
Navigating the pitfalls of mapping DNA and RNA modifications

Yimeng Kong1, Edward A. Mead1, Gang Fang1,†

1.Department of Genetics and Genomic Sciences, Icahn School of Medicine at Mount Sinai, New 
York, NY, USA

Abstract

Chemical modifications to nucleic acids occur across the Kingdoms of life and carry important 

regulatory information. Reliable high-resolution mapping of these modifications is the foundation 

of functional and mechanistic studies. However, mapping technologies may have limitations that 

sometimes lead to inconsistent results. Some of these limitations are technical in nature and 

specific to certain types of technology. Here, however, we focus on common (yet not always 

widely-recognized) pitfalls that are shared among frequently-used mapping technologies and 

discuss strategies to help technology developers and users to mitigate their effects. While this 

review is focused primarily on DNA modifications, the pitfalls and navigation strategies we 

discussed are also applicable to the mapping of RNA modifications.

Introduction

The enzymatic deposition of covalent chemical modifications on nucleic acids mediate 

versatile and dynamic regulation of both DNA and RNA across the Kingdoms of life1–4, 

although the type and abundance of modifications varies among organisms. In mammalian 

genomes, 5-methylcytosine (5mC) is the most abundant form of DNA modification 

and, along with its less abundant derivatives that result from its active demethylation 

(5-hydroxymethylcytosine (5hmC), 5-carboxylcytosine (5caC), 5-formylcytosine (5fC)), it 

has important roles in development and human diseases5–7. In addition to 5mC, bacteria 

have two other forms of DNA methylation, N6-methyldeoxyadenosine (6mA) and N4-

methylcytosine (4mC), all of which have important functions in prokaryotic restriction-

modification systems [G] and cellular regulation4,8–12. Compared to DNA modifications, 

RNA modifications have greater diversity, with more than 170 distinct forms identified to 

date13–22. The functions of most RNA modifications have yet to be determined, but several, 

including N6-methyladenosine (m6A) and C5-methylcytidine (m5C), have been shown to 

have important roles in multiple biological processes in health and diseases3,14,23.

Although liquid chromatography with tandem mass spectrometry (LC-MS/MS) and 

antibody-based dot blotting are frequently used as quantification methods (Table 1), reliable 
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high-resolution mapping of modified sites is critical for understanding the mechanisms and 

determining their biological functions24,25. Many mapping methods have been developed 

based on either short-read next-generation sequencing (NGS) technologies or long-read 

sequencing (LRS) platforms (that is, single-molecule real time (SMRT)26,27 and nanopore 

sequencing28–31) (Table 1). NGS-based methods require pre-treatment or pre-labelling of the 

nucleic acid with antibodies, chemicals or enzymes before sequencing to enable modified 

and unmodified bases to be distinguished (Fig. 1a), whereas LRS-based methods can 

directly detect modified bases (Fig. 1b).

However, mapping technologies have limitations that reduce their specificity [G], sensitivity 

[G], or general applicability. These limitations can result in false positive [G] (FP) or false 

negative [G] (FN) modification calls and increase the false positive rate [G] (FPR) or false 

negative rate [G] (FNR), which are closely related to specificity (specificity=1-FPR) and 

sensitivity (sensitivity=1-FNR). Some of these limitations are shared among technologies. 

For example, methods that rely on chemical or enzymatic conversion of non-modified 

bases are generally prone to generate false positive calls32,33: the conversion process is not 

100% efficient and non-converted, non-modified bases will be called as modified bases. 

Despite the promise of LRS-based approaches for direct mapping of a diversity of DNA 

and RNA modifications8,13–19,34–36,37, they too have limitations in terms of sensitivity and 

specificity. These limitations are particularly problematic when mapping modifications with 

low abundance38,39 (Box 1) and can confound results and create confusion if they are not 

resolved or recognized during methods development, evaluation or application. A notable 

example is the conflicting results obtained for 5mC in mitochondrial DNA (mtDNA) using 

multiple different techniques. Several studies using whole genome bisulfite sequencing 

[G] (WGBS or BS-seq) reported extensive 5mC methylation in both CpG and non-CpG 

contexts in mtDNA across multiple species and various conditions40–42, but other studies 

suggested that mtDNA methylation levels had been overestimated owing to insufficient 

bisulfite conversion, read alignment biases and secondary structure of mtDNA43–46. A 

few recent studies performed rigorous method evaluation and reported extremely low or 

below background levels of 5mC in mtDNA45–48, calling into question the previously 

described functional roles of 5mC in mtDNA metabolism49–51. Likewise, functionally 

important 6mA was reported to be present in a few higher eukaryotes52–60, but other 

studies have cast doubt on these findings, suggesting that several confounding factors of 

the 6mA detection technologies might create a significant level of false positive calls, 

including potential antibody biases in antibody-based DNA immunoprecipitation sequencing 

[G] (DIP-seq) and bacterial contamination in LC-MS/MS38,61–63. A recent study took 

a quantitative metagenomic approach and reported that the vast majority of 6mA in 

multicellular eukaryotes might be due to bacterial contamination39. Similar concerns about 

false positive calls have been raised for other modifications, including 5hmC in different 

human cell types64–66 and 5mC at non-CpG sites67–71.

In this Review, we discuss issues that commonly arise with widely-used technologies for 

mapping nucleic acid modifications, focusing on those pitfalls that are less well recognized 

within the epigenetics and epigenomics research fields. We discuss problems relating to 

false positive calls, false negative calls, specificity and cross validation among different 
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technologies. We also suggest strategies to help method developers and users to navigate 

these pitfalls. Although this review is primarily focused on DNA modifications, the pitfalls 

and navigation strategies we discuss are also generally applicable to the mapping of RNA 

modifications. We do not attempt to comprehensively review the biological functions of 

DNA and RNA modifications or the technical details of specific technologies, for which we 

refer readers to a number of comprehensive Reviews8,10,13–20,22,32,34–37.

Sources of false positive mapping calls

For a given genome, because a vast number of nucleotide bases are analyzed, a certain 

number of false positive calls are hard to avoid due to background noise intrinsic to 

a technology and multiple hypothesis testing [G]. Without necessary adjustments, false 

positive detections of DNA and RNA modifications can greatly confound data interpretation 

and downstream functional studies, especially when the modification of interest is of low 

abundance (Box 1). In this section, we discuss pitfalls that can lead to false positive calls and 

provide a few strategies for navigation.

Experimental pitfalls

Chemical or enzymatic treatment.—For mapping technologies that involve chemical 

or enzymatic conversion, the pre-treatment of samples before sequencing can create 

false positives. For instance, insufficient bisulfite treatment in BS-seq can leave a small 

percentage of non-modified cytosines unconverted, which are then falsely detected as 

5mC in downstream BS-seq analysis32,33 (Fig. 2a). Over decades of optimization, the 

rate of incomplete conversion in BS-seq has been dramatically reduced. Morrison et 
al. benchmarked commonly used protocols for BS-seq library preparation protocols 

and demonstrated incomplete conversion can be as low as 0.5%72. This indicates the 

established BS-seq methods for mapping 5mC in mammalian genomes are generally 

reliable with relatively low false discovery rates [G] (FDR) because CpG methylation 

is highly abundant73,74. However, caution is required when mapping 5mC in regions of 

the mammalian genome containing less 5mC (such as non-CpG sites or mtDNA) or in 

species with very low abundance of 5mC in general67–70 (Box 1). Bisulfite sequencing 

has also been applied to the quantification and detection of m5C in RNA75–78. However, 

because RNA is single stranded and prone to phosphodiester backbone hydrolysis at 

high pH, reaction conditions for bisulfite treatment on RNA are less stringent75,79. Thus, 

unmodified cytosines on RNA have a tendency to be left non-converted, adding to 

false positive calls75,77,78. Another example is the detection of the RNA modification 

pseudouridine (Ψ). RNA labelling with N-cyclohexyl-N’-(2-morpholinoethyl)-carbodiimide 

metho-p-toluenesulfonate (CMC) can induce reverse transcriptase stalling, which facilitates 

Ψ detection80,81. However, recent studies raised caution that false positives may occur 

due to non-specific CMC binding to the non-Ψ sites, resulting in the low reproducibility 

between different studies82.

