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Abstract In the era of data explosion, the global demand for data storage has far exceeded the existing

storage capacity. DNA, as a natural carrier of genetic information, provides a stable, efficient, and sustainable
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data storage solution. The current process of DNA storage is divided into six main parts: encoding, writing,
preservation, access, reading, and decoding; and nanopore sequencing technology has been widely used to
read information stored in DNA. This review systematically introduces the principle and research history
of nanopore-based DNA signal detection, and the applications of nanopore sequencing in DNA storage.
Moreover, it summarizes the applications of machine learning in nanopore detection, particularly highlighting
the integration of novel nanopore detection techniques with machine learning. This review presents a new
direction for the development of nanopore technology and lays the foundation for building a better practical

DNA storage system.
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K BREE, AR IEE W AR R o . IR
FEFRZE N 25 BRI M 2% (convolutional neural
network, CNN) Fl3 #1252 (recurrent neural
network, RNN) S5 & 27 SRR O 28 7 i i
M58 ] (visual recognition) 33 1R 51 (speech
recognition) Fl H #A 15 F Ak PS5 1R £ [n] @ J7 1 46
FOH AR A T gk LI A
KER R0 785, K, V52 5599k 1L
DN 336 A7 H ks 0 B 000 IR B2 2 ) B Y I T H
TX AR R B A R R M AT O A B AL B, G
Basecalling. FiRELIE ABRHR A4S .
5.1 Basecalling

Basecalling 4 g0 KL 7 19 IR 4615 5 i 65
FAZ B BR PP 31, 1008 B K B 1 R el 5 A2 1 1)
MMEREE, ONT 5 T HAKZEHINGPIKIL
WPy, Wik, BUFESE ONT Wil 5 #4E 1)
Basecalling . 17484 . Basecalling 1% &)
SEESN 4 AAHETC (12016 4, FIHE
L R ] AT 38 V= 41 25 ) 4% 5% ) I 1) PR IR
P57 Basecalling; (2)2017 4, BN RIGH
A5 5317 Basecalling; (3)2018 4F, i —#¥
flip-flop MBI AL HIR; (4)2019 4,
M8 75 SR A I AN 1AL 1] Basecalling #27 ,
HHl, ONT JF& 1 — &%) Basecalling T.JH2AF
N CEARBER T B4 (A0 Nanonet. Scrappie Al

Flappie) , X% T H [ 5 #8215 0T H i 4K
E5 (0 Albacore F1 Guppy) »

ONT FJl A AT LA AT BE A0 £ T U FLUR
D& . DNA = RNA 737l fLIN o f 2 AN S 1
AR (BRI k-mer) 7EFLN, FHOZI ZIH IR B
A ERILF R E . JR A6 IR A] DU FAL Y
AL o FI RS 5 B B HILE T BN R
= k-mer. —MHRESEEE T 2NEGE
S, XR—BAS S HFIME . T = A RR AR ] 3L
7] K il AT (event) 04 o B AN SRR AH R AZ H
FR I MRME 5 D /R Al REE T AR, BRI, B
IR ] FAFA 5 AR SR HLAE - HA ) Basecalling
BE N, #lin, ONT HJ Nanocall ™. ONT i
J5 ¥ Nanonet fl DeepNano *2'iJI|Z: RNN M FHf
B R k-mer, M TTIHE S Basecalling H#ERf
. Hrh, Nanonet i — > ] 3 I #2028
(bidirectional RNN), £5& FRFII(E B 5k
#fEH 317 Basecalling.

SR, FEJRIG RS 5 B FE i, &
FREEE, AW REEC Basecalling 1 #EHf
. ONT FIFFIEE A Scrappie ([F]HS T Albacore
M Guppy) F155 =75 8 Chiron™ & 5528l 7 H
W R m (5 5 ¥y DNA 5. 5,
ONT kA | Flappie, Z B R flip-flop 1%
B EH BN FEIGE 5 R ) AR, SR T
WL 5> #EF f) Basecalling. Ib4h, Wi 5(a) B
7, Causalcall BRI i {8 FH I (7] 36 A3 R 2%
(temporal convolutional network) A& HZ I [H] 732
(connectionist temporal classification, CTC) fifhd 2%
RAERE T FE, ot Basecalling™'. 5[# L
(1] Basecalling i3 LE, ONT 5| A\ T Taiyaki (H
T Guppy) , PASEERANYEAL Basecalling, 141,
BERREIR 2 51 /A A PEACEE Y . Taiyaki 18
b8 B AR E T AL BRI S B R Ak P R 4 H
5T FE R A MR . AN IR T
Basecalling, Taiyaki i& 7] DL i Il R AL R 5 1E
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standardized
current batch
measurements

