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MOJAEJIUPOBAHUE INEPBUYHbBIX JAHHBIX
OJHOMOVJIEKYJIAPHOI'O CEKBEHATOPA.

Y. 2. CUMYJISIIUSA TOCJIETOBATEJIBHOCTH COBBITHUI
BCTPAUBAHUA MEYEHBIX HYK/IEOTHAOB B LEIIb JHK
U NOJTHO®OPMATHOE MOJEJUPOBAHUE HU30LEPAKEHUN
MHOKECTBA BOJIHOBOJOB HYJEBOW MOJbI

PaccMoTpeHbl 0COOCHHOCTH JIETEKTUPOBAHHS CUTHAIIOB (PIIyOpPECLEHIIMY MEUEHBIX HYKJICOTH/Ia B BOJHOBO/IE HYJIe-
BOW MoJbl. BBeneHo noHsTHe "cUrHan-coObITHE" — JUI €IMHUYHOTO aKTa M3JIyYEeHUs! B OJHOM M3 CHEKTPaJIbHBIX
KaHaJIOB MPU KOMIUIEMEHTapHOM BCTPAaWBAHWHM MEYEHOI'O HYKJIEOTHAA. YUTEHBI IJIUTEIBHOCTh CBEUEHHUS METKH,
0Cco0EeHHOCTH (HOPMHUPOBAHHS TOCIEIOBATEIEHOCTH CHTHAJIOB-COOBITHI W (DOHOBBIX WHTEPBAIOB MEXIy HHUMHU.
MoMEHTBl HACTYIJIEHUS] CHUTHAJIIOB MOJAEIUPYIOTCS KaK CTAallMOHAPHBIM OJHOMEPHBIM IyacCOHOBCKHH MOTOK,
OTIMCBHIBaEMBINl CBOHCTBAMH OECKOHEYHOTO CYETHOTO MHOKECTBA COOBITHH, CTAIIMOHAPHOCTH, OPIUHAPHOCTH U OT-
CYTCTBHS TocieneiicTBusa. OTMedeHa HEOOXOIMMOCTh IIPUMEHEHHST HEeCTAIMOHAPHBIX MOJENeH WM KOMOWHAIHMA
MPOLIECCOB MPH YYeTe SIHUIeHEeTHYeCKUX dPPEeKTOB (Harnpumep, METHIMPOBaHus). Pe3ynbTaToM paboThl craia npo-
rpaMMHas peaju3alys CUMYJIATOPa IEPBUYHBIX JAHHBIX U1 OJHOMOJEKYJIIPHOIO CEKBEHATOPA TPETHErO IOKOJIE-
HUS C reHepauueil BeixoaHbix naHHbIX B opmatax FASTA, MOVIE u TRACE c Bo3MoXHOCTbIO (hOpMHUPOBaHUS
cepuil U300paKeHU, IMUTUPYIOIIUX W300pPaKCHHS MacCUBa BOJHOBOJIOB HYJCBOW MOJIBI B U3MEPUTEIILHON sUCH-

K€.

Knroueswvie cnosa: cuMynsaTop 1mMocCie10BaTeIbHOCTH, IITHHHBIC PUIBI, IMUTAIIHOHHOE MOJICINPOBAHHE,
OJTHOMOJIEKYJIIPHOE CEKBEHHUPOBAHKE, BOJTHOBO/] HYJIEBOH MOJIBI

