and converted 
DNA fragmentation. First, to calculate global conver-
sion efficiency, we employ two assays (Genomic/Con-
verted) targeting the genomic and converted version of 
the multi-copy human L1 repetitive element (LINE-1) ( ∼
200 copies across the genome). Second, to calculate con-
verted DNA concentration, we employ an assay (Short) 
targeting the converted version of the single-copy hTERT 
gene, previously used in commercial genomic DNA 
quantification assays. Third, to calculate converted DNA 
fragmentation, we additionally employ an assay (Long) 
targeting the converted but longer version of another 
single-copy TPT1 gene and compare it with the observed 
copies of the Short assay. More details on the methodol-
ogy can be found in the Methods section. In our previ-
ous efforts, qBiCo was thoroughly optimized, validated 
and tested by using different bisulfite conversion kits, 
genomic DNA inputs and samples of varying quality [18], 
which also guided our experiments here.

Here, the performance of each separate qBiCo assay 
was based on PCR efficiency and linear fit of the standard 
curves. The lowest obtained R2 value for an assay was 0.95 

with a mean value of 0.99 ± 0.01. The mean PCR efficiency 
was 90.3 ± 9.8% (Table 2). All qBiCo standard curves and 
performance parameters for each assay can be found in 
Supplementary file 1.

Evaluation of global conversion efficiency
Our study goal was to compare the global sample conver-
sion efficiencies of both BC and EC methods when the 
same DNA samples were treated under different experi-
mental conditions (Fig. 2). We considered conversion effi-
ciency the most important parameter as it can determine 
whether a sample should be considered for downstream 
analysis, or not. qBiCo provides the conversion efficiency 
as one outcome parameter, which is estimated by compar-
ing the detection of two fluorescently labeled fragments: 
the converted and non-converted (genomic) version of a 
DNA sequence within the human L1 repetitive element, 
found hundreds of times across the genome [18].

Firstly, we tested the effect of the initial DNA input on 
the conversion efficiency and how repeatable/reproduc-
ible our measurement is. When comparing a single BC 
and EC conversion experiment, no significant difference 
in conversion efficiency was detected with the DNA input 
as covariate (p = 0.999). However, at 100 ng, the conver-
sion efficiencies were significantly different, namely, 98.9 ± 
0.3% and 99.4 ± 0.2% for BC and EC, respectively. (Fig. 2A: 
****: p < 0.0001), probably driven by the very low variance 
at this high amount. Using 100 ng of input DNA which 
falls within the optimal range for both methods, the con-
version efficiency was 98.5 ± 1.0% (BC) and 98.7 ± 2.1% 
(EC), respectively (Fig.  2B). Subsequently, when decreas-
ing the DNA input five (20 ng) and ten times (10 ng), but 
still within the suggested limits from the manufacturers for 
both methods, the conversion was detected as 96.7 ± 2.3% 
(10 ng: 97.8 ± 0.7%) and 98.7 ± 0.7% (10 ng: 97.9 ± 0.9%), 
respectively (Fig. 2B). Interestingly, when further reducing 
the input and treating sub-optimal DNA amounts (5 and 1 
ng), the conversion efficiency decreased to 97.5 ± 1.4% (1 
ng: 94.6 ± 4.4%) and 96.6 ± 1.8% (1 ng: 87.2 ± 7.6%) for BC 
and EC, respectively (Fig. 2B). For all amounts, no statis-
tically significant difference between the two conversion 
methods was observed while including the DNA input as 
a covariate (p = 0.291), although we critically acknowledge 
the small sample size (n = 3). Per DNA input amount, no 
statistically significant differences in conversion efficiency 
were detectable when taking into account the inter-exper-
imental variation between the conversion methods. Addi-
tionally, an increasing variance was detected at DNA input 
amounts of 1 ng, indicating that conversion was not repro-
ducible at this level op input DNA.

Secondly, we tested the effect of various other experi-
mental conditions on the conversion efficiency, in terms 
of either protocol variations or sample characteristics. 
The effect of the changes to the conversion method 
protocols were not statistically significant, resulting in 
conversion efficiencies of 98.2 ± 0.3% and 99.4 ± 0.4% 
for the different elution protocols and 98.9 ± 0.7% and 
99.3 ± 0.3% at the various incubation protocols for BC 

Table 2  Average performance of individual qBiCo assays

Assay PCR efficiency (%) R2-value

Genomic 95 ± 9 0.989 ± 0.009

Long 87 ± 11 0.994 ± 0.008

Short 88 ± 10 0.991 ± 0.012

Converted 91 ± 9 0.996 ± 0.005
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Fig. 2  Developmental validation of BC and EC DNA conversion methods in terms of conversion efficiency based on the recently developed qPCR 
QC tool qBiCo [18]. Several parameters were assessed including: A repeatability for intra-experimental variation; B reproducibility and sensitivity 
for inter-experimental variation; effects of C elution and D incubation time in the conversion methods protocol; E artificial methylation 
of commercial gDNA standards; robustness in terms of F UV treatment and G sonication prior to conversion; inhibition by H hematin and I 
proteinase; stability of converted gDNA by J storage time and K freeze-thaw cycles. The genomic DNA input for all conditions (C–K) was 100 ng
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and EC, respectively (Fig.  2 C, D). Overall, the conver-
sion efficiency decreased with a decreasing methylation 
status when treating artificially methylated DNA going 
down. Especially at a methylation status of 50% or lower, 
the conversion efficiency decreased to 85.0 ± 1.7% and 
87.8 ± 2.2% for BC and EC, respectively (Fig.  2E). This 
effect was measured earlier when using qBiCo [18]. Both 
robustness tests showed a decrease in conversion effi-
ciency after either UV treatment or sonication of the 
gDNA prior to conversion. Namely, at a fragment length 
of 1000 or 500 bp, the conversion efficiencies had a minor 
decrease (BC: 97.4 ± 0.7%;EC: 97.6 ± 0.4%), whereas at a 
median fragment length of 150 bp, these values lowered 
to 95.5 ± 0.4% and 93.3 ± 0.6% for BC and EC, respec-
tively (Fig.  2F). BC was significantly more prone to the 
effect of pre-UV-treated DNA. At 120 s of UV treatment 
of the input DNA, conversion efficiencies decreased to 
54.3 ± 7.7% for BC and 83.9 ± 6.0% for EC (Fig. 2G). Both 
common contaminants of gDNA, hematin and protein-
ase, and both storage conditions did not affect the con-
version efficiency (Fig. 2 H–K). No statistical evaluations 
were made for these parameters due to the small set of 
data points.

Evaluation of converted DNA recovery
In order to compare the recovery of converted DNA 
between both BC and EC methods, the same DNA sam-
ples were treated under different experimental condi-
tions (Fig. 3). The amount of recovered converted DNA 
was determined by quantification of a single-locus con-
verted DNA sequence (hTERT gene) in the samples after 
conversion by the qPCR assay qBiCo [18]. This ensures 
enough DNA is recovered for follow-up analyses, such as 
for whole-genome or targeted bisulfite sequencing. We 
calculated converted DNA recovery dividing the amount 
of recovered converted DNA by the initial DNA input.

Firstly, the repeatability/reproducibility of the recov-
ery was compared for both conversion methods. Gener-
ally, the recovery index for BC was significantly higher 
than for EC (Fig. 3) (p = 2.16e−26). When compared in 
a single experiment, BC shows recoveries of 1.9 ± 0.2, 2.1 
± 0.2 and 2.0 ± 0.4 for 100, 20 and 10 ng of input DNA, 
respectively. In contrast, for EC these values were 0.6 ± 
0.2, 0.4 ± 0.1 and 0.4 ± 0.2 (Fig.  3A). The recovery was 
overestimated for all BC samples shown by their values 
exceeding 1. At the sub-optimal DNA input amounts of 
5 and 1 ng, the recoveries were systematically overesti-
mated when above the limit of detection, showing values 
of 2.4 ± 0.6 (1ng: 3.6 ± 1.9) and 1.2 ± 0.7 (1ng: 2.7 ± 1.0) 
for BC and EC, respectively (Fig.  3A). Additionally, the 
number of missing values increased greatly at these low 
amounts of input DNA. When taking into account inter-
experimental differences at the representative DNA input 

amount of 100 ng, the recoveries were 2.5 ± 0.7 and 0.7 ± 
0.2 for BC and EC, respectively (Fig. 3B), showing to be 
significantly different between BC and EC with the DNA 
input as a covariate (p = 9.5e−37). Also, when reaching 
the limit of detection of this index at 1 ng input DNA, 
the recovery is overestimated, as shown by the increase 
in recovery from 2.5 to 4.3 for BC and 0.7 to 2.7 for EC 
(Fig. 3B).