modified i

TCN T E R

segment intput ; 1
-

probability distributions

1 0 base sequence

> >

Q0 Q

5 Qo Q

= 3 -

CTC A a R a
decoder g g = g
output > assemble >

(a) Casualcall #1125 {9 2% 42 4184

Summary of per-read performance Summary of per-site performance
& resource usage*
Genome-wide- [l B E BHE Genome-wide- [l M H " BN 2
Singletons- [ Il P B HEH B H Singletons- [l T HEHE °
Non-singletons- [l [l B M W Non-singletons- [l [l Il M H W 2
Concordant- [ MM W Concordant- [l [l W W N é
Discordant- | [l | HE N Discordant- [ [N N B N g = Nanopolish (AUCi0-921)
Promoters- [l [l 1 I [ 1 W Promoters- [l Il I I [ ) & 02 . ﬁi;i?;%,‘;f{ﬁgg;gﬁg)’
Exons- I EBEE NN Exons- B EBETHEHBE ~ Tombo (AUC=0.898)
Introns- I MMM HE Introns- [l I I o W W o Guppy (AUC=0.833)
Intergenic- [~ 17 W W Intergenic- [0 [ HE MW T T T T T T
CpG islands- 1 I 10 10 1 1 I CpG islands- I 1 1 1 1 1 I 0 02 04 06 08 L0
CpGshores- N " H N CpGshores- I EE T H B False positive rale
CpGshelves- I [ AN CpG shelves- [ [0 [ " H W (c) &1k T H ROC X ELios
CG density 20%- MM T MMM  CGdensity20%- W HE N
CG density 40%- MM MM MM  CGdensity40%- WA N HE N Initialize  Simulate Initialize DTW
CG density 60%- [ HENEE CG density 60%- MMM HN sequences  squiggles
CG density 80%- Il I B "M MW CG density 80%- Il I I 0 0 1 CAGTAT.. Mﬂm WMW
CG density 100%- I B M M 1 M CGdensity 100%- M E M N
SNE- M EEEEE SINE- i W TGACGT*MWM»M
LNE-HENEEEN LNEEENENEEN GTGCGT... W@A
LIR-EEENEEN LI-EENEEEn
DNA transposons- [l Ml Il M M M MW DNA transposons-[ll /[l W H H N \l/Similar NI Dissimilar
Other repetitive- [l B EW | | W Other repetitive- [l M H B B . .
g 45 ~é é g E —g ISS-SEEEEEEE ( Shuffle order, mutate Repeat mmulathn j
3 .g %o g g 8 % ool 111110 sequences sequentlally and DTW calculations
28 T523 CpG coverage- [l W MW H W N
=Za = CPU utilized time- [ [ [l 1 1 0 I Final sequences, squlggles and DTW
Peak memory- [l Il 11 1 1 I I
& Good égééégé TGTCCT...
00 S &
? Intermeidate %ﬂ é« %* 5 S é ?,? GTGAGG—>¢"U!'CFI\—> L"‘M‘H
Forr 228  £° AGTTTA...
(b) MBI T. E per-read /KT per-site 7K M0 (d) Porcupine & 7 51 52 37 Fa000

5 HERF S AENRFLENZRARPEINA

Fig.5 The applications of machine learning in nanopore detection technology
TRIARES, a0 5-H L HUEENE (5-methylcytosine, 5, 5200/ Basecalling T EAHLL, 7EAERAPER
5mC) Fl N°-H % SR 1 4 (N°-methyladenine, W FATE AT AP 7. ONT £E 5 A 1
6mA) . HEI, ONT H Guppy &N ZMH  Guppy ZAili L& 7 H — AL 1 Basecalling X
[") Basecalling 1.5, FHAUFMHERI#EZ 1 Dorado. 5 Guppy AL, Dorado 7EfR¥FITHE
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EUR A AR AT R b, BT T 3.8 AR
e, AUk, Dorado IBIEHE T S HR L
KrlgE /1, BEWEAEHEAT Basecalling HIIRIES, DAEE
INBVEAM A B SEELGT SmC . 5-F5 H A g s
WE (ShmC) SEAERMAE 1) 5 RBUEEATI, TR
WRIEAT 2P AT FEHR AL BT Ny 5K ) SR
52 FHILsE

