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ABSTRACT

EFFECTS OF ENZYMATIC AND CHEMICAL BISULFITE CONVERSION ON

CELL-FREE DNA FRAGMENTATION

Caroline G. Ploeger (Catterton)
Department of Cell Biology & Physiology

Bachelor of Science

This project aims to investigate the DNA fragmentation produced by enzymatic
bisulfite conversion compared to DNA fragmentation produced by traditional chemical
bisulfite conversion techniques for the analysis of cytosine methylation in seminal cell-
free DNA (cfDNA). Traditional chemical bisulfite (HSO3") conversion methods are
known to introduce biases and damage DNA, potentially compromising methylation
analysis accuracy. In contrast, enzymatic conversion, utilizing biological molecules, is
hypothesized to offer more precise visualization with reduced fragmentation (Lambert et
al., 2019). While previous studies have analyzed methylation conversion efficiency in
genomic DNA, this project specifically examines how these conversion techniques
impact cfDNA.

20 samples of seminal cfDNA were bisulfite-converted, 20 samples of cfDNA
were enzymatically converted, and 20 samples of cfDNA were not converted and used as
a control. Agilent Femto Pulse DNA analysis was used to compute DQN (DNA quality

number) scores, length of sequences, and fragmentation values within each sample. Using

i1



these data, bioinformatic analyses were ran on DNA fragmentation using the R
programming language. Results indicate that bisulfite DNA conversion contributes to
significantly more fragmented sequences than enzymatic conversion in cfDNA. ANOVA
and Tukey’s test analyses were conducted on DQN scores, revealing a statistically
significant difference in DQN values between bisulfite-converted cfDNA and
enzymatically converted cfDNA samples (p = 0.048). Analyses indicate that the average
base pair length found in enzymatic-converted cfDNA were significantly longer
(p=0.0044) than samples that were bisulfite converted. These outcomes suggest that
enzymatic conversion decreases bias when converting cfDNA samples compared to using

alternative methylation conversion techniques.
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INTRODUCTION

While polymerase chain reaction (PCR) and DNA sequencing are common
fundamental techniques for amplifying DNA sequences, challenges often arise with the
inherent DNA fragmentation that occurs during the process, particularly when utilizing
DNA that has been bisulfite-converted (Lambert et al., 2019). In contemporary molecular
biology research, understanding DNA methylation patterns is integral to comprehending
various biological processes, such as gene expression regulation, cellular proliferation,
and chromosomal stability (Li and Tollefsbol, 2011). Abnormal methylation patterns
serve as crucial indicators of diseases, including cancer, prompting researchers to explore
genomic regions where methylation commonly occurs (Li and Tollefsbol, 2011).

Bisulfite conversion is a widely employed method to distinguish 5-methylcytosine
and 5-hydroxymethylcytosine (SmC and 5ShmC) from non-methylated cytosines,
converting non-methylated cytosines to uracils through deamination (Vaisvila et al.,
2021). An overview of the DNA conversion associated with chemical bisulfite
conversion is shown in Figure 1. The steps associated with bisulfite conversion include:
1) DNA denaturation; 2) incubation with bisulfite at elevated temperature; 3) removal of
bisulfite by desalting; 4) desulfonation of sulfonyl uracil adducts at alkaline pH; and 5)
removal of the desulfonation solution (Darst et al., 2010). Despite its prevalence, bisulfite
conversion introduces biases and can damage DNA, leading to fragmentation and
complicating the analysis of full-length DNA molecules (Vaisvila et al., 2021). Chemical
bisulfite conversion is known for utilizing temperatures up to 95°C and pH 5 to convert
non-methylated cytosines to uracils most efficiently (Grunau et al., 2001). These harsh

chemical reaction conditions cause DNA fragmentation primarily due to depyrimidation



followed by alkali treatment, inducing the formation of abasic sites that subsequently
result in cleavage of the DNA phosphodiester bonds (Kint et al., 2018). This thereby
leads to DNA degradation. The difficulties in obtaining reliable sequencing data for

bisulfite-converted DNA prompted the exploration of alternative techniques.

CGTTATGTCCAG —

Bisulfite Conversion

CGTTATGTCUAG «
CGTTATGTCTAG

Figure 1: A representation of how bisulfite conversion altars un-methylated cytosines in a
DNA sequence to uracils.