Secondly, no clear effects were found of the changes 
in elution strategy and incubation time in the conver-
sion protocols (Fig.  3 C,D). Interestingly, low artificially 
methylated DNA mixtures were harder to recover after 
conversion by both BC and EC. The decrease in recov-
ery from 100% methylated DNA down to 0% methylated 
DNA appeared stronger after BC than EC, with decreas-
ing linearly from 3.0 ± 0.4 and 0.7 ± 0.1 to 0.18 ± 0.04 
and 0.17 ± 0.03 for BC and EC, respectively (Fig. 3E). EC 
showed to be more robust for gDNA samples that under-
went UV treatment or sonication prior to conversion, 
shown by a lower relative decrease of recovery. After con-
version of UV-treated samples, the recovery decreased 
2.5-fold for BC (3.5 ± 0.4 to 1.4 ± 0.2) and 3-fold for EC 
(0.9 ± 0.2 to 0.3 ± 0.1) at 120 s of UV treatment. A similar 
decrease from 3.6 ± 0.9 to 1.4 ± 0.2 for BC and 0.6 ± 0.1 
to 0.2 ± 0.04 for EC was seen at sonication to a 150 bp 
fragments (Fig. 3 F,G). The addition of the solute, NaOH, 
in which hematin was dissolved, decreased the recovery 
of the EC DNA samples from 0.8 ± 0.1 to 0.3 ± 0.1, but no 
decrease was seen for BC: 2.0 ± 0.3 to 2.3 ± 0.3 (Fig. 3H). 
Afterward, no further decrease in recovery was detected 
when adding hematin. Both common contaminants of 
gDNA, hematin and proteinase, and both storage con-
ditions did not affect the recovery in BC and EC (Fig. 3 
I–K).

Evaluation of converted DNA fragmentation
To determine the effect of both conversion methods 
on the fragmentation of input DNA, we measured the 
fragmentation level of the converted DNA in various 
experimental conditions. This level of fragmentation 
was determined by the quantification of a short (85 bp) 
and a long (235 bp) fragment, targeting the hTERT and 
TPT1 genes in the samples after conversion by the qPCR 
assay qBiCo [18]. This follows the same principle as in 
current commercially available quantification kits for 
genomic DNA with an incorporated degradation level 
indication, such as the Quantifiler Trio (Thermo Fisher 
Scientific) or PowerQuant (Promega) kits; however, now 
targeting the converted DNA sequence. It is important to 
emphasize here that the fragmentation level is a qualita-
tive index, showing degradation of the DNA sample after 
conversion.
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Fig. 3  Developmental validation of BC and EC DNA conversion methods in terms of converted DNA recovery based on the recently developed 
qPCR QC tool qBiCo [18]. Several parameters were assessed including: A repeatability for intra-experimental variation; B reproducibility 
and sensitivity for inter-experimental variation; effects of C elution and D incubation time in the conversion methods protocol; E artificial 
methylation of commercial gDNA standards; robustness in terms of F UV treatment and G sonication prior to conversion; inhibition by H hematin 
and I proteinase; stability of converted gDNA by J storage time and K freeze-thaw cycles. The genomic DNA input for all conditions (C–K) was 100 
ng. Missing values for A are displayed at y = 0 in black
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Firstly, the fragmentation indices for both conversion 
methods were compared (Fig. 4). In a comparison of both 
conversion methods performed in a single experiment, 
BC shows a 2.7-fold higher fragmentation index than 
EC with values of 2.2 ± 0.4 and 0.8 ± 0.1, respectively 
(Fig. 4A; p = 3.96e−14). When reproduced over various 
experiments, this significant difference between the two 
methods was holding (p = 5.81e−15), with a value of 1.4 
± 0.8 for EC and 3.4 ± 0.9 for BC at the reference amount 
of 100 ng gDNA (Fig.  4B). Generally, BC fragments the 
DNA to a higher degree than EC, as expected due to the 
harshness of sodium bisulfite [25]. The detected fragmen-
tation index was stable for both methods over 100, 20 
and 10 ng of input DNA. At 5 ng of input DNA for BC, 
however, the fragmentation index increased from 0.9−
1.3 to 3.0, but was under the limit of detection for EC. A 
point to note here is that the amplified large fragments 
of the hTERT gene are harder to detect than the other 
qBiCo assays due to its increased length, often resulting 
in missing values at lower converted DNA inputs as also 
seen here (Fig. 4A).

Secondly, two parameters which are expected to influ-
ence the fragmentation index are UV treatment and 
sonication prior to conversion, showing the importance 
of the quality of the initial gDNA samples. EC was more 
robust to both of these treatments as the fragmentation 
index for the BC samples was higher for all conditions. 
After 60  s, a 5-fold increase in the fragmentation index 
happened at EC from 1.6 ± 0.2 to 8.4 ± 1.8, whereas a 
10-fold increase was measured at BC from 3.8 ± 0.2 to 
36.2 ± 3.9 (Fig.  4F). These values showed an exponen-
tial increase of the fragmentation index in case of UV 
treatment prior to conversion, indicating that already 
damaged DNA fragments faster. A similar increase in 
fragmentation index was seen at the sheared DNA of 150 
bp fragment length. Here, compared to the non-sheared 
samples, an 11-fold increase was seen at BC from 4.0 ± 
0.3 to 42.8 ± 14.0 and an 8-fold increase at EC from 2.7 ± 
0.2 to 21.1 ± 6.3 (Fig. 4G). Additionally, at 0% methylated 
standards the fragmentation index was detected at a 2.7-
fold decreased fragmentation level for the BC samples at 
1.6 ± 0.3 as opposed to the 4.5 ± 0.4 index for the other 
methylation levels. None of the other parameters seemed 
to have an effect on the fragmentation index for both 
conversion methods.

Overall DNA conversion method performance based 
on qBiCo
While comparing individual conversion performance-
related indexes can give us valuable insights into each 
method’s strengths and weaknesses, we also aimed to 
holistically evaluate each conversion method and how the 
measurement of each index could influence one another.

According to the manufacturers of conversion kits, 
global conversion efficiency should be >  99% However, 
no minimum threshold has been decided among the sci-
entific community as it has not been possible so far to 
measure conversion efficiency prior to DNA sequenc-
ing. While we were able to detect converted DNA when 
lower amounts are converted, combining the results of 
all three indices showed that the reproducible limit of 
detection for both BC and EC was 10 ng. At this amount, 
which corresponds to 0.5 ng of converted DNA input for 
each of the two technical replicates into qBiCo, we could 
confidently obtain measurements without statistically 
significant differences from the optical amount (100 ng). 
Not only was the variation of our measurements between 
replicates high, but we also obtained missing values. We 
believe this variation is caused by the conversion itself, 
rather that the qPCR detection, as we have previously 
shown that qBiCo can deliver reliable measurements 
down to 310 pg [18].

Next, as the fragmentation level increased, the 
reported conversion efficiency decreased, which was 
most evidently seen at samples treated with UV. It has 
been reported previously that for highly converted DNA 
samples the conversion efficiency cannot be accurately 
reported by qBiCo [18]. Additionally, both BC and EC 
seemed to exhibit a lower performance at artificially 
induced global (genome-wide) methylation percentages 
of 0–25%. Especially, the conversion efficiency decreased 
from 98–99% to 85–88%, while the recovery decreased to 
0.14−0.22 for both conversion methods. In other words, 
with more degraded and less available DNA template, the 
detected conversion efficiency is less or less accurate. We 
also suspect these observations to be due to preferential 
degradation of unmethylated DNA [17]. Yet, it is impor-
tant to reflect that very low methylated samples at the 
genome-wide scale are not encountered naturally, and 
are used here only for testing the limits of the technology.