BBEJEHUE

Bropas yacth cTaThM 3aBeplIaeT ONUCAHWE MMU-
TaIMOHHOM MOJENH Mpolecca AETEKTUPOBaHuUs (Iryo-
peCLieHIINN B BOJIHOBOJAX HYJIEBOW MOABI OZHOMOJIE-
KyJISIDHOTO cekBeHaTopa. CeKBEHHMpPOBAaHUE OIMHOY-
HBIX, HE 00BEJMHEHHBIX B KiacTepbl Monekyn JIHK,
B pEaJIbHOM BPEMEHU — METOJl TPETHETO MOKOJIECHUS,
HalleJICHHBIH Ha TOJY4YeHHE PUJOB, JIUTEIHLHOCTH
KOTOPBIX COCTaBJISIET THICSIYM Map HykjaeoTunos. [lo-
Jy4eHUE TaKHX PUIOB C M3BECTHBIMH XapaKTEpUCTHU-
KaMH MOXKET ObITb OCYILECTBJIEHO IOCPEACTBOM CH-
MYJSIIAK JJTUHHBIX TOCIIE0BaTeIbHOCTE COOBITHIA
BcTpauBanus HykieoTunoB B JJHK. Takas cumyssius
mst metoma SMRT (Single Molecule Real Time
sequencing) [1-3] MOXXeT UMeTh Ba)XHOE YTHIUTAp-
HOE 3Hau€HHE B PA3HBIX 33Ja4ax — OT Pa3paboOTKH
U TECTHPOBaHUs ajlrOPUTMOB BTOPHUYHOH 0OpabOTKH
JaHHBIX /0 ONTHMHU3ALMHM XMMUYECKUX IPOLECCOB
Y TIOBBIIICHHUS] TOUHOCTH CEKBEHUPOBAHMUS.

Jns pa3paboTKH HaJEeKHBIX AITOPUTMOB base-
calling, yacTo OCHOBaHHBIX Ha MAITHHHOM OOYy4YEeHHH,
TpeOYIOTCSl OTPOMHBIE MacCUBBI JaHHBIX C M3BECTHOMN
WUCTUHHON TOCIEeN0BaTENbHOCTEI0. MoenupoBanne

MO3BOJISIET TEHEPUPOBAaTh CHUHTETHYECKHE JaHHbIE
B JJIOOOM 00BEME, TOYHO KOHTPOJHUPYS IOCIEN0Ba-
TCJIBHOCTh W MapaMETpbl CUrHajla, 4YTO HEBO3MOXKHO
IPU pPEaNbHBIX SKCIEPUMEHTax. 1ecTHpOBaHME YcC-
TOWYMBOCTH AJITOPUTMOB BTOPHYHOH 00paboTKM —
BOKHEWIIAsT 3a7ada, s KOTOPOW pPEaTMCTUYHOE
MMUTAIlMOHHOE MOJIEIMPOBAHNE IIO3BOJISIET IPOBE-
pUTH, Kak anropuTMsbl base-calling pearupyror Ha pas-
JUYHBIE [IyMBI, apTeakTbl, U3MEHEHUS CKOPOCTH
IOJIMMEPA3bl, MPOIYCKU WIH YIJIUHEHHE WHTEPBAJIOB
MEXIY COOBITMSAMH BCTPaWBaHUs, YTO HMHUTHPYET
PpCaJIbLHLBIC OMOIOrMYECKUE WU HHCTPYMCHTAJIbHBIC
coom.

Merox SMRT mo3BosiieT HE IPOCTO CUUTHIBATH
[ocieI0BaTeNbHOCTh HyKieoTuoB B nenu JIHK, on
MOKa3bIBACT KUHETUKY paboThl mojmmMepasbl. Moge-
JMPOBAHUE MO3BOJISIET TOUHO BOCHPOM3BECTH paciipe-
NeJICHUE IJIUTENIbHOCTEH HHTEPBAJIOB MEXIY COOBI-
TUAMU BCTpaWBaHUA W OIPCACITIUTH ONTHUMAJILHOC
BpeMs S3KCIIO3MLMU BUACOKAaMEphl, 4TOOBI MaKCHU-
MaJIEHO TOYHO 3aXBaTHTh KOPOTKHE (PIyOpeCcIeHTHEIE
UMIIYJIbCBl U MIPU 3TOM MHUHHUMM3HPOBATH Pa3MBITHE
CUrHajia uju rnoTepro 1aHHbIX.
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MopenupoBaHue MOCIEN0BATEIbHOCTH COOBITHI SIB-
JsIeTCs JINLIb OJHUM W3 3TAalloB B IOJHOM CHUMYJIATOPE
SMRT. Baxwneiimeil 9acTpi0 TOTHOH CHMYIISIIUU
JAHHBIX SBJSICTCS. WHTETpalust JABYX OTaloB —
CUMYJISIIMM OYKBEHHOH MOCJIEIOBAaTEIbHOCTH HYK-
JIEOTHIIOB M CHMYJISIIMKA 0a30BBIX H300paKeHUH CO-
OBITHI M3MydeHus1 (PIyopecleHIiH, T/Ae MOCIe0Ba-
TENBHOCTh COOBITHH SIBIAETCS BXOJHBIM CHTHAJIOM
Ul 3Tarna MOJEIUPOBAHUS ONTHYECKOrO OTKIIMKA.
MopenupoBaHue AECATKOB ThICSY BOJHOBOJIOB HYJIe-
Boit Mozapl (BHM) TpeOyeT aeKTHBHOTO M TOYHOTO
reHepaTopa COOBITHIA T Ka)KIO0T0 BOJIHOBOJA, YTOOBI
UMHUTHPOBATh PabOTy BCEH TUEHKN CEKBEHUPOBAHHSI.