Enzymatic Methyl-seq (EM-seq) conversion, as suggested by Wang et al. (2022),
presents itself as a less destructive approach, leveraging biological molecules to register
cytosine profiling in DNA. This proposed enzymatic conversion offers the potential to
mitigate biases and reduce DNA fragmentation errors compared to bisulfite conversion,
aligning with prior findings on enzymatic methods being less destructive than chemical
modifiers (Wang et al., 2022). In EM-seq, methylation dependent restriction enzymes
(MDRE) MsplJI and AbaSI are used to detect SmC or ShmC throughout the DNA. Two
reactions occur. First, enzymes TET2 and T4-BGT act to convert SmC and ShmC into

products that are resistant to deamination by APOBEC3A. In the second reaction,



APOBEC3A catalyzes the deamination of unmodified cytosines, thereby converting them
into uracils (Vaisvila et al., 2021).

This study focuses on seminal cell-free DNA (cfDNA). Cell-free DNA is a unique
sample type found in blood plasma and bodily fluids (like semen), known for its high
fragmentation and distinctions from genomic DNA. The average fragment size for
cfDNA is around 167-bp long. Several laboratories at Brigham Young University (BYU)
in Provo, UT, study cfDNA. The Jenkins Lab at BYU utilizes cfDNA in attempt to
understand how cfDNA methylation impacts male fertility, and grapples with the
challenges posed by DNA fragmentation in bisulfite-converted cfDNA samples. This
study seeks to address these challenges by systematically comparing the efficiency of
bisulfite conversion and enzymatic conversion in maintaining low DNA fragmentation in
seminal cfDNA. The anticipated outcomes include the finding that enzymatic conversion
may exhibit lower DNA fragmentation in cfDNA samples compared to bisulfite
conversion due to its less-harsh reaction conditions, aligning with the hypothesis that
enzymatic conversion provides a more accurate means of visualizing seminal cfDNA
(Rubenstein and Solomon, 2023).

In the context of our experiment evaluating the efficiency of enzymatic
conversion versus bisulfite conversion in analyzing cytosine methylation within seminal
cell-free DNA (cfDNA), the Agilent Femto Pulse system emerges as a crucial tool
offering valuable insights. The Femto Pulse system employs pulsed-field capillary
electrophoresis to accurately size and measure DNA fragments, serving as a sophisticated
analytical platform. This technology facilitates precise evaluation of DNA quality and

offers valuable insights into fragmentation patterns, essential for assessing the effects of



conversion techniques on DNA integrity. The system's ability to provide the average base
pair length of samples being analyzed provides crucial insights in quantifying the overall
size distribution and integrity of DNA fragments in our samples for this study (Pocernich
et al., 2019). Relative fluorescent units (RFU) produced by this technology correspond to
the amount of genetic material present. This metric will prove vital in assessing the
impact of both enzymatic and bisulfite conversion techniques on the size distribution of
seminal cfDNA, offering a nuanced understanding of the overall sequencing efficiency of
the sample. As common laboratory techniques, like PCR, can have reduction in
efficiency due to DNA fragmentation, it is important to determine whether the already
fragmented cfDNA is impacted negatively by chemical or enzymatic conversion
(Golenberg et al., 1996).

Furthermore, the system's capability to reveal fragmentation patterns is
particularly relevant to our study. By identifying the specific size ranges where
fragmentation occurs, the nature and extent of cfDNA fragmentation induced by each
conversion method can be discerned. This information will help us understand the
potential biases and limitations associated with enzymatic and bisulfite conversion,
ultimately aiding in the optimization of our experimental procedures.

The DQN Score provided by the Femto Pulse system is also applicable to this
investigation. Users of the Femto Pulse system define a size threshold deemed
appropriate for their investigation prior to running fragmentation analyses. The DQN
score produced by the system is a calculated value from 0-10 representing the
concentration of the sample that lies above the selected size threshold. 10 indicates that

100% of the sample lies above the threshold value, and 0 indicates that none of the



sample exceeded the threshold value. As bisulfite-converted and enzymatic-converted
cfDNA samples are compared, the DQN score, with the user-defined size threshold of
300 base pairs, allows one to quantitatively assess the proportion of DNA fragments
within the specified size range. This tailored analysis will be pivotal in evaluating the
DNA quality based on a threshold relevant to our specific application, shedding light on
potential differences in the efficiency of both conversion methods (Pocernich et al.,
2019).