Similar caution also applies to restriction enzyme (RE) based mapping methods (RE-seq), 

which has been used in modification analysis of 6mA58,83, 5mC84, 5hmC85 and others86. 

For example, the 5hmC-sensitive restriction enzyme PvuRts1I has been reported to also cut 
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at sites of other cytosine modifications when present at a high concentration85, leading to 

false positives calls. For RNA modifications, enzymatic methods have been developed to 

detect m6A with the endoribonuclease MazF recognizing the ACA motif87,88. However, 

a recent study used modification-free RNA from in vitro transcription (IVT) as negative 

controls and assessed the specificity of MazF, highlighting its bias on uncharacterized motifs 

and RNA secondary structures89. Without solid calibration, the false positives caused by the 

non-specific activity of the enzyme can result in unreliable conclusions of m6A deposition 

and dynamics.

Antibody bias.—For DIP-seq and RNA immunoprecipitation sequencing [G] (RIP-seq), 

the non-specificity of antibodies is a source of confounding factors that can result in 

systematic false positives (Fig. 2b). Although commonly-used antibodies typically have 

hundreds (or even thousands) of fold higher affinity to the intended modification of interest 

than to unmodified bases, they can still have significant non-specific binding activities 

across the billions of bases in a large genome or transcriptome. For example, two studies 

reported that many antibodies for detecting DNA modifications (5mC, 5hmC, 5caC, 5fC 

and 6mA) tend to bind short tandem repeats due to the intrinsic and non-specific affinity 

of IgG-based antibodies, which can result in false positive peaks in DIP-seq analysis61,62. 

Similar caution for false positives is needed for antibody-based RIP-seq analysis, which 

is widely used in the mapping of N1-methyladenosine (m1A)90–93, m5C77,94,95 and 

m6A93,96–99 and several other RNA modifications15,18,37,100–103. Zhang et al. reported 

thousands of m6A-irrelevant peaks in unmethylated adenine-rich regions by RIP-seq with 

modification-free RNA from IVT89. Without proper negative controls, those false positive 

peaks can be seemingly reproducible between independent RNA samples or studies89. For 

N4-acetylcytidine (ac4C) RNA modification detection on human messenger RNA (mRNA), 

while an antibody-based method104 suggested broad genome-wide distribution, chemical 

conversion methods reported very low abundance105,106. This inconsistency raised a concern 

of antibody artifacts for this rare modification. Off-target antibody binding is not expected 

to have a big impact for DNA or RNA modifications with high abundance, but can result 

in a high FDR when the modification of interest has very low abundance (Box 1). For 

example, because 6mA has been reported to have very low levels (as low as ~0.0001% 

or undetectable) in most multicellular eukaryotes53,107–111, DIP-seq based 6mA calling is 

expected to have a high FDR. Indeed, it has been reported that the non-specific binding 

of anti-6mA antibodies to repetitive DNA can account for 50–99% of binding among the 

‘enriched’ regions by DIP-seq61, highlighting the importance of using matched IgG controls. 

On RNA, the antibody-dependent artifacts were reported to create false positive calls of 

m1A in 5′ untranslated regions (UTRs) because anti-m1A antibody can also bind mRNA 

cap structures112.

Contamination.—False positives can arise from different sources of contamination. For 

example, DNA extracted using standard protocols can contain residual RNAs113, which 

can confound NGS-based DNA sequencing and lead to false positive peaks in DIP-seq 

experiments, as shown in studies using anti-6mA62 and anti-5mC antibodies114,115. RNA 

contamination is remarkable for 6mA analysis because mRNA contains abundant m6A 

and also has a high affinity to anti-6mA antibodies62 (Fig. 2c). Another source of 
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contamination comes from exogenous contamination. For example, 5mC on nuclear DNA 

can confound studies that aim to specifically examine 5mC on mtDNA46,47. Another 

example is, residual levels of bacterial DNA contamination can also confound eukaryotic 

6mA studies39,61,62. Although the high levels of 6mA in bacterial genomic DNA (gDNA) 

do not directly contribute to 6mA mapping in a eukaryotic genome of interest, they can 

lead to overestimation of the global 6mA:A ratio, which can then confound analytical design 

and data interpretation (see Cross-validating modification calls). Similar cautions also apply 

to the RNA modification analysis. Because DNA is more stable than RNA, it is crucial to 

exclude DNA contamination at the beginning, otherwise the contaminated DNA, which may 

also be recognized by the same antibodies62 or chemicals116, can introduce false positives.

Sequencing depth.—False positives also arise during library preparation and sequencing. 

NGS-based approaches can introduce biases during PCR amplification117,118 that result in 

non-random sequencing depth throughout the genome and lead to potential false positive 

calls in methods that rely on accurate read mapping58,83, such as DIP-seq61, RIP-seq119, 

BS-seq67 and RE-based58,83 methods. When a modification of interest has low abundance, 

the FDR is expected to be high (Box 1). Although LRS of native DNA can avoid this 

PCR bias, some existing tools use arbitrary cut-offs that depend on sequencing depth to 

call modification events. For example, in SMRT sequencing, inter-pulse duration [G] (IPD) 

ratios have large variance at low sequencing depth11,107,120,121, and modification quality 

value [G] (QV, -log10 transformed p value) tends to get overestimated at high sequencing 

depth39,121 (Fig. 3a). In DIP-seq data, false positive peaks tend to be called at genomic 

regions with systematic bias (such as repetitive sequences)61, especially at high sequencing 

depth. Without rigorous FDR correction, an arbitrary cut-off on these metrics can cause 

systematic false positives. Similarly, the analysis of RIP-seq should also pay attention to the 

bias from sequencing depth and evaluate FDR.

Analytical pitfalls

Sequence variation.—Sequence variation in organisms with polyploid genomes and 

heteroplasmic [G] mtDNA poses a challenge to standard IPD-based analysis of SMRT 

sequencing data, which compares IPDs observed in the sequenced native DNA to their 

expected IPD values estimated from a reference genome using an in silico model11,27,120,121. 

Specifically, the expected IPD value for a base of interest is estimated based on the genome 

context around the base (from −10bp to +4bp, with which the SMRT DNA polymerase 

physically interacts) according to the input reference genome26,27, and does not capture 

sequence variation arising from the presence of multiple copies of the genome or mtDNA. 

Thus, the expected IPD value will be incorrect for any DNA molecules containing sequence 

variants (for example, a single nucleotide polymorphism, SNP), causing inaccurate IPD 

deviations not only for the nucleotide itself but also its flanking bases39,121 (Fig. 3b), leading 

to systematic false positives. The SMRT platform has also been tailored for direct RNA 

sequencing [G] by switching the standard DNA polymerase to a reverse transcriptase122. 

Although this approach has not been widely used, a slower kinetics (longer IPD) was 

observed for m6A containing template than a negative control sample. In this context, 

sequence variations such as RNA polymorphisms123, is also expected to create false 
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positives if in silico model based on the RNA sequences is developed for RNA modification 

detection in the future.

Base-calling errors in nanopore sequencing have been utilized to detect RNA modifications 

building on the general concept that increased error rates during base calling reflects 

the existence of certain RNA modifications124–129. To exclude sequencing errors that are 

independent from RNA modifications (for example, RNA polymorphisms123 or repetitive 

sequence errors130,131), these methods usually need matched controls free of RNA 

modification using IVT RNA. For RNA modifications with relatively high abundance and 

well characterized motifs, such as m6A in motif RRACH (R=A/G; H=A/C/U)20,132 or 

DRACH (D=A/G/U)21,89,97, in mRNAs, false positives can be minimized by a focused 

modification analysis at the motif sites. However, for modifications with low abundance 

identification and a lack of well-characterized motifs, additional care to evaluate false 

positive rate and FDR is needed (Box 1).

Confounding modifications.—Even when a technology can reliably detect a nucleic 

acid modification of interest in ground truth datasets, it does not necessarily mean that all 

the detected events in a real application are specifically this type of modification (Fig. 3c). 