Application and variability at low‑level DNA conversion (10 
ng)
Finally, we aimed to apply both conversion methods to 
real-life settings and compared their performance side-
by-side when the minimum DNA amount was converted 
(10 ng), which is often the case when dealing with dif-
ficult templates like forensic-type or cell-free DNA. We 
decided to employ the same experimental conditions 
as in the previous conversion performance validation 
experiments, as no large differences in performance 
were observed when changing the various experimental 
parameters, as presented above. To achieve this, we con-
verted a small set of whole blood samples under the same 
experimental conditions that allowed us to further assess 
the variability and reproducibility of BC and EC on a 
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Fig. 4  Developmental validation of BC and EC DNA conversion methods in terms of fragmentation index based on the recently developed qPCR 
QC tool qBiCo [18]. Several parameters were assessed including: A repeatability for intra-experimental variation; B reproducibility and sensitivity 
for inter-experimental variation; effects of C elution and D incubation time in the conversion methods protocol; E artificial methylation 
of commercial gDNA standards; robustness in terms of F UV treatment and G sonication prior to conversion; inhibition by H hematin and I 
proteinase; stability of converted gDNA by J storage time and K freeze-thaw cycles. The genomic DNA input for all conditions (C–K) was 100 ng. 
Missing values for A are displayed at y = 0 in black
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larger scale. For this experiment, we converted 22 gDNA 
samples, whose qBiCo performance indices resulted in a 
similar trend as previously seen during validation (Fig. 5.) 
It is important to mention that to circumvent possible 
qBiCo batch effects, BC and EC samples were randomly 
mixed over two qBiCo assays. Sample conversion effi-
ciencies were detected at 97.3 ± 1.4% for BC and 97.8 ± 
1.0% for EC (Fig.  5A), matching the previous measure-
ments during validation (97.8 ± 0.7% for BC and 97.9 ± 
0.9% for EC) (Fig.  2B). Once again, a clear overestima-
tion of the converted DNA recovery index was detected 
for bisulfite-converted samples with a mean recovery of 
1.3 ± 0.3, which indicates systematic bias, while simi-
larly, the converted DNA recovery for enzymatic con-
verted samples was again low with a mean recovery of 
0.4 ± 0.2 (Fig. 5B). Lastly, the mean fragmentation levels 
were measured at 3.3 ± 1.7 and 2.1 ± 0.9, for BC and EC, 
respectively (Fig.  5C). For various samples, one of the 
technical qPCR replicates resulted in an index below the 
limit of detection of qBiCo as seen previously at the DNA 
input amount of 10 ng. More specifically, there was one 
(5%) EC sample for which it was not possible to deter-
mine the conversion efficiency. Additionally, for 7 (32%) 
of the qBiCo measurements, the fragmentation indices 
were below the limit of detection. Only for one other 
sample, the fragmentation index could not be deter-
mined, due to missing data of both technical replicates.

Discussion
Currently, there is a strong development in the field of 
DNA methylation analysis, with novel methods being 
proposed regularly based on short-read sequencing such 
as 5-letter-seq [33], Methyl-SNP-seq [34] and RIMS-seq 
(Rapid identification of methylase specificity) [35], which 
all make use of either bisulfite or enzymatic conversion 
(BC and EC). As DNA methylation analysis relies on 

successful DNA conversion, it is important to be able to 
fully evaluate the performance of this process as part of 
commercially available kits. Hence, the goal of our study 
was to systematically assess the performance of BC and 
EC and provide insights into the strengths and weak-
nesses of both conversion approaches. To the best of our 
knowledge, this is the first benchmarking and validation 
study of bisulfite and enzymatic conversion by a qPCR-
based quality control assay, which in this case is qBiCo, 
recently developed by our group [18].

Overall, our findings indicate that both DNA conver-
sion methods have their own strengths and weaknesses 
in terms of conversion efficiency, converted DNA recov-
ery and fragmentation. On the one hand, EC shows to 
be more robust causing less degradation to the input 
genomic DNA, without affecting the conversion effi-
ciency and fragmentation index as much as BC. BC, on 
the other hand, shows a higher converted DNA recovery 
ability, nevertheless, BC samples show an increased DNA 
fragmentation, which is known to be a side effect since its 
discovery [10, 12]. It is important to highlight here that 
all comparisons made in this study are limited to the BC 
and EC kits employed and should be considered carefully 
without making general statements on the approaches. 
qBiCo will enable the assessment of additional kits in 
future studies, so that each laboratory is able to identify 
the best performing kit depending on the sample type 
and application in question.

First, we evaluated the performance of BC and EC on 
their global conversion efficiency, which we were able 
to achieve for the first time by targeting a region of a 
repetitive element (LINE-1). Altogether, both conver-
sion methods showed comparable conversion efficiencies 
over all parameters tested, except for UV treatment. UV 
treatment of gDNA prior to conversion, in combination 
with the additional fragmentation and DNA damage that 

Fig. 5  Comparison between BC and EC conversion performance using 22 whole blood gDNA samples (10 ng). Indices obtained by qBiCo [18] 
are shown on the y-axis: A conversion efficiency, B converted DNA recovery and C converted DNA fragmentation. Missing values are displayed 
at the bottom of the graphs in black
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occurs during BC, results in decreased conversion effi-
ciency. This decrease in conversion efficiency at longer 
UV treatment time could be explained by the accompa-
nied fragmentation index. At high fragmentation lev-
els (Fragmentation index above 8 [18]), the conversion 
efficiency index was affected by a decreased fragment 
length, which is likely the result of the difference in target 
lengths of the qBiCo assays (converted: 148 bp, genomic: 
119 bp). As the converted assay target is longer than the 
genomic assay target, the converted assay was affected by 
fragmentation more substantially than the genomic assay, 
resulting in a decrease in detected conversion efficiency. 
This emphasizes the importance of regarding all three 
indices together when assessing the conversion’s per-
formance of a sample. In comparison to the conversion 
efficiency index, the recovery index was not as highly 
affected by DNA damage by UV or DNA degradation by 
sonication as the target length of the qBiCo short assay is 
only 85 bp.

Secondly, we evaluated the performance of both con-
version methods regarding their converted DNA recov-
ery. For both methods, the recovery became increasingly 
complex with lower amounts of input DNA. The limit 
of detection was 5 ng for BC and 10 ng for EC. At lower 
amounts, the qBiCo assay resulted in missing values, as 
concentrations fall below its detection limit. However, 
as we previously showed, the limit of detection by qBiCo 
is 150 pg [18], which indicates a rather full loss of the 
DNA sample. Especially, the fragmentation index is also 
not obtainable at low input amounts. Also, the rather 
low converted DNA recovery by EC (on average 5 times 
lower than BC at 10 ng) could be caused by performing 
the bead-cleanup steps manually; particularly, due to the 
high viscosity of the solution after the APOBEC incuba-
tion as mentioned by the NEBNext® Enzymatic Methyl-
seq Conversion Module protocol (New England Biolabs). 
It would be interesting to study the effect of lowering the 
viscosity by diluting the sample prior to the bead cleanup, 
although that was not in the scope of this study. Other 
previously investigated methods to improve nucleic acid 
recovery when using magnetic beads include automation 
and the use of microfluidic devices [36, 37].

Additionally, it has been previously reported that the 
recovery of both the magnetic bead and column purifi-
cation steps can be increased by using carrier DNA [38], 
thereby decreasing the limit of detection for both meth-
ods. Especially at the lower input amounts of 10, 5 and 1 
ng, carrier DNA might help to recover the expected min-
ute amounts of converted DNA.

Unexpectedly, it seems that the total amount of recov-
ered converted DNA is overestimated, particularly for 
the BC-treated samples. In this study, we determined 
the converted DNA recovery by dividing the amount of 

recovered DNA by the amount of input DNA. For this 
calculation, we used data from two different quantifica-
tion (qPCR) experiments - 1) for genomic DNA quan-
tification (Quantifiler) prior to conversion and 2) for 
converted DNA quantification (qBiCo) post-conversion. 
As we know that each qPCR can have its own amplifica-
tion efficiency depending on targets, amplicon lengths 
and PCR conditions, it is possible that the values are 
biased and hence, to obtain values of over 100% recov-
ery. To address this issue of overestimation of the DNA 
recovery after conversion, as a future adjustment a spike-
in synthetic DNA molecule could be used, which can be 
mixed with the gDNA samples prior to conversion. When 
assessing the conversion through a qPCR QC-assay, the 
spike-in can be added to the qPCR run for normalization 
of the recovery index.

Additionally, qBiCo has been optimized for the analy-
sis of converted DNA, therefore, the recovery and frag-
mentation indices are not as trustworthy in presence of a 
sample with a conversion efficiency lower than 90% (e.g. 
85% at the 0% methylated artificial DNA standards). As 
both the DNA concentration and fragmentation assays 
target converted DNA, these values are underestimated 
at decreased conversion efficiency, due to a decrease in 
qPCR efficiency at longer, not fully converted qPCR 
targets.