CUMYVYJISLIUS IOCJEJOBATEJBHOCTU COBbITHIA
BCTPAMBAHUS MEYEHBIX HYKJIEOTH/IOB
B LIENb JHK

Tlapamempwi 0151 MOOENUPOBAHUSL NEPEUUHBIX
OAHHBIX

HazoBem TtepMUHOM cueHan-cobvimue cOOBITHE,
KOTOpPOE COCTOMT B H3IyYeHUH CBETa B OJHOM
W3 CHEKTPAIbHBIX KaHAJIOB B Mpolecce KOMIIEMEH-
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Puc. 1. D1ans! CUMYIIAIUN IEPBUYHBIX JAHHBIX.

TAPHOTO BCTpPaWBaHUs (IYyOPECIEHTHO MEYEHHOTO
Hykneoruna B uens JJHK. dopmupoBanue u3 orcue-
TOB 0a30BBIX CHUTHAJIOB I1OCJEHOBATEIbHOCTH CHI'HA-
JIOB-COOBITH, COTJIACOBAHHOM C 3aJaHHON IOCIEIO-
BaTEIbHOCTHIO OYKBEHHBIX 0O003HAYEHUH HYKJICOTH-
JIOB, COCTaBJISIET CYTh BTOPOT'O ATara MOJAEIUPOBAHMUS.
JUTUTENBHOCTD KKIOr0 TAKOrO0 COOBITHS JOJDKHA CO-
OTBETCTBOBATh JJIUTEIBHOCTH CBEUYCHHUS (Qiryopec-
LEHTHOW METKH B XOJ€ BCTPAaWBaHHUA MEUYEHOTO HYK-
JICOTH]A.

Bce mapamerpsl, KOTOphIe 3a7€CTBOBaHBI MpHU
MOJTHOM CHMYJISIIMU TEPBUYHBIX JaHHBIX OZHOMOJIE-
KYJISIPHOTO CEKBEHaTopa, MOXHO pa3ieinuTh Ha 4
IPYIIBl B COOTBETCTBUM C 3aJaueii, KoTopasi peraer-
csl Ha KaXJIoM 3Tarne (GOpMHUPOBAHHS JaHHBIX (pHc. 1,
Tab1.).

Ha 1-m »Tame mpoucxoauT BBOJ HCXOJHBIX JaH-
HBIX B aJITOPUTM CUMYJIAINUU — CUHUTBIBAHUC 6yKBCH-
HOH MOCNEN0BaTeIbHOCTH HYKJIEOTUAOB. bBykBeHHas
nociie0BaTeNIbHOCTh B popmare FASTA [4, 5] mo-
KeT OBITh MOTy4eHa B BUE (haiina w3 TeHOMHOHN 0a3bl
JaHHBIX WM CTeHEPUPOBaHA CIy4alHBIM 00pazoM
HETIOCPEACTBEHHO B IIPOTPaMME-CUMYIIATOPE.
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(1] (hopMupoBaHUE WM YTEHHE OYKBEHHOW MOCIEAOBATEILHOCTH HYKICOTHIOB,; — (hopmupoBanue 6a30-

BBIX M300pakeHUH 1 0a30BBIX CHTHAJIOB (0TCUETOB) JUIsi oxHOoro BHM;
HOCTH CHTHAJIOB-COOBITHII B UETHIPEX CIEKTPaTIbHBIX KaHaaxX Juisi ogHoro BHM;