Moreover, the fragment size distribution profiles generated by the system will
complement our analysis by illustrating how DNA fragments are distributed across
various size ranges. This information allows for characterization of the heterogeneity of
DNA fragments within the samples. Femto Pulse, in turn, allows for optimization of this
methodology for the accurate analysis of DNA fragmentation patterns in seminal cfDNA.

The significance of this research extends to the academic community, particularly
within the Department of Cell Biology and Physiology at BYU. The anticipated results,
along with the demonstrated advantages of enzymatic conversion in mitigating biases and
reducing DNA fragmentation errors, have the potential to influence methodologies in
molecular biology labs beyond BYU. This project sets the stage for a comprehensive
exploration of the experimental design, methodologies, and expected outcomes of this
error research initiative, ultimately contributing to the broader academic discourse on
optimizing DNA sequencing techniques for methylation analysis in complex biological

samples.



METHODOLOGY

In this study, seminal cell-free DNA samples from human subjects were subjected
to an in-depth investigation to evaluate the efficiency of enzymatic conversion compared
to conventional bisulfite conversion techniques in analyzing cytosine methylation. Under
Institutional Review Board Approval, human DNA samples were utilized from Utah
Fertility Center in the Jenkins Lab at BYU to conduct this experiment. The samples were
first processed to extract cell-free DNA, and once cell-free, samples were then selected to
either be a control, bisulfite-converted or enzymatic-converted. A total of 60 cfDNA
samples were analyzed, with 20 designated for chemical bisulfite conversion, 20
designated for enzymatic conversion, and 20 that were not subjected for methylated
cytosine conversion.

The bisulfite conversion process was carried out following a standardized
protocol. Initially, DNA strands underwent denaturation to expose their bases, followed
by incubation with bisulfite under elevated temperatures. During this incubation,
unmethylated cytosine residues were chemically modified to uracil, while methylated
cytosines remained unaltered. Subsequent desulfonation removed sulfonated groups,
resulting in bisulfite-converted DNA. This conversion was achieved utilizing the EZ
DNA Methylation kit from Zymo Research, which offers reliable and reproducible
conversion procedures. Additionally, enzymatic conversion procedures were conducted
using the Enzymatic Methyl-seq kit to quantify DNA methylation levels. These
enzymatic methods were chosen for their ability to minimize biases and reduce errors
associated with DNA fragmentation. By employing enzymatic reactions, the enzymatic

conversion approach aimed to provide more accurate assessments of DNA methylation.



With hopes of future sequencing producing at least a 300-bp amplicon, the target
threshold value for Femto Pulse DNA fragmentation analysis was set to be 300-bp long
for this study. DNA fragmentation analysis via Agilent Femto Pulse ensued after
pipetting the bisulfite-converted, enzymatic converted, and regular cfDNA into
designated wells for the system to process. This enabled assessment of the size
distribution and fragmentation patterns of all samples.

Once Femto Pulse data were produced, bioinformatic analyses conducted in R
processing software focused on the average base pair calls per sample, DNA
fragmentation, and DQN scores. For initial fragmentation comparison between bisulfite-
converted and enzymatically converted DNA samples, t-tests, ANOVA, and Tukey’s test
were conducted on the DQN values of all bisulfite-converted, enzymatic-converted, and
control samples. This code can be found in Figure 2. The Femto Pulse system calculated
the DQN value, which assessed the fraction of the total measured concentration of the
sample that exceeds the specified size threshold (300 base pairs). The DQN score ranged
from 0 to 10, with 0 indicating that none of the sample exceeds the threshold and 10
indicating that 100% of the sample lies above the threshold value. This tailored analysis
provided a quantitative measure of DNA quality, aiding in the evaluation of conversion

techniques based on the user-defined size threshold in preparation for DNA sequencing.