For example, bisulfite conversion does not distinguish between 5mC and 5hmC, meaning 

the ‘candidates’ detected by BS-seq will be a mixture of these two modifications133,134. 

The DNA 6mA events captured by 6mA antibody-based DIP-seq also include reads of RNA 

origin, which could be cross-contaminated by highly abundant RNA m6A modifications62. 

The detection of 6mA and 4mC by SMRT-seq are usually based on a high IPD ratio 

signal on the base to be analyzed27. However, high IPD ratios can also be caused by 

5mC or by marks caused by DNA damages (such as 8-oxoguanine (8-oxoG) and 8-oxo-7,8-

dihydroadenine (8-oxoA))27,135.

The great diversity of RNA modifications poses significantly more challenges to mapping 

technologies in terms of distinguishing between different forms of RNA modifications. 

Among all RNA species, transfer RNAs (tRNAs) and ribosomal RNAs (rRNAs) are most 

abundant, and have a high diversity of chemical modifications17,136–140. Although mRNAs 

have multiple forms of modification such as m1A, m5C and m5hC, they are usually of 

low abundance compared to tRNA and rRNA. m6A, the most abundant form of mRNA 

modification accounts for 0.1%–0.6% of all adenosines in mammalian mRNA13,17,141,142. 

Some of the other forms of modifications have much lower abundance13,15,37,82, which 

pose great challenges for reliable mapping and highlight the need for methods evaluation 

across a wide range of abundances of a modification of interest (Box 1). For example, the 

m6A antibodies do not discriminate m6A and N6,2′-O-dimethyl-adenosine (m6Am). Earlier 

methods distinguished the two RNA modifications based on the unique deposition of m6Am 

specifically at the first encoded nucleotide adjacent to the 5’ cap in transcripts21,143. To 

overcome the mis-annotation between these two structurally similar modifications especially 

around 5′-UTR, a recent study used an in vitro demethylation reaction to selectively remove 

m6Am before antibody binding to more reliably detect m6A events144. New methods are 

needed to better separate the two structurally similar modifications.

Kong et al. Page 6

Nat Rev Genet. Author manuscript; available in PMC 2023 December 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Secondary structure.—LRS can better address read mapping at certain repetitive 

regions than short read sequencing, however DNA secondary structure [G] can affect 

SMRT DNA polymerase kinetics leading to increased IPD values independent of DNA 

modifications107,145 (Fig. 3d). For example, increased IPD ratios have been reported to exist 

for all four DNA bases in young L1 elements [G], a common repetitive DNA sequences 

in human, even in the whole genome amplified [G] (WGA, modification-free) samples, 

suggesting possible confounding secondary structures that influence the modification 

analysis in SMRT sequencing107. Nanopore sequencing is expected to be less affected by 

these factors because it does not rely on polymerase dynamics while the single-strand DNA 

(ssDNA) or RNA are ratcheted through the nanopore8,28–31. However, future research is 

needed to evaluate whether complex DNA structures such as G-quadraplex can be ratcheted 

through the commonly used nanopore. As discussed above, DIP-seq can also be confounded 

by DNA secondary structure in repetitive regions due to non-specific binding of antibody 

to DNA. In addition, single-stranded RNA is prone to form complex RNA secondary 

structures146–150, which can affect the affinity of antibodies, or the reactivity of chemicals 

or enzymes, in NGS-based approaches for detecting RNA modifications112,151, and can lead 

to systematic false positive or false negative calls. For example, RNA secondary structure 

has also been shown to affect the cleavage efficiency of RNA endoribonuclease MazF 

used for m6A mapping89. RNA secondary structure can also influence the detection of Ψ 
modifications because it can induce natural reverse transcriptase stalling, confounding the 

real termination induced by CMC-Ψ labelling82,152.

Variation in RNA abundance.—The abundance of different types of RNAs varies 

greatly, with rRNA, tRNA and mRNA accounting for 80–90%, 10–15% and 3–7% of the 

total RNA, respectively153. In addition, mRNA transcripts from different genes or different 

isoforms of the same genes can have a wide range of expression levels154,155. These 

abundance variations can influence the reliability of RNA modification detection due to 

differences in statistical power. For example, independent methods for mapping m5C usually 

have a high reproducibility for tRNA and rRNA, but not for other RNA species156. Another 

study reported that FDR for mapping Ψ on rRNA ranges from ~5% for highly expressed 

genes but increases to ~12.5% for lowly expressed genes80.

Minimizing false positive mapping calls

To help technology developers and users navigate the pitfalls reviewed above, we review and 

discuss a few strategies for rigorous experimental design and methods evaluation.

Matched negative controls

To identify and rule out various confounding factors, it is important to use matched 

negative control samples to evaluate false positives and FDR. These are critical for both 

commonly-used technologies and new methods development. For DIP-seq and RIP-seq, 

an IgG immunoprecipitated control, rather than input DNA or RNA, can help adjust for 

antibody non-specificity61. This is because non-specific IgG control can capture off-target 

binding due to the intrinsic affinity of IgG for short unmodified DNA repeats and reduce 

false positives61 (Fig. 4a). For biochemical and enzyme-based modifications, WGA DNA 
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and IVT RNA can help estimate non-conversion rates and FDR45,67,89,157. For example, 

unmethylated DNA, either WGA or spike in controls can help to adjust the bias in the 

BS-seq72 (incomplete cytosine conversion by sodium bisulfite), i.e. BS incubation length 

and temperatures during the sample preparation. This is particular important for the species 

with low abundance of 5mC or studies to detect 5mC at non-CpG sites67–70. Similarly, 

for SMRT sequencing and nanopore sequencing, it is critical to evaluate existing and 

new methods with WGA39,107,158 (Fig. 4b). It is also important to match the sequencing 

throughput of negative controls with samples of interest to avoid biases from sequencing 

depth and the statistical power for modification calling107. However, it should be noted 

that a limitation of WGA is that it does not capture the influences from confounding DNA 

modifications at the base under investigation or flanking bases. For RNA modification 

mapping, the negative controls, e.g. IVT RNA, also needs sophisticated design, in terms of 

sequence and expression diversity89,159,160. Another limitation of IVT RNAs is that they are 

completely modification free, hence they do not capture the confounding effect between 

different types of RNA modifications, and may not reliably calibrate the background 

noise that reflects real applications to native RNAs. To better support the specificity of 

modification detection, it is helpful to examine both wild type cells and cells that have 

genetic (knockout, knockdown, and/or over expression) or chemical perturbations affecting 

positive or negative regulators of the modification of interest (such as methyltransferases, 

demethylases, deaminases, synthases, indirect regulators, among others). Specifically, if 

the number of called modification events differs significantly upon genetic/chemical 

perturbation, it strengthens the argument for specificity of modification calling.

FDR evaluation

An important use of negative controls is to help estimate FDR associated with a set of 

called modification events. Whereas an FPR represents the probability that a false positive 

call is made among all the sites tested, an FDR informs on the probability of false positive 

calls among the detected modification events39,107,157,158. FDR, in contrast to FPR, depends 

on the true abundance of a modification of interest in a specific sample. For modifications 

with low abundance (such as 6mA in most eukaryotes62, 5hmC in most mammalian cell 

types64–66, and 5mC at non-CpG sites in most mammalian cell types67–70), the use of 

FDR can effectively capture the reliability of called modification events considering the 

very low number of true positive events existing in a sample (Box 1). For each cutoff 

on p-value (or fold change or other metric), an FDR can be calculated by comparing 

the number of detected modification events in a sample of interest versus a negative 

control107. The choice of a threshold to report detected modification events can then be 

reported along with an FDR39,107,157,158 (Fig. 4c). This strategy is more reliable than the 

use of an arbitrary cutoff on p-value that might seem to be ‘consistent’ with LC-MS/MS 

estimation, because DNA modification mapping and LC-MS/MS are not always directly 

comparable (see Cross-validating modification calls). For RNA modifications with relatively 

high abundance and well characterized motifs, such as m6A (motif RRACH or DRACH), 

false positives can be minimized by aggregated modification analysis at the motif sites. 

