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Figure 1 Principle and strategy of RNA modification detection based on DRS. Some elements were created using BioGDP!'”!
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Figure 2 Evolution of algorithms for RNA modification detection based on DRS. Black borders indicate algorithms that support single modification
type; colored borders indicate algorithms that support multiple modification types (e.g., Tombo supports the detection of both m®A and m°C). Green
background denotes deep learning algorithms trained on single-base resolution data from real biological samples (e.g., GLORI); blue background
denotes deep learning algorithms trained on in vitro transcribed (IVT) RNA or non-single-base resolution data (e.g., immunoprecipitation-based
MeRIP-seq); white background denotes differential analysis algorithms. The training data for DirectRM consists of the intersection of MeRIP-seq
peaks from HepAD38 and modification sites from other samples in public databases. Since the authors did not validate at single-base resolution
whether these sites are genuinely present in HepAD38, DirectRM is marked with a green striped background
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Table 1 Overview of characteristics of RNA modification detection algorithms based on nanopore sequencing
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xPore m°A MES TR A A = = [49]
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KT T, Nanom6 AU 5% F A% 3 456 5 32 TF (ex-
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A AL s e BT T 5RAIE.

HAF, ONTA A E 75 # i ffiDorado(https://soft-
ware-docs.nanoporetech.com/dorado/)f R BE B, T 2 Ff
RNAMG I Dy RE. Bl 55— IR S HESE, 1
SE PR ERRIE U A I, BB A REmCA, m°C,
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Table 2 Summary of core performance metrics of representative tools for RNA modification detection

TRAL 5 5 H

KR RETA AUROC  EEMY  RMP S PABIECT st AT
CHEUI 0.72 0.49 0.53 0.60 0.87 58.91 RNA002

ELIGOS 0.63 1.00 0.37 0.67 0.74 2.63 RNA002

m6Anet 0.78 0.64 0.55 0.63 0.71 6.66 %II\]\I‘:%%‘;/

Nanom6A 0.71 0.66 0.31 0.69 0.84 10.45 RNA002

NanoSPA 0.71 0.55 0.58 0.92 0.69 18.98 RNA002

Tombo 0.60 0.52 0.31 0.62 0.86 487 RNA002

MINES 0.47 0.89 0.24 0.61 1.00 6.54 RNA002

Epinano 0.72 0.52 0.18 0.75 0.70 176 RNA002

DENA 0.66 0.73 0.21 0.88 0.94 9.27 RNA002

SingleMod 0.90 0.84 0.39 0.77 0.81 436 112{11\]\1?\(())(();;/

N TandemMod 0.73 0.58 0.29 0.89 0.75 12.36 RNA002
pum6A 0.76 0.38 0.33 0.78 0.01 7.41 RNA002

m6Aiso 0.64 1.00 0.14 0.88 1.00 44.36 RNA002

Differr 0.56 1.00 0.25 0.70 0.50 5.98 RNA002

ELIGOS _diff 0.65 0.74 0.39 0.72 0.62 83.93 RNA002
Tombo_Com 0.72 0.51 0.35 0.72 0.75 5.94 RNA002
DRUMMER 0.51 1.00 0.30 0.74 0.57 162.00 RNA002

xPore 0.54 1.00 0.23 0.70 0.91 6.41 RNA002
Epinano_delta 034 1.00 0.23 0.74 1.00 1.63 RNA002
Nanocompore 0.65 0.19 0.29 0.92 0.01 41.85 RNA002

Xron 0.57 0.83 0.52 0.82 0.63 15.23 'g&%%‘;/

Dorado 0.90 0.81 0.36 0.79 0.1 6.45 RNA004

NanoRMS 0.72 0.14 0.20 0.60 0.84 14.30 RNA002
PsiNanopore 0.85 0.42 0.38 0.72 0.99 96.56 RNA002
NanoMUD 0.60 0.67 0.00 0.62 1.00 2.43 RNA002

¥ TandemMod 0.76 0.87 0.00 0.89 0.99 45.29 RNA002
NanoSPA 0.66 0.03 0.05 0.80 0.50 16.59 RNA002

Dorado 0.50 0.12 0.01 0.60 0.02 8.94 RNA004

Tombo 0.47 0.36 0.01 0.70 0.92 5.92 RNA002

Tombo_Com 0.52 0.89 0.01 0.80 0.98 6.02 RNA002

m’C CHEUI 0.56 0.07 0.01 0.54 0.82 50.13 RNA002
TandemMod 0.46 0.97 0.00 0.92 0.99 47.30 RNA002

Dorado 0.62 0.45 0.00 0.80 0.75 12.39 RNA004

o Dinopore 0.74 0.05 0.05 0.43 0.01 23.10 RNA002
Dorado 0.68 0.48 0.00 0.35 0.64 9.18 RNA004

m'A TandemMod 0.43 0.93 0.00 0.90 1.00 48.62 RNA002
m’G TandemMod 0.35 1.00 0.00 0.59 1.00 41.56 RNA002

a) THEEA (Bl 3R ANF MBI 248 FH A B 5 RF MEI 1020 8B, b) AU SON R A KSH RS THE(D). o) Fafd ke SO TRE A FIE K
SRR A R R e T 22
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Nanopore sequencing for RNA modification detection: current
algorithm development and future applications
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More than 170 chemical modifications have been identified in RNA molecules, playing crucial roles in regulating RNA metabolism
and function. Unlike traditional indirect detection methods, Oxford Nanopore direct RNA sequencing enables direct RNA reading.
This technology facilitates the simultaneous detection of multiple RNA modifications in a single experiment by analyzing

modification-induced disturbances in the current signal and base-calling errors through computational modeling. This review
systematically summarizes the current landscape of computational methods developed for RNA modification detection using this
platform. It highlights two primary methodological categories—supervised machine learning and differential comparison—for
identifying key modifications such as N°-methyladenosine, pseudouridine, and 5-methylcytosine, while discussing their underlying
principles, characteristics, and suitable applications. Furthermore, the review outlines the technology’s potential in mapping
transcriptome-wide modifications, elucidating their biological functions, and discovering disease biomarkers. Finally, we discuss
existing challenges and future directions, particularly concerning the simultaneous detection of multiple modifications, improving
model generalizability, and establishing standardized analytical frameworks.

RNA modifications, nanopore sequencing, bioinformatics algorithms, epitranscriptomics
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