# Load necessary libraries

library(ggplot2)
library(dplyr)

# Create a dataframe with the provided data
df <- data.frame(

Group = c(rep("Control", 2), rep("Enzymatically converted cfDNA", 3), rep("Bisulfite-converted
cfDNA", 2)),

DQN = c(insert DQN values here separated by commas)

)

# Create color palette
colors <- ¢("Control" = "lightblue", "Enzymatically converted cfDNA" = "aquamarine3",
"Bisulfite-converted cfDNA" = "coral")

# Reorder factor levels
df$Group <- factor(df$Group, levels = ¢("Control", "Enzymatically converted cfDNA", "Bisulfite-
converted cfDNA"))

# Create boxplot
gegplot(df, aes(x = Group, y = DQN, fill = Group)) +
geom_boxplot() +
scale_fill_manual(values = colors) +
labs(title = "Comparison of DQN Scores",
x ="Group",
y ="DQN") +
theme_minimal()

# Perform ANOVA
anova_result <- aov(DQN ~ Group, data = df)

# Perform Tukey's post-hoc test
tukey_result <- TukeyHSD(anova_result)

# Print ANOVA summary
summary(anova_result)

# Print Tukey's test results
print(tukey_result)

Figure 2: Example code for creating a DQN data frame, calculating boxplots, ANOVA,
and Tukey’s test



Sample data were then organized into a data frame entitled “honors” with three
columns: “basepair length,” “RFU” associated with that base pair length, and its
associated “sample” number. Different sample numbers indicated whether the sample
was bisulfite-converted, enzymatic-converted, or a control. Utilizing R-processing, a new
data frame was made to include the average base pair lengths found that corresponded to
>75% percentile of RFU scores per sample. The cfDNA sizes associated with the top 25%
RFU values were chosen to analyze due to the vast amount of base pair lengths found by
Femto Pulse analysis, as well as stronger Femto Pulse RFU signals corresponding to a
greater presence of DNA. Statistical analyses were performed, including analysis of
variance (ANOVA) and a Tukey's test. These analyses aimed to compare the average
base pair length among the different cfDNA conversion methods. Sample code for this

process can be found in Figure 3.



# Load necessary libraries
library(dplyr)
library(ggplot2)

# Assuming you already have your "honors" dataframe loaded

# Step 1: Filterdata to include only those rows with RFU values >= 75th percentile within each
sample group
new_df <- honors %>%

group_by(sample) %>%

filter(RFU >= quantile(RFU, 0.75)) %>%

select(sample, bp_length)

#The following code is an example of if you had samples 24 and 25 being enzymatic-converted
cfDNA, as well as 27 and 28 being bisulfite-converted DNA

# Step 2: Combine samples 24 and 25, and samples 27 and 28
new_dfSgroup <- ifelse(new_df$Ssample %in% c(24, 25), "Enzymatically Converted cfDNA",
"Bisulfite-converted cfDNA")

# Step 3: Create boxplot
geplot(new_df, aes(x = group, y = bp_length, fill = group)) +
geom_boxplot() +
scale_fill_manual(values = c("Enzymatically Converted cfDNA" = "seagreen3", "Bisulfite-
converted cfDNA" = "lightcoral")) +
labs(title = "Comparison of bp Length",
x = "Sample Group",
y = "bp Length")

# Step 4: Perform ANOVA and Tukey's test
anova_result <- aov(bp_length ~ group, data = new_df)
tukey_result <- TukeyHSD(anova_result)

# Print ANOVA summary
summary(anova_result)

# Print Tukey's test results
tukey_result

Figure 3: Example code to create a new data set including only the data associated with
the top 25% of RFU values for each sample, and how to code ANOVA and Tukey’s test
inR
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RESULTS
Results from Femto Pulse include visualized graphs of DQN scores, lengths of
DNA fragments found in each sample, DNA concentration, and the relative fluorescence
units (RFU) as a quantity of the intensity of fluorescence emitted by nucleic acids during
electrophoresis. RFU values referred to the amount of DNA present in a sample based on
the intensity of fluorescence detected by the instrument. An example of the fragmentation
graphs and charts produced by Femto Pulse is found in Figure 4. An example DQN graph

is shown in Figure 5.
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Figure 5: An example of one DQN analysis produced by Femto Pulse on enzymatic-
converted cfDNA with the y-axis being time in minutes.