However, for modifications with low abundance and a lack of well-characterized motifs, 

extra caution is needed to avoid false positives (Box 1). A helpful approach is to combine the 

use of FDR evaluation and the examination of mutant cells with knockout of positive (e.g. 
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RNA methyltransferase3,20,132,142) or negative regulators (e.g. RNA demethylase3,20,132,142) 

of a certain RNA modification as critical controls.

Quantification model

As an alternative to FDR, a quantification model can be used to estimate the abundance 

of a modification of interest. This type of method (recently used to evaluate 5mC in 

mtDNA45 and 6mA in eukaryotes39) defines a set of features that captures the modified 

events in a genomic sample, and then trains a machine learning model across a number 

of positive and negative controls containing the modification at a wide range of abundance 

(Fig. 4d). The advantage of this strategy is that it can account for background noise within 

model training; because the model is trained to specifically differentiate between a large 

number of samples with different levels of modification, false positives are automatically 

considered as background noise39,45. For this strategy, it is important to use independent 

cross validation (such as LC-MS/MS) along with biological and technical replicates to 

ensure reliable evaluation and to avoid possible batch effects.

Sources of false negative mapping calls

While any technology is expected to miss a small percentage of modification events due 

to random chance, herein we focus on the discussion of false negative detections due to 

systematic biases. Sometimes this pitfall arises because certain existing technologies are 

powerful for detecting only a subset of DNA or RNA modifications. In other cases, false 

negative detections are made if there is systematic bias in sample preparation or data 

analyses.

Technology-intrinsic biases

Some techniques are more effective for detecting certain DNA and RNA modifications 

than others because of their intrinsic characteristics. For example, SMRT sequencing has 

stronger signal-to-noise ratios [G] for detecting 6mA and 4mC events than 5mC and 

5hmC27,121,161. The biophysical explanation is that 6mA and 4mC favor a cis conformation 

(methyl group facing into the DNA helix)162–164, which creates greater steric hindrance for 

DNA polymerase translocation, significantly influencing the IPD ratio, which is mostly 5–7 

for 6mA events and mostly 2–4 for the 4mC events27,39,107,121,164. By comparison, the trans 
confirmation favored by 5mC and 5hmC (with the methyl group facing outside the DNA 

helix) induces moderate IPD changes across multiple flanking bases around 5mC or 5hmC 

events27,164,165 (Fig. 5a). Thus, the ability of SMRT sequencing to reliably detect 6mA and 

4mC has empowered the rapidly developing field of bacterial epigenomics, it is not effective 

for the discovery of 5mC in bacterial genomes27,121,161. By contrast, nanopore sequencing 

has a better signal-to-noise ratio for 5mC than 6mA and 4mC158,166,167, while the ratios 

for 5mC events vary dramatically across different sequence contexts158 (Fig. 5b), although 

active development is underway to improve 5mC calling across more diverse sequence 

contexts158,168. Encouragingly, these technology-specific limitations can be addressed by 

biochemically pre-treating the DNA. For example, the conversion of 5mC and 5hmC 

to 5fC and 5caC164,165 by Ten-Eleven Translocation (TET) enzymes (e.g. TET-assisted 

pyridine borane sequencing (TAPS169,170)) (Fig. 5a), or selective labeling of 5mC or 5hmC 
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with specific chemicals (e.g. Biotin-S-S-5-hydroxymethyl-cytosine169–171), was shown to 

significantly enhance the signal-to-noise ratio in SMRT sequencing. For RNA sequencing, 

although the first attempt on SMRT platform had observed longer IPD ratio association with 

m6A by switching the standard DNA polymerase to a reverse transcriptase122, it has not 

been widely used for RNA modification detection. In contrast, the nanopore platform has 

been used increasingly for direct RNA sequencing. Several methods have been developed for 

the direct detection of various RNA modifications172,173 either based on sequencing error 

induced by certain RNA modifications124–128,174 or changes in electrical signal (ion current 

or dwell time) that reflect the existence of RNA modification events175–178.

Experimental biases

Systematic false negative detection can also occur when a sample is inappropriately treated 

during chemical or enzymatic modification before sequencing. For example, prolonged 

bisulfite treatment can lead to conversion of 5mC to U (read as T) and increased DNA 

degradation32,33, creating subsequent false negative 5mC events (Fig. 5c). For RNA m5C 

detection, in addition to biases from chemical or enzymatic treatment75,77,78, the tendency 

of RNA to naturally degrade179,180 may further contribute to false negative calls due to 

lost material and missing reads from low abundant transcripts. A similar concern for false 

negatives was raised in the detection of m1A RNA modification using the Dimroth reaction, 

which converts m1A to m6A to eliminate mis-incorporation and truncation patterns91,181. 

The severe alkaline condition in this process can cause significant RNA degradation and 

result in underestimation of m1A on RNA90,91,181,182. Restriction enzyme-based sequencing 

methods for detecting certain DNA modifications might also be prone to false negatives 

(Fig. 5d). For instance, the G6mATC-sensitive restriction enzyme DpnI has been reported 

to recognize the 6mA site in fully methylated C6mATC/G6mATG contexts after 12 hour 

incubation (in addition to G6mATC, the canonical DpnI motif), but this rarely happens 

within 30 minutes reaction time83. Hence, false negatives may occur at these methylation 

motifs [G] if the incubation time with DpnI is insufficient83,183,184. Similarly, other 

restriction enzymes may require careful analysis to minimize false negatives9,84,85,185.

Computational biases

A common strategy for mapping DNA modifications using SMRT and nanopore sequencing 

involves the training of a machine learning model across modified and unmodified bases 

(Fig. 5b). A series of methods have demonstrated the effective detection of 5mC by 

nanopore sequencing166,167,186–190. However, the models developed in these works were 

specifically based on training datasets with 5mC at CpG sites. Because of the diverse signal/

signatures of 5mC across different sequence contexts in nanopore sequencing158,168,178, 

these models specifically detect 5mCpG or a limited diversity of sequence contexts rather 

than 5mC generally (Fig. 5e). This largely explains why nanopore sequencing studies had 

not been used for de novo 5mC discovery in bacterial genomes, in which 5mC occurs across 

diverse sequence motifs8,158. Recognizing this limitation, a training dataset was generated 

from an assortment of bacterial species and a method developed that can systematically 

de novo detect these three primary forms of DNA methylation in bacterial genomes158. A 

couple of recent works specifically designed training datasets with 5mC at non-CpG sites, 

aimed at detecting 5mC in plants, where most 5mC events occur at non-CpG sites168,191,192. 
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For SMRT-seq, two recent studies reported new methods for 5mC detection using a 

convolutional neural network. Because the training datasets are 5mC events specifically 

from CpG sites193,194, it is unclear yet if they are generally applicable for detecting 5mC in 

broader sequence contexts.

Similarly, for RNA modification detection, machine learning models that can directly detect 

modifications without control samples177 have broader applicability because they are not 

limited to modifications that induce base-calling errors, but a general pitfall is that the 

training datasets may lack diversity and may not be broadly applicable for the detection 

of a certain form of modification. For example, the tool Nanom6A was trained with direct 

RNA-Seq data that contains 130 ‘RRACH’ motif sites for 6mA calling176,177. Considering 

the drastic variation of nanopore signal across different sequence contexts of the same 

modification type158,186,187, Nanom6A might be reliable specifically for the detection of 

m6A at ‘RRACH’ motif sites. More generally, machine learning models trained with 

datasets with a limited diversity of RNA contexts can also result in both false positive 

and negative calls195. It is encouraging that several recent studies have reported improved 

performance with machine learning models using extended training data covering more 

diverse combinations or positive training data extracted from in vivo generated datasets177.

Minimizing false negative mapping calls

Experimental workflow

For experiments that need prior antibody or chemical treatment, it is important to perform 

appropriate pre-treatments or labelling. Although commercial antibodies and chemicals are 

thoroughly evaluated with benchmark controls, careful biological and technical replicates 

are essential to minimize the risk of mistreatment of the real samples. One practical strategy 

is to include well-characterized positive controls as spike-ins along with DNA or RNA 

samples of interest157,169.