B GURSLI 7 )~ I ER 3 IEAE S, (H
oy A ER AR JEH A, W1 ONT (1) 1D #
2D/1D* B3 51 (i 1 dok v T AR 3 A AP 4
i DRk, 75 EO00 T 25 kAT 7 51 A4 (error
correction) , LALRIE T ilF 7 I IERAYE . H AT
AT R I T A% G S (7 B 2 B O 2 BN
E & 24 5 (self-correction) VR & 244 (hybrid-
correction) o H A HA i 18 FH 5L T Bk 1)
Rk, R E RSk AN R 7 1R — B
H, FRX LA 5 3 [R5 1 B 48K L
R AT R, Ak SeBlAR IR 1B 1E, Canu™
Fl LoRMA™ % T HRH 7 KT k. MiRA
AR A = HE TR R R R T A, T S
3% (I LSC™ A Nanocorr™) « 3T Bt 5512
(I LoRDEC"™) |« J XUt %ot 5/ & 14 5532 (4
HALC™) 4| IE K P31, A T A& R
MRS, R RKIEB N RERIKE S
S BRI KT (1% ~4%) 57, T E 3k
U RERE AR R R 2 3% ~6% ", IXTTHEZ ONT
B P AR AR R S R ZE T

br T A G EIE A, G FHEN R LA
N SVEUEIAT R B A4S, 0 NanoReviser ™
Wang 25385 CNN FIX i) K45 13042 7 4% (Bi-
LSTM) , 745 M H 5 46 HAS 5 S i 2 1R ) #4542
BER B E R PR E R, LS,
NanoReviser BEff E. coli Ff 4N RE 1
M PERFIIFEC 5% BL B, FF HAE A H F4L
VEFEJS, NanoReviser i E. coli BiHREMNHIRF
FEAR T 7%

SiE R EIEMNLEA = 2] %, X Basecalling
(485 Rk — AT P A EE, mT DL A 2
GREMERE, MR E A DNA £7fif 2 5 K1 4
S A R PR ERHRE T o
53 EFEHEMLEE

PR ALK P e A A B s R R, RE
ik, BEE R RASEE A B AG, BHITA
RG22 SRS R T IR 9K AL Fr R
e PR I

Canu"* RAUAR# T £ 55 (1) overlap—layout—
AVH R IZ H T E & N R
BIESE, AP b SE IR ) IF A IERs R R
R, AR IR T TR A e R N
L s PR R FH AR . miniasm ) DGR f pR
HRRE B RR, JCHOE T/ Hofa B 2R R ZH N
SLAH e, I At A P B LS S ER AR A )
BAEE, REVIGHRMERMETREZIR, H5
4 A i 14 % 11 Nanopolish 45 T HLi#4T polishing
MFF R 2R T

A, FEETHLE 2177, W ONT A w1
Medaka, fe85 A7 ZOM #2892 A5 80 73y S5 vl
WAES, DR RS R, JRE AR oL
SRR S N R i BURY N B - RS K =)
REVE SR, SEIL 7GR LI P R iR 1 R B
RIS IE, AT AT B T3k — P BRRH 3R 2%
5.4 DNA F1 RNA BJ&1HaN

YK AL G Mo ) R e, A 1E
FENMS TR L I, P ) FR 2 X
DAL, J6 Ik AL 2% 2% 20 1 7 3 AT DL IX 45 P 4 H
T, BRI DNA 1 RNA &M, G4E
K, B4R T4 DNA Al RNA (& 1k il
T.H . Nanorow (BT ONT [{] Tombo) HEf M
ONT HJl Fr#eds th Al 3 Fh DNA f21fi: SmC.
6mA F1 N*-F 3L g% ig (N*-methylcytosine,
4mC) 7. BJE, I T VFE DNA MR T
H.: Nanopolish (5mC) ¥,