— (opmupoBaHUe NOCIEA0BATEIb-
ﬁ4 — ¢opmMupoBaHue cepun

M300paKeHU I KaJIpoB ¢ CUMYJIALIUEN JaHHBIX JUIsi MHOkecTBa BHM
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Tao.a. [TapameTps! anropuTMa CUMYIISIIN HA pa3HbIX 3Tanax (OPMUPOBAHUS JAHHBIX

1-#1 sTan 2-1i aTan 3-i1 aTan 4-i1 aTan
(dopmupoBaHue (dopmupoBaHue 6a30BBIX (hopmupoBanue ¢dbopmupoBaHue
MOCJIEI0BATEIILHOCTH n300pakeHNH 1 0a30BBIX MIOCJIEI0BATEIILHOCTH CEepHH TIOJIHO-
HYKJIEOTH/IOB CHTHAJIOB CHT'HAJIOB-COOBITHIA (hopMaTHBIX H30-
OpakeHuit
I'pymnma 1 I'pynmna 2 I'pynma 3 I'pynna 4
apaMeTpoB apaMeTpoB apaMeTpoB apaMeTpoB
KonuuectBo u mopsi- | Pazmep oGnactu cumyns- | Bpems sxcrosuiuu B Mc Pasmep wm300pa-
nok OykB B TOCTie- | MW IJISI OAHOTO CIIEK- JKEHUS Kajpa
JIOBATEJIbHOCTH HYK- | TPAJbHOIO KaHajla B ITHK- B ITUKCEIAX
JIEOTUIOB celsx

Pasmep marHa spkoctu | CpenHAS AUTENBHOCTD CUT- | PaccTosiHMe Mex-
U CMEINICHUE MATHA BHYT- | Haya-coObiTs 1 CKO mm- | iy BHM mo X wu

pu obnactm cumymsnuu | TenbHOCTH (TIapameTp PW — | Y B mukcemnsix
B ITUKCEJISIX pulsewidth) B mMc
WuTencuBHOCTh (DOHOBO- | 3aKOH pacmpesaeneHus: UH- | Aapec HAIKH

ro CWrHama Ay Kakaoro | TembHocTh PW  (HOpMansb- | ¢ aitmamu movie
KaHajga B (DOTODJICKTPO- | HBIH, JIOTHOPMAJIbHBIM, KOH- | JUII ~ MHOXECTBA

Hax (4 mapameTpa, IO | CTaHTa) BHM
YHCITy KaHaJIOB PErucTpa-

117179

WaTencuBHOCT  uryo- | CpenHss 9acToTa MOSBICHUS
pecLeHIn CUTHaJlla- | CUTHAJIA-COOBITUS B CEKYHIY
cOOBITHS Ul KaXAOro | — Iapamerp A B pacrpene-
KaHaga B QoTodnexTpo- | neHuu [lyaccona:

Hax (4 mapameTpa, 1O A",

ancny Kasanos perucrpa- | £07) ¢

11207 '

Ilepexpectusie Quyopec- | UaTepBan Bpemenu 0e3 Te-
ICHTHBIC MOMCXHU — CIrOSS- | HCpallUU TIOJIC3HBIX CUTHaA-
talk B % OT BenMUMHBI | JOB B CEKyHAaX (Y4acTOK C
WHTEHCHUBHOCTH  ()IyO- | ()OHOBBIM CHUTHAJIOM)
pecuennuu (6 mapamer-
poB)

[Iymbl, 3aBuUCALIME OT
YpOBHSI CUTHana (MMUTa-
must PRNU u gpoGoBoro
HIYMOB)

[ITyMeb1, HE 3aBUCSIIME OT
YpOBHSI CUTHaJa (MMHUTa-
mist DSNU u ReadOut
IITyMOB)

CMmenieHre ypoBHSI CHT-
Hajga B mmkcene (offset
B Kamepe)

[Napametpsl 13 TpynIbl 2 HEOOXOAUMEI JJisl GOPMH-  BBIX CHTHAIOB B OOJACTH CUMYJISIIMHM UL YeThIpeX
poBaHMs 0a30BbIX M300paKEHUH U MHTErPaJIbHBIX 0a30-  CIEKTPAJIbHBIX KAHAJIOB B COOTBETCTBHUHU C ONHCAHHBIM
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6 E. K. BACUJIBEBA, 1. B. YYBUHCKUI-HA JIEXIH