Model training

To ensure the broad applicability of modification detection by LRS-based approaches and 

to mitigate false negatives, more sophisticated training data is required that better represents 

the modifications of interest in a range of motifs and genome contexts158,191,192. The design 

of model training data also needs to consider practical application. For example, DNA with 

a primary nucleotide completely replaced by a modified base (for example, all cytosines 

replaced by 5mC via PCR) serve as great positive controls that represent highly diverse 

sequence contexts, and have been used in the development of enzyme-based mapping of 

DNA modifications157,183,184.

However, the close distances between the modified bases will result in increased and 

composite signal changes in SMRT and nanopore platforms that do not represent real-world 

applications in which the modified bases are farther apart from each other. For example, 

although the 169-kb modified T4 phage DNA with all cytosines replaced by 5hmC served 

as an excellent positive control in the development of ACE-seq157, its use in training SMRT 

or nanopore models should be avoided because the densely–packed 5hmC events does not 
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represent the real distribution of 5hmC in mammalian genomes and therefore generates an 

over-estimated signal-to-noise ratio34,101,157,196,197.

Recent studies have started to use large scale synthesis of modified bases in oligos with 

random sequence contexts160. Although this approach aims to directly address the generally 

applicability of model training, the importance of modification abundance needs to be 

considered when using these oligos. A trained model that works reliably on test data with 

highly abundant modifications can be associated with a high FDR when the model is applied 

to a real genome in which the modification has much lower abundance (Box 1). Therefore, 

predictive models trained using synthetic oligos need to be evaluated (especially for FDR) 

across a wide range of abundance of the modification of interest.

Cross-validating modification calls

While a single technology may have bias, data can be validated by comparing it with 

calls generated by an independent orthogonal approach15,37. For example, BS-seq and 

nanopore sequencing have been used to cross-validate accurate 5mC profiles64,134,189. To 

cross validate 6mA events across C. reinhardtii genome, Fu et al. used both antibody-based 

DIP-seq and RE-seq (based on 6mA sensitive restriction enzymes) and highlight genomic 

regions enriched for 6mA events consistent between the two technologies58,83. Given the 

high sensitivity and specificity of LC-MS/MS, it is often used alongside mapping methods 

as the gold standard for quantifying DNA and RNA modifications63,108,109,198. However, 

various confounding factors mean that not all methods reliably cross-validate each other.

Navigating confounding factors

As a first step in determining appropriate cross-validating techniques, each individual 

technology should be evaluated for sources and frequency of false positives and false 

negatives, which should be minimized using matched negative controls and thorough FDR 

evaluation of the selected cutoff, along with other relevant strategies discussed above. 

Technologies that depend on the same reagents (for example, antibodies) or materials should 

be avoided for cross-validation purposes, if possible. For example, dot blotting, DIP-seq 

and immunohistochemistry staining all rely on antibodies that target the modification of 

interest, and data analysis will be confounded by shared biases intrinsic to the antibodies: 

non-specific binding to unmodified bases (for example, in AT rich regions for anti-6mA or 

anti-m6A antibodies)61,89,199 (Fig. 2b); inability to distinguish between distinct but similar 

modification types (for example, DNA 6mA and RNA m6A for anti-6mA antibodies)62 

(Fig. 2c); and the high affinity of IgG to repetitive DNA sequences that tend to form non-

canonical DNA secondary structures61 (Fig. 2b). Thus, it is more reliable to cross-validate 

results using methods that do not rely on the same reagent. If this is unavoidable, consider 

using reagents from different sources, for example, antibodies from different brands and 

vendors199,200.

Even if two technologies do not use the same reagents or materials, they can sometimes 

be confounded by factors that affect the results of both technologies. For example, DNA 

secondary structure can independently cause false positive calls for 5mC and 6mA in both 

DIP-seq and SMRT-seq. In DIP-seq, the IgG-based 5mC or 6mA antibody has non-specific 
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affinity to the DNA secondary structures associated with repetitive genomic regions61 (Fig. 

2b); in SMRT-seq, non-specific increases in IPD signals are associated with slower DNA 

synthesis through genomic regions with complex secondary structures107,145 (Fig. 3d). 

Therefore, although certain 5mC or 6mA calls made in a repetitive region may be shared 

between two seemingly independent technologies, they may still be false positives and an 

additional technique will be necessary to cross-validate the results.

Similarly, cross validation of results between quantification methods should account for 

the possibility of confounding owing to exogenous contaminants38,39,61. For example, if a 

gDNA sample is contaminated by exogenous DNA containing a modification of interest, 

both dot blotting and LC-MS/MS are expected to overestimate its abundance because neither 

technology distinguishes the source of the modification39,62 (Fig. 4c). For example, it was 

recently demonstrated for 6mA in multicellular eukaryotes that even a residual amount of 

bacterial contamination in the gDNA sample can contribute the vast majority of the detected 

6mA39,62. Key to this result was a recently developed tool called 6mASCOPE, which took 

a quantitative metagenomic approach to deconvolve the 6mA results from a genomic DNA 

sample into different sources, including potential bacterial contamination. Thus, LC/MS-MS 

and 6mASCOPE together provide more reliable cross-validation of quantification data, 

which is specific to the genome of interest and robust to contaminants39.

Finally, sequencing-based 6mA mapping data for many eukaryotic organisms has been 

widely cross-validated with LC-MS/MS52–54,56,59,201. However, this cross-validation 

approach can have important consequences that are not readily apparent. Sometimes, 

mapping methods use an arbitrary cut-off to call modifications; for example, IPD ratio 

and/or QV for SMRT sequencing, or an adjusted p-value for DIP-seq. These cutoffs 

represent a certain confidence in the set of modification events detected39,121. However, 

the total number of called events will depend on the cut-offs used, which can be very 

subjective depending on the goal of the study (Fig. 3a; 4c). Importantly, for this reason, these 

called events are often not directly comparable with absolute quantification of a modification 

of interest by LC-MS/MS, particularly when partial modifications (that is, a given site is 

not modified in all cases) are not directly factored into the comparison. Thus, it is usually 

not reliable to adjust the cutoff of the mapping methods to make the number of called 

modifications ‘consistent’ with the LC-MS/MS estimation.

Implementing navigation strategies

In practice, different strategies need to be properly integrated depending on the 

characteristics of a specific form of DNA modification and the goal of a specific application. 

In this section, we will provide a perspective on how to implement these strategies to map a 

list of DNA and RNA modifications (Table 2).

Caution for early adaption of emerging technologies.—Most technologies have 

intrinsic biases that result in false positive and/or false negative calls, especially 

before comprehensively thorough evaluation has been performed for mapping a certain 

modification. For example, SMRT-seq was initially designed specifically for mapping 

prokaryotic DNA methylation (especially 6mA and 4mC), which are not only highly 
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abundant, but also strongly associated with well-defined motifs8,11. Because these two 

unique characteristics are not shared by most eukaryotes, previous informatics tools 

for SMRT sequencing were fundamentally not ready yet for mapping 6mA or 4mC 

in eukaryotes8,107. Therefore, premature adaption of SMRT-seq for 6mA mapping in 

eukaryotes may have confounded a few early studies that reported highly abundant 6mA in 

eukaryotes10,38,54,107. Similarly, nanopore sequencing was initially developed for mapping 

5mC specifically at CpG sites in humans167,189. Although a few studies adapted it for 

mapping 5mC and 6mA in bacteria166,186–188,191, the previous methods were not able to 

reliably resolve the bacterial methylomes with very diverse methylation motifs4,9,86. This 

challenge was later addressed by development of a new method that can effectively handle 

the drastic differences in nanopore signal across different sequence contexts even for the 

same modification type158. Without comprehensive evaluation prior to cross validation, early 

adaptation of emerging technologies that are still under active development can be exciting 

but comes with risk.