Thirdly, both methods exhibit strongly differing frag-
mentation indices. EC-converted DNA samples exhibit 
significantly lower fragmentation indices than BC-
converted DNA samples, which is reported as the main 
advantage of EC by their inventors [31]. UV treatment 
prior to conversion seems to have a bigger effect on the 
performance of BC, whereas sonication is the same for 
BC and EC. This could be ascribed to the particular frag-
mentation that occurs by the harsh chemical process dur-
ing BC. Interestingly, a longer incubation time, however, 
did not result in a measurable increase in fragmentation. 
Nevertheless, the combination of pre-conversion UV 
damage and fragmentation during BC itself can increase 
the fragmentation rate of the DNA during incubation 
with sodium bisulfite, as the detected fragmentation level 
increases exponentially. These conclusions can at least be 
drawn when using optimal DNA amount (100 ng); nev-
ertheless, we do not expect that the level of degradation 
caused by both BC and EC would change drastically when 
lower DNA amounts are treated. On the other hand, if 
the sample is of too low quantity, degradation caused by 
conversion could substantially reduce the available tem-
plate for downstream analysis, including for QC assess-
ment by qBiCo. Future studies should be performed to 
test the combined impact of low-quality/quantity DNA 
samples in the performance of DNA conversion.
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When already highly-fragmented sample needs to be 
analyzed, it is recommended to choose EC over BC to 
limit further fragmentation of the DNA due to the con-
stant higher fragmentation rate observed for BC in this 
study. However, due to the lower recovery of EC, BC 
still remains the overall gold standard for low-template 
samples. These conclusions are in agreement with pre-
viously reported results, as Hong et al. [39] reported a 
converted DNA recovery with EC of half the amount 
obtained with BC [39]. Additionally, and more recently, 
when converting ancient DNA bisulfite treatment also 
showed higher yield of converted DNA compared to 
enzymatic conversion [40]. Next to the performance of 
both methods, the current price difference could also 
be a reason to continue using BC as at the time of our 
study, the EC kit was 2.2 times more expensive than the 
BC kit used.

As the EC kit was developed for sheared DNA, a reason 
for the lower recovery of EC might be due to a decreased 
elution of larger DNA fragments at the magnetic bead 
purification. To only measure the effects of the conver-
sion itself the DNA shearing as a pre-processing step 
which could decrease the DNA input quality and quan-
tity upfront was removed.

Additionally, various studies have compared the per-
formance of multiple BC kits. On one hand, qPCR-based 
approaches investigated similar performance parameters 
as qBiCo although combined from separate reactions. 
Holmes et al. performed a triplex assay to simultaneously 
measure the converted and unconverted DNA amounts, 
thus determining the conversion efficiency and converted 
DNA recovery. To determine the DNA degradation sam-
ples were analyzed on an agarose gel [41]. Kint et al. used 
digital PCR with assays of increasing length to analyze 
BC-induced degradation [42]. On the other hand, perfor-
mance analysis by sequencing-converted DNA samples 
led to accurate conversion efficiency statistics, not only 
on 5mC [43] but also on it oxidative derivatives, 5hmC, 
5fC and 5caC [44]. Whereas, the sequencing-based 
approach could help to find the most suitable conversion 
kit for the application, it is too costly for employment as a 
quality control step for individual samples.

Despite the possibility to use qBiCo for EC-converted 
DNA samples, which is currently detected at the same 
level as BC, its application is technically limited as it was 
designed and initially optimized for BC. For EC, qBiCo 
is only able to determine the conversion efficiency of 
the second enzymatic step: APOBEC conversion. This 
is the step in which all non-blocked cytosines are con-
verted to thymines. The efficiency of the first step, block-
ing the 5mC nucleotides, cannot be measured by qBiCo, 
as the methylation state of CpGs cannot be assumed. 
At an incomplete 5mC blocking step, this could result 

in an under-representation of the methylation levels as 
unoxidated 5mC will be deaminated to DHU, while there 
would be no indication from the conversion efficiency 
index of qBiCo. However, recently a single-enzyme enzy-
matic conversion method is developed by NEB, for which 
this issue is not applicable [45]. To currently assess both 
enzymatic steps, it would be possible to design a qPCR 
assay similar to qBiCo, which targets a synthetic internal 
control with known methylation states.

With the emergence of many novel and automated 
[46] methylation analysis methods, future research could 
focus on extending the comparative quality control 
analysis between the current gold standards BC and EC 
shown here to include the most recent methods. Inter-
estingly, method development for DNA methylation 
analysis is currently at an unprecedented level, especially 
when combined with SNP calling in integrated genetic-
epigenetic approaches [33, 34]. Although these methods 
differ from standard bisulfite sequencing, they all include 
some form of bisulfite- or enzymatic-based conversion, 
stressing the need for a cost-effective QC tool and com-
parative analysis of these conversions. Similarly to what 
we performed here, qBiCo can be employed to evaluate 
and validate various other commercially available con-
version kits, which is particularly important for offering 
standardized experimental pipelines for large-scale epig-
enomic analysis.

Conclusion
Our findings indicate that both DNA conversion meth-
ods have different strengths and weaknesses, at least for 
the genomic DNA inputs tested. BC shows a high con-
verted DNA recovery, whereas EC causes less converted 
DNA fragmentation, characteristic to BC. EC is, there-
fore, also more robust to input DNA that is fragmented, 
such as cell-free DNA. Overall, our study provides the 
first independent benchmarking of bisulfite and enzy-
matic conversion. This study highlights the need for 
further improving conversion approaches at low DNA 
quality and quantity.

Methods
Whole blood samples
In total, 25 whole blood samples were obtained from 
healthy donors approved by the Medical Ethics Review 
Committee of the Erasmus MC University Medi-
cal Center Rotterdam. The blood samples were drawn 
in 10  ml Blood Collection tube, BD Vacutainer®   with 
K2EDTA additive (Becton Dickinson). These samples 
were stored at 4 ◦C for four weeks before being processed.
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Genomic DNA extraction & quantification
Genomic DNA (gDNA) was extracted from two times 
200 µ l of whole blood using the QiaAmp DNA Mini kit 
(QIAGEN, Germany) following the “DNA purification 
from blood or body fluids (spin protocol)” according to 
the manufacturer’s instructions. gDNA was eluted in 200 
µ l, while a double elution step was performed by aspirat-
ing the eluate and reapplying the solution to the top of 
the column to maximize the DNA yield. Extracted DNA 
was quantified using the QuantifilerTM Human DNA 
Quantification Kit (Applied Biosystems, Massachusetts, 
USA) in half-volume reactions. We did not choose for a 
multi-target quantification kit (Quantifiler Trio) to simul-
taneously assess degradation levels of the gDNA sam-
ple, because pilot results were not sufficiently robust on 
our qPCR instrument. Additionally, differences in assay 
design such as target and primer sequences would have 
made the evaluation of degradation levels pre- and post-
conversion not directly comparable. Three blood gDNA 
samples were used for all experiments as part of the 
developmental validation of both conversion methods, 
while the remaining 22 samples were used for the assess-
ment of low-quantity DNA samples at 10 ng conversions.

Validation sample preparation
Various parameters were used for this assessment accord-
ing to the SWGDAM (Scientific Working Group on DNA 
Analysis methods) validation [47] and MIQE (Minimum 
Information for Publication of Quantitative Real-Time 
PCR Experiments) guidelines [48]. Supplementary table 5 
in additional file 1 summarizes the design of our valida-
tion study. Briefly, to test the repeatability, reproducibility 
and sensitivity of conversion, different gDNA amounts 
(1-100 ng) were compared either within one (repeatabil-
ity) or two batches (reproducibility/sensitivity). To pre-
pare these, each gDNA sample was serially diluted to a 
concentration of 20, 4, 2, 1 and 0.2 ng/µ l in 5 µ l aliquots, 
which were stored at -20°C until thawed for conversion.

Additionally, conversion method-specific adjustments 
to the experimental protocol were made to assess pos-
sible effects on the conversion parameters. First, proto-
col-dependent incubation times during conversion were 
adjusted. For BC, the 16 h-long sodium bisulfite incuba-
tion step was adjusted to either 12 or 20 h. For EC, both 
incubation steps were elongated: TET incubation from 
1 h to 1.5 h and APOBEC incubation from 3 to 4 h. Addi-
tional 1- and 5-minute binding times in addition to the 
standard 3-minute protocol, were performed for both 
column- (BC) and bead-based (EC) elution. For BC, a 
double elution step during column purification was also 
performed.

Additionally, to assess the influence of methylation 
status on the conversion performance, artificial DNA 

mixtures with various global methylation percentages 
(0, 25, 50, 75 and 100%) were prepared by mixing corre-
sponding volumes of a highly methylated gDNA standard 
(EpigenDx, Massachusetts, USA) and a low methylated 
gDNA standard (Epigendx), to a total of 100 ng. Solu-
tions were mixed to obtain methylation percentages of 0, 
25, 50, 75 and 100%.