consensus HEZZ,

signalAlign (5mC,
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5hmC 1 6mA) ', DeepMod (5mC Fl 6mA) ",
DeepSignal (5SmC 1 6mA) " Fl NanoMod (5mC
M o6mA) ", A 5(b) ~ (¢) B, TEMRIE
AWK 1% Nanopolish. Megalodon /%
DeepSignal 3 3k T B35 3L 7E 555 1 )= 1 S
L=k FE AL EH IR 0 P2 SmC R B RE ). It
4k, ONT ) Dorado A &1l DiRe, 7E
e Ei e T Guppy™™. 55— B4 T
A Pacbio SMRT # L, ONT 7EAM SmC 1
e, AR 6mA I, R BRSO,

Hl, ONT MIE#: RNA &1l &4 H
37 EREER, RRWIHREERNF . &
W RNA 1 TR 2 I, 3255 i f
JiiE: (1) ETHAR A S8iF, i EpiNano '
TR NO- B 3 IR (N®-methyladenosine, m°A),
ELIGOS" "' F5Jll m°A 1 5-FF 4L FR ¥ (5-Methoxy-
UTP, 5moU); (2) % FHiififs5, I Tombo™”
T m°A F1 5-F 3T (5-Methyl-CTP, m’C),
MINES il m°A. {H2, fEH5FKF L, i
HER 73 P ) RNA B il v AR AT 20E 5L
5.5 DNA =i

BLER 2% S HEOR AT AN H T DNA F2 i i 2 A4~
J7I, lhn, itk DNA fFfEgmididi g, &Rtk
Wb BEAL YT 1), AT 1 K HUEE DNA 76 R 40
P AL RE . S B, Basecalling 5T 465t
M B 7 ST EOR, Ak B /R AT R
RNN. CNN, Z&iHRHAEEER R RE, 7L
e A R A e AR . Ak, HlEs ]
FORIE AT A R AR AL AT A I ) 7 12828, $
DNA f7fifi 115 % .

BLES 5 I AN RE S B 192 T DNA 171t L
HUS A2 H 1Y Basecalling 0%, 1 HIE R 7E —
EFEE 8¢l Basecalling, FEL#EXT R IG5 53t
ATERIE 53T . 2020 4F, Doroschak 25" 2 H 1
Porcupine, —Fi& i P4 Fhrid R4, (L7
TAZR /KA — & MinlON B4 5] LLZE J LR

K DNA 4> FF5r%%. Porcupine 73 b2 H4rF
EEHF (molbits) 20, A 96 F, PR AT DA AL
96 bits ({5 5. N T RERMAFRLE, Porcupine
AT 99K L0 1) 5 46 FLRAE TR X 434
F LU, JEZit Basecalling, AT IR TR 750 3 FF
Wil 5(d) frox, N7 $Eor 1 EURR R 2 R AE R
., Porcupine fiFf ONT ] Scrappie &40l 5>k
R IG5, L JkA4S 96 Fhar 1L
FEEI RIS SR ATREIESS, R & a8 T EURri
PUMHERA 2R o 18 I TN 25 1) A5 R A 2 P 48 AR A
Porcupine X I17fif I 32 bits [T Fr%% (64 bits
I EE0S, FT2] 9 f4h), JFHRIRATLAE 7s W
IR A bRZE, SEEL T SERfPE. Porcupine FH'E
()R] 2R PR AT S IR B 7 DNA {7 Aok FL
For B AR 255 J (R A v A B

BLEE 5 2] [F R 0] LA T ok B 2
LI T+ DNA fFig RGN A E. @%, 1
DNA fifig Rk R &5, <A H DNA 514 (DNA
primer) , FFi#It DNA Z%58 Ji B 5L I 4715 15
IBENLUT IR [RlU, 72 KU DNA 12 R &%
i, TREAMMZ1 DNA 519, SR, N TR
BT ] MR, Ak b 51 W A 2 ) AR AL
P, XeFEEIBOT 24 BRAE, Mo
HHAG T KM DNA fE IR . Ik, Kiihds
HIAITIGN DNA 2585 R W1 R HAE DNA f74i
RYEREE, 2021 4F, Buterez " HEH T —FpR
F T 700 DNA Z8ASAE55 HINLE 7 21 07 Al
nupack A& T —A> 250 Ji KRNI A HEEE, T
i 7 ZALAE 5 IR (RNNL CNNL CNN lite.
ROBERTa) , A IALAR 27 ST A A% S HEAf