Modifications with high abundance.—If a modification of interest is of high 

abundance in a genome, mapping technologies are expected to have low FDR in general 

(Box1). If the modification is also enriched at certain sequence contexts, confirmative motif 

enrichment analysis along with focused interpretation of individual modification events 

at motif sites can help enhance the specificity of mapped events8,39,120,158,161. This is 

applicable to the mapping 6mA, 4mC and 5mC in most prokaryotes8,158, 6mA mapping 

in certain protozoans57,58,83,202203, 5mC mapping in mammalian genomes73,74 as well as 

mapping the abundant m6A in mammalian mRNAs20,132. Several mapping methods have 

been developed both for NGS32,33,196 and LRS platforms120,158,166,167. In particular, SMRT 

and nanopore sequencing platforms can support de novo motif discovery from prokaryotes, 

even with moderate sequencing depth, as discussed in recent studies8,11,12,158. However, 

mapping individual 6mA, 4mC and 5mC events in bacteria is currently challenging using 

nanopore sequencing, due to the drastic variations of signals across different sequence 

contexts158.

Besides the golden standard BS-seq for 5mC mapping in eukaryotes, other methods are 

seeking to use bisulfite-free treatment to avoid the shortcomings of bisulfite treatment. 

For example, enzymatic Methyl-seq (EM-seq) uses ten-eleven translocation dioxygenase 

2 (TET2) and T4 phage β-glucosyltranferase (T4-βGT) to protect 5mC and 5hmC, and 

deaminates the unmodified C into U (read as T) by APOBEC3A204. Compared to BS-seq, 

the non-destructive EM-seq has better yield, longer reads, and more evenly distributed 

genomic coverage when applying to both NGS72,204 and LRS205. In Arabidopsis, EM-seq 

showed more accurate non-CpG estimation due to its lower background noise than BS-

seq206.

Multiple tools for nanopore-seq based 5mC mapping at CpG sites were compared in a 

study by Liu et al.134, which provide a great roadmap in the choice and integration of 

different methods for mapping. This study also reported that the discrepancy between 5mC 

mapping by nanopore sequencing and BS-seq are partially explained by 5hmC events, which 

motivates the further development of new methods that may help distinguish 5hmC from 

5mC by nanopore sequencing134. The machine learning models in most existing tools for 
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nanopore based mapping of 5mC were mainly trained with 5mC events in CpG sites or a 

limited number of other motifs166,167,186–190. Because 5mC events at non-CpG sites usually 

have much lower abundance than at CpG sites, it is important to use negative controls and 

perform rigorous FDR evaluation specifically for non-CpG sites (Box 1). Also, given the 

large variation of signal-to-noise ratio in nanopore sequencing across different sequence 

contexts, further model training at diverse sequence contexts is necessary to increase 

accuracy and avoid false negatives. Encouragingly, some recent studies have developed 

methods for specifically mapping 5mC at non-CpG sites in bacteria and plants158,168.

Similarly, for SMRT-seq, the current tools for 5mC mapping in mammalian genomes are 

specifically trained for CpG sites193,194, and additional methods development is needed 

for 5mC mapping at more diverse sequence contexts. In addition, because the polymerase 

kinetics in SMRT sequencing not only depend on chemical modifications to DNA, but also 

DNA secondary structure107,145, which tend to cause false positive calls (e.g. in genomic 

regions with complex repeats) (Fig. 4b). Negative controls and rigorous FDR analysis 

specifically for repetitive regions can help avoid false positives (Fig. 4). It is still unclear 

yet if DNA secondary structure also affects ion current [G] in nanopore sequencing207; if 

so, similar caution may also be helpful for nanopore sequencing based mapping of 5mC at 

highly repetitive regions.

Modifications with low abundance.—If a modification of interest has low abundance 

in a genome, great cautions are needed for false positives (Box 1). The abundance 

of 6mA in multicellular eukaryotes is mostly very low, from 0.1% to 0.0001%, or 

undetectable53,107–111,208. LC-MS/MS or dot blotting needs to be interpreted with caution 

for possible bacterial contamination39,61,62. LC-MS/MS coupled with 6mASCOPE is 

recommended as the first step to quantitatively deconvolve the total 6mA events into 

different species of interest and sources of contamination39. SMRT-seq has high signal-

to-noise ratios for 6mA events, robust IPD signatures across different sequence contexts 

and independent calling of the four primary DNA nucleotides10,12,27. Although nanopore 

sequencing has been used to systematically detect 6mA motifs in bacteria158, it is unclear 

if it is reliable for mapping individual 6mA events in eukaryotes with very low levels 

of 6mA. To minimize false positives, matched negative controls along with FDR analysis 

across a wide range of 6mA abundance are critical to adjust for various confounding 

factors (Fig. 4). Before functional investigation of individual 6mA events, cross validation 

by independent technologies (e.g. restriction enzyme based58,83 and DIP-seq61) should be 

used while recognizing the possibly hidden confounding factors such as DNA secondary 

structure61,145 (Fig. 3d), and other types of DNA modifications38,164 (Fig. 3c). Finally, 

it is better to combine the above sequencing-based strategies with in vitro (treatment by 

exogenous methyltransferases) and in vivo (genetic manipulation of putative endogenous 

methyltransferases) experimental validation to enhance the specificity of 6mA mapping in 

multicellular eukaryotes10,209,210.

4mC has been largely considered as absent in eukaryotes25,38,111. Only recently, 4mC was 

reported to be present in eukaryotic bdelloid rotifers, in which a 4mC methyltransferase was 

also identified211. Because 4mC is abundant in certain bacterial species9, further validation 
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by additional studies and independent technologies are needed to assess the impact of 

bacterial contamination38,39, and evaluate FDR as described above for 6mA (Box 1).

5hmC/5fC/5caC generally have much lower abundance than 5mC in most mammalian cell 

types6,34,66,196,197,212,213. As a stable epigenetic modification, 5hmC is present at 1–10% of 

the level of 5mC depending on the cell types: abundant in early embryo development and 

brain cells, but much lower in other cell types6,34,66,196,197. The abundance of 5fC and 5caC 

is orders of magnitude lower than 5hmC6,34,66,196,197,213,214. As a result, the same cautions 

should be taken as the analysis of low-abundant 6mA or 4mC in eukaryotes to assess 

FDRs in methods development and applications (Box 1). A number of methods have been 

developed for mapping 5hmC/5fC/5caC with NGS methods based on antibody, chemistry or 

restriction enzymes treatment85,212–219 220. For in-depth review of these methods, we refer 

the readers to previous comprehensive reviews37,103,196,221. For SMRT-seq, 5hmC has a 

slightly better signal-to-noise ratio than 5mC, while signal-to-noise ratios for 5fC and 5caC 

events are much higher than 5mC and 5hmC121,164,165. However, it is more challenging to 

detect 5hmC, 5fC and 5caC due to their much lower abundance than 5mC (Box 1), and 

it is important to use negative controls and perform FDR evaluation across a wide range 

of 5hmC abundance. For nanopore sequencing, Laszlo et al. first showed 5hmC generally 

has a decreased current signal relative to C, which suggest that 5mC and 5hmC might 

be discriminated30. Wescoe et al. further showed that nanopore sequencing was able to 

discriminate among five cytosine variants in DNA with different ionic current traces222. 

Although the discrimination accuracies ranged from 92 to 98%, these two studies only 

examined signals associated with 5mC and 5hmC events in very few specific sequence 

context30,222. Considering the influence of sequence contexts on current signal of the same 

modification types, it is unclear if 5mC/5hmC/5fC/5caC are generally distinguishable across 

the complex mammalian genomes. Similar to SMRT-seq, 5hmC/5fC/5caC mapping using 

nanopore sequencing is more challenging due to their much lower abundance than 5mC 

(Box 1), and it is critical to evaluate existing and future methods with matched negative 

controls and FDRs across a wide range of 5hmC/5fC/5caC abundances.