Moreover, to test the robustness of both conversion 
methods, degraded DNA samples were simulated both 
by exposure to UV light (30, 60 and 120 s) using the Bio-
Link BLC-E254 UV irradiation system (Vilber, France) 
and sonication prior to conversion. For the latter, gDNA 
samples were sheared to sizes of 150, 500 and 1000 bp 
by Covaris S220 (Covaris, Massachusetts, USA) with 
the E220 intensifier in 55 µ l AFA Fiber Snap-Cap micro-
TUBES (Covaris) as recommended by the supplier. DNA 
fragment size was confirmed by 1% agarose gel electro-
phoresis (Supplementary Figure 4).

The presence of common extracted DNA contami-
nants hematin and proteinase were also analyzed for 
their effects on the conversion performance [49]. Particu-
larly, three levels of hematin were added to the extracted 
gDNA samples to final concentrations of 0, 100 and 200 
µ M. Prior to addition to the gDNA sample hematin por-
cine (Sigma Aldrich, Missouri, USA) was dissolved in 
1 M NaOH. The 0 µ M solution served as a negative con-
trol for the addition of the 1 M NaOH solution. On the 
other hand, three amounts of proteinase K (Qiagen) were 
added to the gDNA samples prior to conversion: 0.05, 0.1 
and 0.2 mAU.

Finally, the stability of converted gDNA was tested both 
by measuring the effect of the storage time (four weeks at 
-20 °C) and the amount of freeze-thawing of the samples 
(no, five or ten freeze-thaw cycles). For each cycle, the 
sample was moved to -20 °C for 30 min and back to 20 °C 
for 30 times.

DNA conversion
The conversion methods employed in this study differ 
in various ways. A reference amount of 100 ng gDNA 
was used if not otherwise specified and elution was 
performed in a volume of 20 µ l for all conversion reac-
tions. To test all aforementioned parameters, a total of 
142 bisulfite conversions and 139 enzymatic conversions 
were performed.

For bisulfite conversion, the EZ DNA methylation kit 
(Zymo Research, California, USA) was used, as it seems 
to be among the best performing commercially available 
kits [18]. All conversion steps were performed manually 
according to the manufacturer’s instructions. Genomic 
DNA samples were filled to a volume of 45 µ l before con-
version, as required, and converted DNA samples were 
eluted in 20 µl.



Page 14 of 17Simons et al. Clinical Epigenetics           (2025) 17:56 

For enzymatic conversion, the NEBNext® Enzymatic 
Methyl-seq Conversion Module (New England Biolabs, 
Massachusetts, USA) was used, as it is currently the only 
enzymatic conversion kit available in the market. All 
steps including bead cleanup were performed manually, 
but with adjustments to the protocol. Genomic DNA 
samples were filled to a volume of 28 µ l before conver-
sion as required, but no fragmentation was performed, 
so that we do not introduce bias and solely obtain the 
fragmentation induced by the conversion protocol itself. 
Instead, as recommended by NEB, the fragmentation 
step was replaced with a DNA denaturation step at 90 °C 
for 10 min in a final concentration of 0.2x formamide. We 
were advised that there was no need for fragmentation 
of the gDNA with the adjusted formamide denaturation. 
We confirmed this via a trial experiment where we con-
verted and compared between two fragmented and two 
non-fragmented samples (100 ng). We showed no nega-
tive effects on the conversion performance as tested by 
qBiCo (Additional file  1, Supplementary Table  6). For 
this trial, genomic DNA was sheared to a size of 300 bp 
by Covaris S220 (Covaris, Massachusetts, USA) with 
the E220 intensifier in 55 µ l AFA Fiber Snap-Cap micro-
TUBES (Covaris) as recommended by the supplier. Elu-
tion of converted DNA was always performed in 20 µl.

qBiCo
Our previously published QC tool qBiCo was used to 
assess the performance of BC and EC conversion meth-
ods. qBiCo is a 5-plex qPCR assay targeting single-copy 
genes and repetitive elements of the human DNA in order 
to assess BC performance [18]. The five assays include 
the amplification of the Genomic, Converted, Long, 
Short and internal positive control (IPC) targets to cal-
culate three performance indices: conversion efficiency, 
converted DNA concentration and converted DNA frag-
mentation. Two primer sets targeted the genomic and the 
converted version of the multi-copy human L1 repetitive 
element (LINE-1), respectively, providing the conversion 
efficiency. The long assay targeted the converted version 
of the single-copy gene (TPT1), whereas the short assay 
targeted the converted version of the single-copy gene 
hTERT. The combination of both assays was combined to 
determine the level of fragmentation of converted DNA, 
whereas the short assay alone was used for quantification 
of converted DNA. Finally, a set of primers was used to 
detect the IPC, which is added in the qPCR master mix to 
detect PCR inhibition. To quantify the copy numbers of 
each assay and eventually the qBiCo indices, an artificial 
DNA standard was created. More specifically, commer-
cially synthesized DNA fragments for each of the four 
qBiCo assays (Converted, Long, Short, Genomic) were 

first produced as gBlock Gene Fragments by Integrative 
DNA Technologies (IDT, Iowa, USA). Then, the synthetic 
DNA fragments were mixed in known concentrations 
and ratios as previously tested and optimized (qBiCo-v2 
[18]). The exact composition of the qBiCo standard in 
terms of copy number of each synthetic DNA fragment 
are also presented in Additional file  1, Supplementary 
table 4. To create the qBiCo standard curve, a serial dilu-
tion of the synthetic DNA standard was performed; spe-
cifically, a total of five standards were created by a 3-fold 
serial dilution in TE buffer.

For this study, we ran the qBiCo-v2 protocol as previ-
ously reported [18] on the Bio-rad CFX96 rmTouch

TM 
Real-Time PCR Detection system (Bio-Rad Laborato-
ries, California, USA). Briefly, the qBiCo master mix 
consisted of: 5 µ l of 2x EpiTect Methylight PCR reagent 
(Qiagen), 1 µ l primer-probe mix, 1 µ l 25  mM MgCl2 
(Thermo  Fisher Scientific, Massachusetts, USA), 0.2 µ l 
20  mg/ml BSA (New England Biolabs), 1.3 µ l nuclease-
free water (Thermo  Fisher Scientific), 0.5 µ l IPC (6000 
copies/µ l) in TE buffer (Thermo  Fisher Scientific) and 
1 µ l of the to-be-analyzed sample. Detection thresholds 
were set empirically and according to standard qPCR 
practices. The qBiCo standard curves and their corre-
sponding qPCR parameters for each of the runs can be 
found in Additional file 1.

Data analysis
qPCR data was exported through the CFX Maestro soft-
ware version 2.2 (Bio-Rad Laboratories). Raw qPCR data 
was pre-processed through the qBiCo processing R script 
(Additional file 3) obtaining the standard curves per con-
version experiment (Additional file  1) and the samples 
Cq values (Additional file  1). Cq values were then con-
verted into qBiCo indices: conversion efficiency (Eq.  1), 
converted DNA concentration and fragmentation (Eq. 3). 
With the known input amount for both conversion meth-
ods, the converted DNA recovery index was calculated 
directly from the DNA concentration (Eq.  2). Below we 
present all formulas used to calculate the qBiCo indexes:

(1)

BC efficiency (%)

=
[LINE1Converted]

[LINE1Converted] + [LINE1Genomic]
× 100%

(2)BCDNARecovery =
[hTERT Short]

Total input

(3)

BC DNA fragmentation index =
[hTERT Short]

[TPT1Long]
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All qBiCo index results can be found in Additional file 1. 
Plotting and data analysis was performed through the 
Data analysis R script (Additional file  4). Finally, statis-
tical tests were performed on RStudio version 1.2.5001, 
while plots were created with the ggplot2 package [50]. 
Specifically, statistical significance was assessed only for 
the samples within the repeatability, reproducibility & 
sensitivity parameter due to sufficient sample size. Pair-
wise unpaired Wilcoxon Rank Sum tests were performed 
for sample groups between conversion methods grouped 
per DNA input amount by the compare_means function 
in the ggpubr library. Comparing both conversion meth-
ods was performed by ANCOVA with the anova_test 
function from the rstatix library. More information can 
be found in Additional file 1.

Abbreviations
5mc	� Methylated cytosine
BC	� Bisulfite conversion
CpG	� Cytosine guanine dinucleotide
DHU	� Dihydrouracil
EC	� Enzymatic conversion
FT cyles	� Freeze-thaw cycles
qBiCo	� Bisulfite converted quantification and qualification assay
TC	� Tet-assisted pyridine borane conversion

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s13148-​025-​01855-7.