Initial insights derived from the Femto Pulse analysis provide a preliminary
understanding of DNA quality number values in the context of different cfDNA
conversion methods. The observed trend in DQN values indicated a progressive decrease
from non-converted cfDNA to enzymatically converted cfDNA and further to bisulfite-
converted DNA. Specifically, non-converted cfDNA exhibited the highest DQN values,
averaging around 9 DQN. In contrast, enzymatically converted cfDNA displayed an
intermediate decrease, averaging approximately 4.5 DQN. Notably, bisulfite-converted
DNA exhibited the lowest DQN values, with a range around 1.8 DQN. These initial

findings are found in Figure 6.
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DNA Fragmentation Across Different Conversion Types

Average DQN

Control Enzymatically Bisulfite-
Converted cfDNA Converted cfDNA

Figure 6: A comparison of average DQN values between non-converted, enzymatic-
converted, and bisulfite-converted cfDNA is shown following Femto Pulse DNA
fragmentation analyses. The average control DQN value was ~9, while enzymatically
converted cfDNA had an average DQN of 4.5 and bisulfite-converted cfDNA had an
average DQN of ~1.8.

The ANOVA analysis revealed a statistically significant difference in DQN
values between enzymatically converted cfDNA and bisulfite-converted cfDNA samples
(p = 0.048). The p-value reached conventional significance levels (p < 0.05), suggesting a
notable trend in DQN values that warrants further exploration. Post hoc analysis using
Tukey's test was conducted to discern specific differences between enzymatically
converted, bisulfite-converted, and control cfDNA DQN values. The mean difference
between enzymatic-converted cfDNA and bisulfite-converted DNA was -2.74, with a
95% confidence interval ranging from -5.47 through -0.017. A statistically significant

difference was found between the control and bisulfite-converted cfDNA DQN values

(p=0.0000006). The mean difference between the control and bisulfite-converted cfDNA

14



was -7.16 with a 95% confidence interval ranging from -9.46 through -4.87. A
statistically significant difference was also found between enzymatic-converted cfDNA
and the control DQN values (p=0.00085). The mean difference between the control and
enzymatic-converted cfDNA was -4.42 with a 95% confidence interval ranging from -
6.97 through -1.87. These results can be found in Figure 7.

Comparing Fragmentation of Bisulfite-
Converted and Enzymatic-Converted cfDNA

o
- o Enzymatic-control p=0.00085
Bisulfite-control p=0.0000006
. ——— X Bisulfite-enzymatic p=0.048
0 | o
o]
o |
4
g
o
< .
~ i
o _
T T T
Control Enzymatically Bisulfite-
Converted cfDNA Converted cfDNA

Figure 7: ANOVA results indicating the statistically significant difference between DQN
values of the control group, enzymatic-converted ctDNA, and bisulfite-converted cfDNA
is shown. Tukey’s test results are in the upper right corner.
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Base Pair Length Based Upon cfDNA Conversion Test

p=0.0044

E Bisulfite-converted cfONA
B3 Enzymatically Convorted cfONA

Base Pair Length

Bisulfite-Converted cfDNA  Enzymatically Converted cfDNA

Figure 8: T-tests indicating the statistically significant difference in base pair lengths
among cfDNA samples that were enzymatic-converted versus bisulfite-converted. Green
indicates longer fragment length. Only base pair lengths of >75™ percentile of RFU
values were considered.

The analysis on the top 25% of found base pair lengths revealed that
enzymatically converted cfDNA exhibited notably longer base pair lengths compared to
bisulfite-converted cfDNA. Specifically, t-tests conducted on the base pair lengths with

>75% percentile of RFU values yielded a p-value of 0.0044, indicating a statistically

significant difference between the two conversion methods (Figure 8).
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DISCUSSION

The statistical analyses conducted on DNA quality number values in this study
have provided valuable insights into the fragmentation disparities observed between
bisulfite-converted and enzymatically converted cell-free DNA. ANOVA results met
conventional thresholds of significance and the findings from Tukey's test indicate a
potentially meaningful distinction between the two conversion methods. However, it is
crucial to exercise caution in interpreting these results, especially given the adjusted p-
values and small sample sizes, which underscore the need for nuanced interpretation.
Consequently, further investigation, potentially involving larger sample sizes and perhaps
exploring additional statistical approaches, is warranted to fully elucidate the nature and
significance of the observed differences in values between the two conversion methods. It
is crucial to understand that DQN only measures the amount of DNA available during
Femto Pulse that reach the targeted user-defined threshold value for base pair length.
ANOVA tests of DQN data between DNA conversion tests suggest a significant
difference between the tests’ ability to produce the selected threshold value of 300 base
pairs. ANOVA results comparing base pair lengths also suggest that there is a statistically
significant difference in the ability of conversion tests to produce longer lengths of
cfDNA.