The great diversity of RNA modifications, especially those of low abundance, poses 

significant challenges to mapping technologies. Compared to tRNA (~20% nucleotides 

modified, >50 unique forms of modifications17,136,137) and rRNA (~2% nucleotides 

modified; dominant by 2’-OMe and Ψ138–140), mRNA has more diverse forms of RNA 

modification but most modifications have less abundance than those on tRNA and 

rRNA13,15,37,82. The most abundant form of mammalian mRNA modification, m6A, 

only accounts for 0.1%–0.6% of all adenosines13,17,141,142. Some other forms of mRNA 

modification have even lower abundance13,15,37,82. To study these RNA modifications with 

low abundance, it is critical to evaluate existing and future methods with proper negative 

controls and FDRs across a wide range of modification abundances. In addition, for specific 

study of mRNA modifications, it is a good practice to use thorough rRNA and tRNA 

removal, given the lower abundance of mRNA among total RNA (3–7%)153. For example, 

rRNA contamination was thought to reduce the data covered in mRNA and bring false 

negative when mapping m1A in human mRNA91,182.
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Although the nanopore platform has been used increasingly for direct mapping of RNA 

modifications172,173, most methods are focused on the mapping of m6A124–128,174–178. 

Some recent studies attempted to map less abundant RNA modifications, such as Ψ174 and 

m5C223, but comprehensive assessment of FDR across a wide range of abundance is needed. 

Considering the high diversity of RNA modifications and drastic variation of nanopore 

signal across different sequence contexts158,186,187, it is worth noting that sequencing 

errors124–128,174 or changes in electrical signal175–178 should not be directly interpreted 

as a specific form of RNA modification without comprehensive assessment of sensitivity and 

specificity.

For DNA or RNA modifications that are very rare in their abundance, even with the best 

experimental approach, errors may still arise. One example is the early published 6mA 

studies, which, despite comprehensive cross-validations, still reported largely false positives 

as demonstrated in later work38,61,62. Essentially, cross validation between independent 

technologies and reproducibility between independent studies are not substitutes for 

well-controlled experiments. Each new study should ensure the use of well-controlled 

experiments before cross validation and comparative analyses with previous studies. Science 

is difficult and sometimes mistakes need to be made along the path to discovering the right 

answers. Among the lessons learned from the pursuit of accurate modification detection, 

rigorous cross validation design can minimize the chance for errors and increase the chance 

for making more reliable findings.

Conclusions

The study of epigenomes and epitranscriptomes has been revolutionized by the introduction 

of technologies capable of detecting DNA and RNA modifications at a genome-wide scale. 

Application of these new technologies has led to a greater appreciation of the diversity and 

functional importance of dynamic regulation at the DNA and RNA level beyond the primary 

nucleotides. Broad applications of these technologies in both basic science and biomedical 

research have highlighted very promising applications that have translational impacts. We 

have reviewed several pitfalls in the development and use of different technologies for 

mapping DNA and RNA modifications and discussed strategies to mitigate their effects. We 

have focused on nucleic acid modifications that are catalyzed by enzymes, but the strategies 

we discussed also apply to other modifications such as damages, which are caused by 

endogenous or exogenous stresses224–226. In addition, while we have focused on natural and 

endogenous DNA and RNA modifications [G], it is worth highlighting that these mapping 

technologies are also applicable for detecting exogenous DNA and RNA modifications 

[G] that are increasingly used as markers to probe functional elements such as chromatin 

accessibility227–230, protein-DNA binding231 and RNA structures232. With active method 

development for mapping both endogenous and exogenous DNA and RNA modifications, 

researchers will be better equipped to probe the previously hidden epigenetic mechanisms at 

the DNA and RNA level across the Kingdoms of life.
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Glossary

Restriction-modification system
(R-M system). Rudimentary immune system found in bacteria and other prokaryotic 

organisms, which provides a defense against foreign DNA. It includes restriction enzyme 

(R), which cuts specific unmethylated DNA sequences, and the methyltransferase (M), 

which protects the same DNA sequences

Sensitivity
A mathematical concept describing probability of a positive test conditioned on truly being 

positive. Also known as recall or true positive rate. In the context of mapping DNA or RNA 

modifications, it refers to the probability of truly modified events successfully detected as 

modification by a mapping method

Specificity
A mathematical concept describing probability of a negative test conditioned on truly being 

negative. Also known as true negative rate. Specificity =1-FPR. In the context of mapping 

DNA or RNA modifications, it refers to the probability that a modified event detected by a 

mapping method truly belongs to the modified type of interest

False positive
(FP). A mathematical concept that a test result incorrectly indicates the presence of a 

condition. In the context of mapping DNA or RNA modifications, FP refers to the case when 

base is called as modified even though it is not, or a specific modification type of interest is 

called from a different type of modification

False negative
(FN). A mathematical concept that a test result incorrectly indicates the absence of a 

condition. In the context of mapping DNA or RNA modifications, it means an authentic 

modification event of interest classified as either unmodified or a different type of 

modification

False positive rate
(FPR). A mathematical concept indicating the probability of making false positive calls 

with a particular test. In the context of mapping DNA or RNA modifications, it means the 

proportion of false positive modification calls among unmodified bases (or modified bases 

of other types) by a mapping method

False negative rate
(FNR). A mathematical concept indicating the probability of false negative for a particular 

test. In the context of mapping DNA or RNA modifications, it means the proportion of false 

negative calls among all the authentic modifications of interest by a mapping method

Bisulfite sequencing
(BS-seq). The treatment of DNA with bisulfite chemically converts unmethylated cytosines 

(C) to uracils (U), which is sequenced as thymine (T), while leaving methylated cytosines 

intact. The methylated base can then be identified by sequencing the bisulfite treated DNA
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DNA immunoprecipitation sequencing
(DIP). A method to enrich and sequence DNA fragments containing specific methylation 

via immunoprecipitation. Specific antibody targeting DNA modifications of interest is 

incubated with fragmented genomic DNA and precipitated, followed by DNA purification 

and sequencing

Multiple hypothesis testing
In statistics, the multiple testing problem occurs when one considers a set of statistical 

inferences simultaneously based on the observed values. The more inferences are made, the 

more likely erroneous inferences become

False discovery rate
(FDR). A mathematical concept indicating the expected ratio of the number of false positive 

classifications to the total number of positive classifications. In the context of mapping DNA 

or RNA modifications, it refers to the probability of false positive calls among the detected 

modification events by a mapping method

RNA immunoprecipitation sequencing
(RIP). A method to enrich and sequence RNA fragments containing specific methylation 

via immunoprecipitation. Specific antibody targeting RNA modification of interest is 

incubated with RNA and precipitated, followed by RNA purification, reverse transcription 

and sequencing

Inter-pulse duration ratio
(IPD ratio). The deviation of an observed IPD (the time length between emission 

pulses associated with base incorporation events) from the expected IPD associated with 

modification-free DNA with the same flanking sequence context. The IPD ratio reflects the 

presence of a chemical modification of a nucleotide or its neighboring nucleotides

Modification quality value
(QV). −log10 transformed p value. In SMRT sequencing, QV describes the significance of 

the observed IPDs deviation from the expected level (free of modification)

Heteroplasmic
The presence of more than one type of organellar genome (mitochondrial DNA or plastid 

DNA) within a cell or individual

Direct RNA sequencing
The technology to sequence RNA nucleotides via direct interrogation of the original RNA 

strands, without reverse transcription, on the sequencer

DNA secondary structure
In most cases, DNA secondary structures consists of two polynucleotide chains wrapped 

around one another to form a double helix in a way referred as the canonical B-form. 

However, across different conditions, some sequence contexts tend to deviate from the 

B-form via 3D rearrangement of the two polynucleotide chains. Some examples are Z-DNA, 

cruciform, triplex, G-quadraplex, etc
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L1 elements
Class I transposable elements of the long interspersed nuclear elements (LINEs). Also 

known as LINE-1 or L1 elements. L1s comprise approximately 17% of the human genome

Whole genome amplification
(WGA). The method to amplify the entire genome by random primers. Alternatively, it can 

be achieved with PCR using specific primers after transposon-based insertion of defined 

sequence. It usually starts with nanograms of DNA and results in micrograms of amplified 

products. The amplified DNA is essentially free of DNA modifications and can be used as a 

negative control

Signal-to-noise ratio
(SNR) is a measure that compares the level of a desired signal to the level of background 

noise. In the context of mapping DNA/RNA modifications, SNR refers to the signal of 

certain type of modification in a sequencing technology compared to background signal 

variation across unmodified bases or other modification types

Methylation motif
A short sequence pattern (usually 2bp~10bp) that are enriched for a certain type of DNA or 

RNA methylation events in an organism, which is often driven by the recognition preference 

of DNA or RNA methyltransferases. For example, nearly >95% of adenines at GATC 

sites are methylated (6mA) in gamma-proteobacteria, >80% of cytosines at CpG sites are 

methylated (5mC) in the human genome

Current (pA)
The ionic current flowing through a nanopore during nanopore sequencing. pA depends 

on the nucleotides occupying the constriction point. Chemical modifications to certain 

nucleotides can create variations in pA values, which is the foundation of modification 

detection in nanopore sequencing

Endogenous DNA and RNA modifications
DNA and RNA modifications generated during the endogenous metabolic processes in 

living organisms, usually catalyzed by certain enzymes within the cells

Exogenous DNA and RNA modifications
DNA and RNA modifications formed by exogenous factors that originated from outside 

the cells. For example, exogenous DNA modifications can be external modified nucleotides 

randomly incorporated during DNA replication, or directly catalyzed by exogenous DNA 

methyltransferases in vitro or in vivo
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Box 1:

The importance of modification abundance.