Supplementary file 1. PDF file containing qBiCo standard curves and cor-
responding parameters. Supplementary Figure 1. qBiCo standard curves 
per BC run; Supplementary Figure 2. qBiCo standard curves per EC run; 
Supplementary Figure 3. qBiCo standard curves for BC and EC conver-
sion of 22 10 ng gDNA samples; Supplementary Figure 4. DNA degrada-
tion assessment of sonicated samples; Supplementary Table 1. qBiCo 
standard curve parameters per BC conversion experiment. (Efficiency, R 
squared value of linear regression fit, slope and intercept); Supplementary 
Table 2. qBiCo standard curve parameters per EC conversion experiment. 
(Efficiency, R squared value of linear regression fit, slope and intercept); 
Supplementary Table 3. qBiCo standard curve parameters for BC and EC 
conversion of 22 10 ng gDNA samples. (Efficiency, R squared value of 
linear regression fit, slope and intercept); Supplementary Table 4. qBiCo 
gblock concentration (copy numbers/microliter) per run; Supplementary 
Table 5. Study design; Supplementary Table 6. Effect of fragmentation on 
enzymatic conversion performance measured by qBiCo. 

Supplementary file 2. R file containing the script to compute the qBiCo 
indices from qPCR data. 

Supplementary file 3. qBiCo index data tab contains the qBiCo results 
of each converted sample in duplicate per row. Columns contain the 
following labels: Sample, Well, Conversion efficiency, DNA concentration, 
Fragmentation, Experiment, DNA input, Elution volume, Expected concen-
tration, Conversion method and Recovery. Conversion experiment labeled 
tabs (BC1, EC1, etc.) include the Cq values of each converted sample in 
duplicate. Columns contain the following labels: Well, Fluor, Target, Sam-
ple, Cq, DNA input, Elution volume, Excluded (1 if excluded based on 
manual curation of qPCR data). The graphs sample list tab shows which 
samples are used for analysis of each validation parameter. The statistics 
comparative tests tab contains the results of the comparative statistical 
tests. The statistics pairwise tests tab contains the results of the pairwise 
statistical tests. 

Supplementary file 4. R file containing the script to perform statistical tests 
and create figures.

Acknowledgements
We would like to thank all volunteers for having contributed with their biologi-
cal material to this study.

Author contributions
Roy B. Simons contributed to conceptualization, formal analysis, investigation, 
writing—original draft, visualization. Faidra Karkala and Marta M. Kukk were 
involved in investigation. Hieab H. H. Adams helped in resources, writing—
review & editing. Manfred Kayser helped in writing—review & editing. Athina 
Vidaki contributed to conceptualization, writing—original draft, resources, 
supervision, funding acquisition.

Funding
This work was partly funded by Erasmus MC through the Erasmus MC Fellow-
ship 2020 and partly by the Dutch Research Council (NWO) via a Demonstra-
tor grant awarded by the Applied and Engineering Sciences (TTW) domain 
(project number 18560).

Availability of data and materials
All data generated for this study as well as the employed scripts for analysis 
are included in the supplementary files of this article.

Declarations

Ethics approval and consent to participate
Whole blood samples were obtained by healthy volunteers after receiving 
written consent approved by the Medical Ethics Review Committee of Eras-
mus MC University Medical Center Rotterdam.

Consent for publication
Not applicable.

Competing interests
Athina Vidaki was the sole inventor of the presented qBiCo technology on a 
filed patent application (Publication numbers: CN114761578A; EP4028551A1; 
US2022372574A1; WO2021048410A1), which, however, has been discontin-
ued by Erasmus MC for financial reasons. The remaining authors have declared 
that no Conflict of interest exist.

Author details
1 Department of Genetic Identification, Erasmus MC University Medical Center 
Rotterdam, Rotterdam, The Netherlands. 2 Department of Clinical Genetics, 
Erasmus MC, University Medical Center Rotterdam, Rotterdam, The Nether-
lands. 3 Present Address: Department of Clinical Genetics, Maastricht University 
Medical Center+, Maastricht, The Netherlands. 

Received: 14 October 2024   Accepted: 1 March 2025

References
	1.	 Costello JF, Plass C. Methylation matters. J Med Genet. 

2001;38(5):285–303.
	2.	 Inbar-Feigenberg M, Choufani S, Butcher DT, Roifman M, Weksberg R. 

Basic concepts of epigenetics. Fertil Steril. 2013;99(3):607–15. https://​doi.​
org/​10.​1016/j.​fertn​stert.​2013.​01.​117.

	3.	 Tsai HC, Baylin SB. Cancer epigenetics: linking basic biology to clinical 
medicine. Cell Res. 2011;21(3):502–17. https://​doi.​org/​10.​1038/​cr.​2011.​24.

	4.	 Heyn H, Esteller M. Dna methylation profiling in the clinic: applications 
and challenges. Nat Rev Genet. 2012;13(10):679–92. https://​doi.​org/​10.​
1038/​nrg32​70.

	5.	 Staunstrup NH, Starnawska A, Nyegaard M, Christiansen L, Nielsen AL, 
Borglum A, Mors O. Genome-wide dna methylation profiling with medip-
seq using archived dried blood spots. Clin Epigenetics. 2016;8:81. https://​
doi.​org/​10.​1186/​s13148-​016-​0242-1.

	6.	 Horvath S. Dna methylation age of human tissues and cell 
types. Genome Biol. 2013;14(10):115. https://​doi.​org/​10.​1186/​
gb-​2013-​14-​10-​r115.

https://doi.org/10.1186/s13148-025-01855-7
https://doi.org/10.1186/s13148-025-01855-7
https://doi.org/10.1016/j.fertnstert.2013.01.117
https://doi.org/10.1016/j.fertnstert.2013.01.117
https://doi.org/10.1038/cr.2011.24
https://doi.org/10.1038/nrg3270
https://doi.org/10.1038/nrg3270
https://doi.org/10.1186/s13148-016-0242-1
https://doi.org/10.1186/s13148-016-0242-1
https://doi.org/10.1186/gb-2013-14-10-r115
https://doi.org/10.1186/gb-2013-14-10-r115


Page 16 of 17Simons et al. Clinical Epigenetics           (2025) 17:56 

	7.	 Zhang Q, Vallerga CL, Walker RM, Lin T, Henders AK, Montgomery GW, He 
J, Fan D, Fowdar J, Kennedy M, Pitcher T, Pearson J, Halliday G, Kwok JB, 
Hickie I, Lewis S, Anderson T, Silburn PA, Mellick GD, Harris SE, Redmond P, 
Murray AD, Porteous DJ, Haley CS, Evans KL, McIntosh AM, Yang J, Gratten 
J, Marioni RE, Wray NR, Deary IJ, McRae AF, Visscher PM. Improved preci-
sion of epigenetic clock estimates across tissues and its implication for 
biological ageing. Genome Med. 2019;11(1):54. https://​doi.​org/​10.​1186/​
s13073-​019-​0667-1.

	8.	 Vidaki A, Planterose Jimenez B, Poggiali B, Kalamara V, van der Gaag KJ, 
Maas SCE, Consortium BIOS, Ghanbari M, Sijen T, Kayser M. Targeted dna 
methylation analysis and prediction of smoking habits in blood based 
on massively parallel sequencing. Forensic Sci Int Genet. 2023;65:102878. 
https://​doi.​org/​10.​1016/j.​fsigen.​2023.​102878.

	9.	 Ambroa-Conde A, Casares de Cal MA, Gomez-Tato A, Robinson O, 
Mosquera-Miguel A, de la Puente M, Ruiz-Ramirez J, Phillips C, Lareu MV, 
Freire-Aradas A. Inference of tobacco and alcohol consumption habits 
from dna methylation analysis of blood. Forensic Sci Int Genet. 2024;70: 
103022. https://​doi.​org/​10.​1016/j.​fsigen.​2024.​103022.

	10.	 Hayatsu H, Wataya Y, Kazushige K. The addition of sodium bisulfite to 
uracil and to cytosine. J Am Chem Soc. 1970;92(3):724–6. https://​doi.​org/​
10.​1021/​ja007​06a062.

	11.	 Hayatsu H. Discovery of bisulfite-mediated cytosine conversion to uracil, 
the key reaction for dna methylation analysis-a personal account. Proc 
Jpn Acad Ser B Phys Biol Sci. 2008;84(8):321–30. https://​doi.​org/​10.​2183/​
pjab.​84.​321.