The statistically significant difference between the DQN of the control group and
bisulfite-converted cfDNA as well as the statistically significant difference between the
DQN of the control group and enzymatic-converted cfDNA suggest that any kind of
unmethylated cytosine conversion causes fragmentation to cfDNA samples, and the

availability of 300-bp long genomic material is different between those groups. This

17



fragmentation was further elucidated by comparing the average base pair lengths that
Femto Pulse registered for each sample.

Investigation uncovering the statistically significant difference (p=0.0044)
between base pair lengths found in bisulfite-converted cfDNA compared to enzymatically
converted cfDNA further allowed quantification of the extent by which the size of
cfDNA is impacted by bisulfite conversion. It is important to note that this study only
analyzed the top 25% lengths of base pairs found corresponding to the 75% percentile of
RFU values and beyond, so this difference may not be fully representative of the average
length of base pairs found in samples.

Methylation analyses, integral to our understanding of epigenetic mechanisms,
rely heavily on the accurate representation of DNA fragments to decipher methylation
patterns at specific genomic sites (Umer & Herceg, 2013). The disparities observed in
samples that underwent bisulfite conversion underscore the critical importance of
meticulously assessing the impact of conversion methods on cfDNA integrity when
interpreting methylation data. Moreover, common challenges encountered in sequencing,
such as uneven coverage and sequencing errors, further emphasize the pivotal role of
preserving cfDNA integrity for accurate downstream analysis. Addressing these
challenges requires a comprehensive understanding of the effects of different conversion
methods on DNA fragmentation, including potential sources of bias like bisulfite
conversion techniques explored in this study.

Researchers may believe this study’s data suggest that enzymatic conversion is
the best methylated cytosine converter for cfDNA; yet, it is pertinent to consider the

financial implications associated with each conversion kit, as this may significantly
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influence the selection of conversion method in both research and clinical settings. An
average Enzymatic Methyl-seq kit costs around $904 for 24 reactions or $3,394 for 96
reactions (Biolabs). On the other hand, a bisulfite-conversion kit through Zymo Research
costs $170.60 for 50 reactions, or $587.10 for 200 reactions (EZ DNA). While enzymatic
conversion may offer advantages in preserving longer DNA fragments, the higher
associated cost compared to bisulfite conversion could pose a barrier, particularly for
studies with limited budgets. For this reason, exploring cost-effective alternatives or
optimizations to mitigate financial constraints associated with enzymatic conversion is
essential for ensuring accessibility and affordability in research and clinical practice.
Laboratories must consider whether they value less cfDNA fragmentation or less
financial constraints when determining to use chemical or enzymatic cfDNA bisulfite
conversion methodologies. Oxford Nanopore sequencing strategies may also be a well
sought-after alternative to traditional bisulfite conversion technologies due to the
bypassing of chemical bisulfite conversion and recognition of methyl groups on DNA
during sequencing.

Future initiatives could include comparative studies evaluating fragmentation
post-sequencing using nanopore or [llumina platforms, given their potential differential
sensitivity to DNA fragmentation. Additionally, comparative analysis of fragmentation
patterns across various biological sources of DNA, such as neuronal, blood, and sperm
cfDNA, could yield valuable insights into the impact of tissue-specific factors on DNA
integrity. By addressing these considerations with meticulousness, we can advance our

understanding of epigenetic mechanisms and their implications in diverse biological
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contexts, ultimately contributing to advancements in both basic and translational research

endeavors.
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CONCLUSION

In choosing between enzymatic and bisulfite conversion methods, researchers
must carefully weigh the specific requirements of their study. While bisulfite conversion
1s widely employed for methylation studies, these results suggest potential drawbacks in
terms of DNA fragmentation. Enzymatic conversion, on the other hand, emerges as a
promising alternative for preserving DNA integrity, especially when longer fragments are
essential for downstream analyses.

Future investigations should explore how bisulfite conversion effects different
biological sources of cfDNA, such as blood. Additionally, exploring the impact of these
conversion methods on specific genomic regions of interest will provide more targeted
insights into their utility in the study of cytosine methylation.

This study suggests that enzymatically converted cfDNA maintain a higher mean
base pair length, indicating a potential advantage in preserving longer DNA fragments
compared to the bisulfite conversion technique. These findings underscore the
importance of methodological considerations in the study of cfDNA, offering valuable
insights for researchers seeking to optimize their experimental approaches and decrease

DNA fragmentation in methylation studies.
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