The abundance of a DNA or RNA modification in a sample of interest is an essential 

consideration for experimental design and data interpretation, both during method 

development and for evaluation of the techniques reviewed here. According to the 

formula FDR = Nfp/(Ntp + Nfp), where Ntp, is the number of truly modified events in 

a sample of interest and Nfp, is the number of false positive calls made from a sample of 

interest (intrinsic to a mapping method), then when the modification of interest is highly 

abundant in a genome of interest a relatively small number of false positives is associated 

with a low false discovery rate as Ntp >> Nfp. In such cases (represented by g3 in the 

figure), false positive calls are not expected to have a major influence in downstream 

data interpretation. However, when the modification of interest is of low abundance in the 

genome (Ntp ~ Nfp or Ntp << Nfp), the same number of false positive calls will result in 

a much higher false discovery rate, FDR = Nfp/(Ntp + Nfp). In such cases (represented 

by g1 and g2 in the figure), without rigorous evaluation for FDR, false positive calls 

can greatly confound data interpretation and downstream functional studies. This raises 

cautions in the mapping of DNA or RNA modifications that are of very low abundance.
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Figure 1. DNA/RNA modification mapping methods based on next generation sequencing and 
long read sequencing technologies.
a. Next generation sequencing (NGS)-based methods require pre-treatment or pre-labelling 

of the nucleic acid with antibodies (left), restriction enzymes (middle) or chemicals (right) 

before sequencing, so that modified and unmodified bases to be distinguished during the 

NGS sequencing.

b. Long read sequencing (LRS)-based methods can directly detect modified bases. Left, 

for SMRT sequencing, a DNA polymerase (or reverse transcriptase) is bound within the 

zero-mode waveguide (ZMW). When dNTP is incorporated at the polymerase active site, 

it will emit a fluorescent pulse in the corresponding color channel. The order of pulses 

provides the read sequence and inter-pulse duration between base incorporation events 
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indicate the presence of a covalent modification in the template DNA/RNA. Right, for 

nanopore sequencing, it relies on engineered biological nanopores embedded in a lipid 

membrane to sequence single-stranded DNA (ssDNA) or RNA. The ionic current measured 

as DNA or RNA gets sequenced through the nanopore depends on the precise set of 

nucleotides occupying the constriction point. Modified nucleotides in the ssDNA or RNA 

introduce distinct current patterns, making it possible to detect the existence of modified 

bases relative to non-modified nucleotides.
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Figure 2. Overview of experimental pitfalls that can lead to false positive calls of DNA/RNA 
modifications.
a. Insufficient bisulfite (BS) treatment in BS-seq can leave a small percentage of non-

modified cytosines unconverted, which are then falsely called as 5-methylcytosine (5mC) in 

downstream BS-seq data analysis. FP, false positive.

b. The non-specificity of antibodies in DNA immunoprecipitation sequencing (DIP-seq) or 

RNA immunoprecipitation sequencing (RIP-seq) can result in systematic false positive calls 

at unmodified bases, modified bases that are not the form of interest, or repetitive sequences 

with DNA secondary structure. 6mA, N6-methyldeoxyadenosine. Ref., Reference genome.

c. Certain mRNAs contamination through standard DNA extraction protocols may confound 

next generation sequencing (NGS) DNA sequencing and lead to false positive peaks in 

DIP-seq.
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Figure 3. Overview of analytical pitfalls that can lead to false positive calls of DNA/RNA 
modifications.
a. For single-molecule, real-time sequencing (SMRT-seq), false positives (FP) can arise in 

methylation free whole genome amplification (WGA) sample, especially at high sequencing 

depth, because standard tools are based on fixed threshold on modification quality value 

(QV, −log10 transformed p value). Ref., Reference genome

b. Reference heterogeneity, such as single nucleotide polymorphisms (SNPs), can lead to 

overestimation of inter-pulse duration (IPD) ratios, resulting in false positives in SMRT-seq.

c. In SMRT-seq, modifications other than the one of interest (such as DNA damage) 

can affect IPD ratio on neighboring bases (in this case, adenine) and result in false 

positives. Other sequencing platforms and mapping methods also face similar challenges 

of confounding modifications.

d. DNA secondary structure may affect DNA polymerase kinetics and create false positive 

modifications in the flanking neighborhood by SMRT-seq. NGS and nanopore sequencing 

may also face similar challenges. In addition, single-stranded RNA is prone to form complex 

RNA secondary structures, which can confound both NGS- and LRS-based methods for 

detecting RNA modification.
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Figure 4. Mitigating false positive mapping calls of DNA and RNA modifications
a. For DIP-seq and RIP-seq, an IgG immunoprecipitated control can help adjust for non-

specificity of antibodies and reduce false positive calls.

b. For SMRT sequencing, a whole genome amplification (WGA) control help evaluate the 

false positive calls due to the abnormal DNA polymerase (or RNA reverse transcriptase) 

kinetics. For example, systematic reduction in kinetics can be due to the secondary 

structures that can confound the detection of DNA modifications.

c. For most sequencing methods, it is more reliable to use FDR than the use of an arbitrary 

cutoff (e.g. p-value or IPD ratio, etc), even though a cutoff might seem to be ‘consistent’ 

with LC-MS/MS estimation.
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d. A quantification model can be used to estimate the abundance of a DNA or RNA 

modification of interest. The machine learning model is trained with features across a 

number of positive and negative controls containing the modification at a wide range of 

abundance. For prediction, the machine learning model can predict modification level along 

with a confidence interval.
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Figure 5. Overview of pitfalls that can lead to false negative calls of DNA modifications.
a. An individual technique is often more effective for detecting certain forms of DNA 

modifications than others. For example, single-molecule, real-time sequencing (SMRT) 

sequencing has stronger signal-to-noise ratios for 6mA and 4mC events than 5mC and 

5hmC. The signal-to-noise ratios of 5mC and 5hmC can be enhanced by converting 

5mC and 5hmC to 5fC and 5caC using the Ten-Eleven Translocation (TET) enzyme. 

5CaC, 5-carboxylcytosine; 5fC, 5-formylcytosine; 5mC, 5-methylcytosine; 5hmC, 5-

hydroxymethylcytosine; 4mC, N4-methylcytosine; 6mA, N6-methyladenine; N, unmodified 

bases.

b. In nanopore sequencing, the signal-to-noise ratio can have drastic variations across 

different sequence contexts (or motifs), even for the same form of DNA modification, as 

shown with schematic t-distributed stochastic neighbor embedding (t-SNE) map.

c. Prolonged bisulfite treatment can lead to increased conversion of 5mC to Uracil (U, which 

will be read as T in sequencing) and increased DNA degradation. Both processes can result 

in false negatives (FNs).

d. False negatives can arise when certain genomic sequence motifs targeted by a restriction 

enzyme (RE) are not adequately digested, for example, owing to insufficient incubation 

time.

e. False negatives can arise due to the use of training datasets that do not represent test 

datasets. For example, machine learning models trained with a limited set of sequence 

motifs are not generally applicable for mapping the same form of DNA or RNA 

modifications in other sequence contexts, here shown with a schematic t-SNE map.
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