	12.	 Shapiro. Reactions of uracil and cytosine derivatives with sodium bisulfite. 
J Am Chem Soc. 1970;92(2):422–4.

	13.	 Frommer M, McDonald LE, Millar DS, Collis CM, Watt F, Grigg GW, Molloy 
PL, Paul CL. A genomic sequencing protocol that yields a positive display 
of 5-methylcytosine residues in individual dna strands. Proc Natl Acad Sci 
U S A. 1992;89(5):1827–31. https://​doi.​org/​10.​1073/​pnas.​89.5.​1827.

	14.	 Plongthongkum N, Diep DH, Zhang K. Advances in the profiling of 
dna modifications: cytosine methylation and beyond. Nat Rev Genet. 
2014;15(10):647–61. https://​doi.​org/​10.​1038/​nrg37​72.

	15.	 Lister R, Pelizzola M, Dowen RH, Hawkins RD, Hon G, Tonti-Filippini J, 
Nery JR, Lee L, Ye Z, Ngo QM, Edsall L, Antosiewicz-Bourget J, Stewart R, 
Ruotti V, Millar AH, Thomson JA, Ren B, Ecker JR. Human dna methylomes 
at base resolution show widespread epigenomic differences. Nature. 
2009;462(7271):315–22. https://​doi.​org/​10.​1038/​natur​e08514.

	16.	 Schumacher A, Kapranov P, Kaminsky Z, Flanagan J, Assadzadeh A, Yau 
P, Virtanen C, Winegarden N, Cheng J, Gingeras T, Petronis A. Microarray-
based dna methylation profiling: technology and applications. Nucleic 
Acids Res. 2006;34(2):528–42. https://​doi.​org/​10.​1093/​nar/​gkj461.

	17.	 Olova N, Krueger F, Andrews S, Oxley D, Berrens RV, Branco MR, Reik W. 
Comparison of whole-genome bisulfite sequencing library preparation 
strategies identifies sources of biases affecting dna methylation data. 
Genome Biol. 2018;19(1):33. https://​doi.​org/​10.​1186/​s13059-​018-​1408-2.

	18.	 Karkala F, Simons RB, Claessens F, Kalamara V, Kayser M, Vidaki A. qbico: a 
method to assess global dna conversion performance in epigenetics via 
single-copy genes and repetitive elements. Epigenetics Commun. 2025. 
https://​doi.​org/​10.​1186/​s43682-​025-​00033-3.

	19.	 Berdasco M, Esteller M. Clinical epigenetics: seizing opportunities for 
translation. Nat Rev Genet. 2019;20(2):109–27. https://​doi.​org/​10.​1038/​
s41576-​018-​0074-2.

	20.	 van der Harst P, de Windt LJ, Chambers JC. Translational perspective on 
epigenetics in cardiovascular disease. J Am Coll Cardiol. 2017;70(5):590–
606. https://​doi.​org/​10.​1016/j.​jacc.​2017.​05.​067.

	21.	 Kim MS, Lee J, Sidransky D. Dna methylation markers in colorectal cancer. 
Cancer Metastasis Rev. 2010;29(1):181–206. https://​doi.​org/​10.​1007/​
s10555-​010-​9207-6.

	22.	 Sen P, Shah PP, Nativio R, Berger SL. Epigenetic mechanisms of longevity 
and aging. Cell. 2016;166(4):822–39. https://​doi.​org/​10.​1016/j.​cell.​2016.​07.​
050.

	23.	 Krueger F, Kreck B, Franke A, Andrews SR. Dna methylome analysis using 
short bisulfite sequencing data. Nat Methods. 2012;9(2):145–51. https://​
doi.​org/​10.​1038/​nmeth.​1828.

	24.	 Feehley T, O’Donnell CW, Mendlein J, Karande M, McCauley T. Drug-
ging the epigenome in the age of precision medicine. Clin Epigenetics. 
2023;15(1):6. https://​doi.​org/​10.​1186/​s13148-​022-​01419-z.

	25.	 Tanaka K, Okamoto A. Degradation of dna by bisulfite treatment. Bioorg 
Med Chem Lett. 2007;17(7):1912–5. https://​doi.​org/​10.​1016/j.​bmcl.​2007.​
01.​040.

	26.	 Millar D, Christova Y, Holliger P. A polymerase engineered for bisulfite 
sequencing. Nucleic Acids Res. 2015;43(22):155. https://​doi.​org/​10.​1093/​
nar/​gkv798.

	27.	 Ahn J, Heo S, Ahn SJ, Bang D, Lee SH. Differentially hypomethylated 
cell-free dna and coronary collateral circulation. Clin Epigenetics. 
2022;14(1):140. https://​doi.​org/​10.​1186/​s13148-​022-​01349-w.

	28.	 Sakamoto Y, Zaha S, Nagasawa S, Miyake S, Kojima Y, Suzuki A, Suzuki 
Y, Seki M. Long-read whole-genome methylation patterning using 
enzymatic base conversion and nanopore sequencing. Nucleic Acids Res. 
2021;49(14):81. https://​doi.​org/​10.​1093/​nar/​gkab3​97.

	29.	 Erger F, Norling D, Borchert D, Leenen E, Habbig S, Wiesener MS, Bartram 
MP, Wenzel A, Becker C, Toliat MR, Nurnberg P, Beck BB, Altmuller J. 
cfnome - a single assay for comprehensive epigenetic analyses of 
cell-free dna. Genome Med. 2020;12(1):54. https://​doi.​org/​10.​1186/​
s13073-​020-​00750-5.

	30.	 Feng S, Zhong Z, Wang M, Jacobsen SE. Efficient and accurate deter-
mination of genome-wide dna methylation patterns in Arabidopsis 
thaliana with enzymatic methyl sequencing. Epigenetics Chromatin. 
2020;13(1):42. https://​doi.​org/​10.​1186/​s13072-​020-​00361-9.

	31.	 Vaisvila R, Ponnaluri VKC, Sun Z, Langhorst BW, Saleh L, Guan S, Dai N, 
Campbell MA, Sexton BS, Marks K, Samaranayake M, Samuelson JC, 
Church HE, Tamanaha E, Correa JIR, Pradhan S, Dimalanta ET, Evans JTC, 
Williams L, Davis TB. Enzymatic methyl sequencing detects dna methyla-
tion at single-base resolution from picograms of dna. Genome Res. 
2021;31(7):1280–9. https://​doi.​org/​10.​1101/​gr.​266551.​120.

	32.	 Vidaki A, Kayser M. From forensic epigenetics to forensic epigenomics: 
broadening dna investigative intelligence. Genome Biol. 2017;18(1):238. 
https://​doi.​org/​10.​1186/​s13059-​017-​1373-1.

	33.	 Fullgrabe J, Gosal WS, Creed P, Liu S, Lumby CK, Morley DJ, Ost TWB, Vilella 
AJ, Yu S, Bignell H, Burns P, Charlesworth T, Fu B, Fordham H, Harding NJ, 
Gandelman O, Golder P, Hodson C, Li M, Lila M, Liu Y, Mason J, Mellad J, 
Monahan JM, Nentwich O, Palmer A, Steward M, Taipale M, Vandomme 
A, San-Bento RS, Singhal A, Vivian J, Wojtowicz N, Williams N, Walker NJ, 
Wong NCH, Yalloway GN, Holbrook JD, Balasubramanian S. Simultaneous 
sequencing of genetic and epigenetic bases in dna. Nat Biotechnol. 2023. 
https://​doi.​org/​10.​1038/​s41587-​022-​01652-0.

	34.	 Yan B, Wang D, Vaisvila R, Sun Z, Ettwiller L. Methyl-snp-seq reveals dual 
readouts of methylome and variome at molecule resolution while ena-
bling target enrichment. Genome Res. 2022;32(11–12):2079–91. https://​
doi.​org/​10.​1101/​gr.​277080.​122.

	35.	 Baum C, Lin YC, Fomenkov A, Anton BP, Chen L, Yan B, Evans TC, Roberts 
RJ, Tolonen AC, Ettwiller L. Rapid identification of methylase specificity 
(rims-seq) jointly identifies methylated motifs and generates shotgun 
sequencing of bacterial genomes. Nucleic Acids Res. 2021;49(19):113. 
https://​doi.​org/​10.​1093/​nar/​gkab7​05.

	36.	 Azimi SM, Nixon G, Ahern J, Balachandran W. A magnetic bead-based 
dna extraction and purification microfluidic device. Microfluid Nanofluid. 
2011;11(2):157–65. https://​doi.​org/​10.​1007/​s10404-​011-​0782-9.