T DNA 258, IERENRIBATINA] .
6 = %

Ny — T AR L AR R A0 S i PR A5 S A s
Ji %, DNA fFESRMM ALY 7 7 etE, JC
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H & DNA 7r 7B B RAA A S AE K T
i, MR AR R B AR UG KT SR A7k ] R
PRft T ATRE. SRIM, 78 SEES = T 587 [F) SEBm
MRS, JiEAEE Z BRI

B, ABGMINF 7, i Sanger WY
B AR R ROR T, FEEE . AR AR
PE EJCVE 2 DNA FA0f I SE bR B H K. 44
KA M E AR E S FNismAE, FFRIH
©EMH . BN AR E L #AR AT & I HE
T EA R IRGKSALITE . Bl fEE
4, ONT 24wl #EH 1 MinION & #5 20 4%,
HIT Y Apple A w]#E M3 & 5 —1X iMac
B MacBook FF W& IEHE, e S SEIN(F)
ot v O A dr, HEZh AR AT A AEAE AT b T P
B M FEEA, FRERORHEE CHE K E gl
KALEE R4 QNome-9604 . X L #R iR %
DNA {7 S AE 4= BRG] A TR0 R PRk f

B AT AR LI 7 B R FEHE I DNA £
fitt s, LA 2 25 3k R, AR D e — LS 1k e R
WA T A KB DNA A7l B8 1 v Rk
HFERME, =EENFRE U NEE ., £1XT7
[, JR4 MinlON £ 50 A JH: JiR B Ve 7 A B )
4 M BT . {H ONT 4 HE (193% 1 GridION
A1 PromethION 2/24/28 45 it &l ¥ 2 4 5 /2
Gl T TZ BT . Bl N K B A S A s
REUIG, B & B P A 2R 7E DNA A7
fifs TR 7 8 FR Py N OB . kAR, R94
FRAS K AL 7 HER 2 29 85%, Wl T 3 &
A3k 450 base/s. AT, R9.4 XTIV T
Re DA fritm, JUHRAER S Er )RR
PETOM B R10 RIIGKILIHE S, 2
R10.4 WA K H 5 AK duplex sequencing F A,
A BT BOF SR % e 51 e e AR v, (H
IR BB IAE A e

FEBEE N TR RER AR K PROE K &, Hlds5: >
VR B N TR 3220 B8 90 oK LRI 4 R AT DNA

F A A GEAE SR o o VR B 2 o3 FASE 2R 0l 4
A AR P A= 735 Hen il 1) 22 AR A 52 %
P, T H B T A BE kSR Basecalling 5
%, $7t DNA fPE AR R0 . S EEH R,
BILAS 25 > A B2 30 R o A b 2 1 o = 4S5 0 (A
AlphaFold " BT EILIIREF7) , LA RARALAED Gk
LA AL, AARAS b5 R G oK LA AR (1)
PEREFEDR, BEMAT JJHES) DNA fFEEOR [m] 5
JE RS KR

DNA 7 B A i AR S — A 2 R 2
Bz B G R PO TR e, ZREES
H&— @MY LB e MBI e . T
it DNA fEfifoR, 72Kl 6, AZidfgih—
TR BT ) DNA Rt - &, P i
T &5 EEERAK DNA 76615 & T8 H
(1) Bl A Oy H P St rf #i 4k 82 11; - (2) DNA
MR GiH4T DNA HIEHL 5E R, (3)
W6 46 5 H B4k g i 2 G i e 28 i g g 5
%, REER y DNA fAE g =l (4) B Re i
5 A R A e TR AR I AR IEAL, 2
AR R B HER R, IR E RN 5%
E5RA R RAH IR DNA (76 150E <4
PE: (6) FOR SRR AR FH - A2 A% P L 75 2 21 1Y

i) 7L

o) (P2 B
'ﬁ%gﬁsg"@%QWE@f(:l
isngs | #E%

F= e
= (224 SR RL R . 6j}
: AR

DNA 771k @ &g | )
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O -
O
T
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Fig. 6 A user-friendly DNA storage software platform
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