	37.	 Turiello R, Nouwairi RL, Keller J, Cunha LL, Dignan LM, Landers JP. A 
rotationally-driven dynamic solid phase sodium bisulfite conversion disc 
for forensic epigenetic sample preparation. Lab Chip. 2023;24(1):97–112. 
https://​doi.​org/​10.​1039/​d3lc0​0867c.

	38.	 Siejka-Zielinska P, Cheng J, Jackson F, Liu Y, Soonawalla Z, Reddy S, Silva 
M, Puta L, McCain MV, Culver EL, Bekkali N, Schuster-Bockler B, Palamara 
PF, Mann D, Reeves H, Barnes E, Sivakumar S, Song CX. Cell-free dna taps 
provides multimodal information for early cancer detection. Sci Adv. 
2021;7(36):0534. https://​doi.​org/​10.​1126/​sciadv.​abh05​34.

	39.	 Hong SR, Shin KJ. Bisulfite-converted dna quantity evaluation: a multiplex 
quantitative real-time pcr system for evaluation of bisulfite conver-
sion. Front Genet. 2021;12: 618955. https://​doi.​org/​10.​3389/​fgene.​2021.​
618955.

	40.	 Sawyer S, Gelabert P, Yakir B, Llanos-Lizcano A, Sperduti A, Bondioli L, 
Cheronet O, Neugebauer-Maresch C, Teschler-Nicola M, Novak M, Pap I, 
Szikossy I, Hajdu T, Moiseyev V, Gromov A, Zarina G, Meshorer E, Carmel 
L, Pinhasi R. Improved detection of methylation in ancient dna. Genome 
Biol. 2024. https://​doi.​org/​10.​1186/​s13059-​024-​03405-5.

	41.	 Holmes EE, Jung M, Meller S, Leisse A, Sailer V, Zech J, Mengdehl M, Garbe 
LA, Uhl B, Kristiansen G, Dietrich D. Performance evaluation of kits for 

https://doi.org/10.1186/s13073-019-0667-1
https://doi.org/10.1186/s13073-019-0667-1
https://doi.org/10.1016/j.fsigen.2023.102878
https://doi.org/10.1016/j.fsigen.2024.103022
https://doi.org/10.1021/ja00706a062
https://doi.org/10.1021/ja00706a062
https://doi.org/10.2183/pjab.84.321
https://doi.org/10.2183/pjab.84.321
https://doi.org/10.1073/pnas.89.5.1827
https://doi.org/10.1038/nrg3772
https://doi.org/10.1038/nature08514
https://doi.org/10.1093/nar/gkj461
https://doi.org/10.1186/s13059-018-1408-2
https://doi.org/10.1186/s43682-025-00033-3
https://doi.org/10.1038/s41576-018-0074-2
https://doi.org/10.1038/s41576-018-0074-2
https://doi.org/10.1016/j.jacc.2017.05.067
https://doi.org/10.1007/s10555-010-9207-6
https://doi.org/10.1007/s10555-010-9207-6
https://doi.org/10.1016/j.cell.2016.07.050
https://doi.org/10.1016/j.cell.2016.07.050
https://doi.org/10.1038/nmeth.1828
https://doi.org/10.1038/nmeth.1828
https://doi.org/10.1186/s13148-022-01419-z
https://doi.org/10.1016/j.bmcl.2007.01.040
https://doi.org/10.1016/j.bmcl.2007.01.040
https://doi.org/10.1093/nar/gkv798
https://doi.org/10.1093/nar/gkv798
https://doi.org/10.1186/s13148-022-01349-w
https://doi.org/10.1093/nar/gkab397
https://doi.org/10.1186/s13073-020-00750-5
https://doi.org/10.1186/s13073-020-00750-5
https://doi.org/10.1186/s13072-020-00361-9
https://doi.org/10.1101/gr.266551.120
https://doi.org/10.1186/s13059-017-1373-1
https://doi.org/10.1038/s41587-022-01652-0
https://doi.org/10.1101/gr.277080.122
https://doi.org/10.1101/gr.277080.122
https://doi.org/10.1093/nar/gkab705
https://doi.org/10.1007/s10404-011-0782-9
https://doi.org/10.1039/d3lc00867c
https://doi.org/10.1126/sciadv.abh0534
https://doi.org/10.3389/fgene.2021.618955
https://doi.org/10.3389/fgene.2021.618955
https://doi.org/10.1186/s13059-024-03405-5


Page 17 of 17Simons et al. Clinical Epigenetics           (2025) 17:56 	

bisulfite-conversion of dna from tissues, cell lines, ffpe tissues, aspirates, 
lavages, effusions, plasma, serum, and urine. PLoS One. 2014;9(4):93933. 
https://​doi.​org/​10.​1371/​journ​al.​pone.​00939​33.

	42.	 Kint S, De Spiegelaere W, De Kesel J, Vandekerckhove L, Van Criekinge 
W. Evaluation of bisulfite kits for dna methylation profiling in terms 
of dna fragmentation and dna recovery using digital pcr. PLoS One. 
2018;13(6):0199091. https://​doi.​org/​10.​1371/​journ​al.​pone.​01990​91.

	43.	 Leontiou CA, Hadjidaniel MD, Mina P, Antoniou P, Ioannides M, Patsalis 
PC. Bisulfite conversion of dna: performance comparison of different 
kits and methylation quantitation of epigenetic biomarkers that have 
the potential to be used in non-invasive prenatal testing. PLoS One. 
2015;10(8):0135058. https://​doi.​org/​10.​1371/​journ​al.​pone.​01350​58.

	44.	 Tierling S, Schmitt B, Walter J. Comprehensive evaluation of commercial 
bisulfite-based dna methylation kits and development of an alterna-
tive protocol with improved conversion performance. Genet Epigenet. 
2018;10:1179237–18766097. https://​doi.​org/​10.​1177/​11792​37X18​766097.

	45.	 Vaisvila R, Johnson SR, Yan B, Dai N, Bourkia BM, Chen M, Correa JIR, Yigit 
E, Sun Z. Discovery of cytosine deaminases enables base-resolution 
methylome mapping using a single enzyme. Mol Cell. 2024;84(5):854–
8667. https://​doi.​org/​10.​1016/j.​molcel.​2024.​01.​027.

	46.	 Stark A, Pisanic nTR, Herman JG, Wang TH. High-throughput sample pro-
cessing for methylation analysis in an automated, enclosed environment. 
SLAS Technol. 2022;27(3):172–9. https://​doi.​org/​10.​1016/j.​slast.​2021.​12.​
002.

	47.	 (SWGDAM), S.w.g.o.D.a.m.: Revised validation guidelines (2004)
	48.	 Bustin SA, Benes V, Garson JA, Hellemans J, Huggett J, Kubista M, Mueller 

R, Nolan T, Pfaffl MW, Shipley GL, Vandesompele J, Wittwer CT. The miqe 
guidelines: minimum information for publication of quantitative real-
time pcr experiments. Clin Chem. 2009;55(4):611–22. https://​doi.​org/​10.​
1373/​clinc​hem.​2008.​112797.

	49.	 Sidstedt M, Radstrom P, Hedman J. Pcr inhibition in qpcr, dpcr and mps-
mechanisms and solutions. Anal Bioanal Chem. 2020;412(9):2009–23. 
https://​doi.​org/​10.​1007/​s00216-​020-​02490-2.

	50.	 Wickham H. Ggplot2: Elegant Graphics for Data Analysis. New York: 
Springer; 2016.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1371/journal.pone.0093933
https://doi.org/10.1371/journal.pone.0199091
https://doi.org/10.1371/journal.pone.0135058
https://doi.org/10.1177/1179237X18766097
https://doi.org/10.1016/j.molcel.2024.01.027
https://doi.org/10.1016/j.slast.2021.12.002
https://doi.org/10.1016/j.slast.2021.12.002
https://doi.org/10.1373/clinchem.2008.112797
https://doi.org/10.1373/clinchem.2008.112797
https://doi.org/10.1007/s00216-020-02490-2

	Comparative performance evaluation of bisulfite- and enzyme-based DNA conversion methods
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Results
	Choice of DNA conversion and qPCR assessment approaches
	Evaluation of global conversion efficiency
	Evaluation of converted DNA recovery
	Evaluation of converted DNA fragmentation
	Overall DNA conversion method performance based on qBiCo
	Application and variability at low-level DNA conversion (10 ng)

	Discussion
	Conclusion
	Methods
	Whole blood samples
	Genomic DNA extraction & quantification
	Validation sample preparation
	DNA conversion
	qBiCo
	Data analysis

	Acknowledgements
	References