B MEpPBOM YacTH CTaThu anroputmoM [6]. OmHOBpe-
MEHHO ¢ ()OPMHPOBAHMEM ATHX JAHHBIX U Ha MX OC-
HOBE BbICTpaWBaeTcad oOIIasg I0CIEeN0BATENLHOCTD
CUTHAJIOB-COOBITHI, TEHEPHPYIOTCS M COXPAHSIOTCA
Tpe¥cel U (aiinel n300paxennii B popmare movie st
kaxxgoro BHM. Ilpu atom ucnons3yercs 3-s rpymnma
MapaMeTpoB, PETTAMEHTUPYIOIIAs XapakTep IMOsBIIe-
HUS CUTHAJIOB-COOBITUH U MX JUTUTEIBHOCTb.

Ha mocnegnem stane ¢ HCIOIB30BaHUEM ITapaMeT-
poB W3 Tpymmbl 4 ocyliecTBisieTcss cOOpka B Kaap
m3o0pakennii otaenbHbIx BHM, mannpie ist KOTo-
PBIX OBLIN NPEABAPUTENBHO CTEHEPUPOBAHBI U COXpa-
HEHBI Ha JTUCK, W 3aTeM cOOpKa B CEpUI0 MHOXKECTBa
KaJIpOB MOITHO(OPMATHBIX H300PAKEHHIA.

TlocnedosamenbHocmy CUSHAIO8-COObIMULL
KaK NyaccoOHOBCKULL CLyYauHblll npoyecc

BricBeunBanne ¢uyopodopa METKH HaYHHAETCS
B MOMEHT (PMKCAllM¥ HYKJIEOTH/Ia MOJUMEPa3on B 30-
HE AEHCTBUS JIA3€PHOTO M3IIYYEHHs M JUIUTCS 0 TeX
1Op, OKa METKa YAEP>KUBACTCS B ATOM 00JIaCTH U He
TepsieT CIOCOOHOCTh ¢uiyopectupoBarb. [lo pa3HbiM
OLIEHKaM 3TO 3aHUMAET BPeMS OT €IMHHIl A0 COTEH
MC, 4TO, KaK MpPaBUJIO, IPEBOCXOAUT BpEMs IKCIO3U-
LUK OJHOTO Kaapa. B TeueHne 3T0ro BpeMeHu cucre-
Ma JETEeKTHPOBaHUs OyJeT pPerucTpUpOBaTh CHUTHAT
¢nyopecuenuuu. Ilocne BbIXO#a METKM W3 30HBI
yllepXKaHusl MOJMMepa3ol Buaeokamepa OyneTr ¢uk-
cupoBath (hoHOBBIM curHan s BHM nmo Tex mop,
[IOKa K TOJUMEpPA3e HE MOAOWIET HOBBIA MEUYEHBIN
HykJeoTua. Takum oOpa3oM, B mpolecce CeKBEHUPO-
BaHUs IPOMCXOOUT MOCIEAOBATENbHAS PErHCTPALMS
OTHOCHUTEIBHO SPKUX CHUTHAJIOB-COOBITHII  (pulse)
U MeHee SAPKUX (DPOHOBBIX CHUTHAJOB, H3IY4aeMBbIX
BHM wmexny coObitusimu  (interpulse). Ckopocthb
Mpolecca BCTpauBaHUsl, T.€. YacTOTa MOSBICHUS CHUT-
HaJIOB-COOBITHH MOXET MEHATHCS B PAa3HBIX JKCIIEpU-
MECHTax.

[IycTh MOMEHTOM HACTYIUIEHHS CIY4YallHOIO CHI-
HaIIa-CO6I)ITI/I}I 6YI[CT SABJIATHCA HaA4aJlI0 BbICBCUMBAHUA
(iyopecueHINN B PEaKUUU BCTPAUBaHUSA HYKJIEOTH-
Jia, TOT/AA MOCIIeIOBATEILHOCTh TAKUX MOMEHTOB 00-
pa3yeT NOoToK crapToB peakuuii. OH, B CBOIO O4epep,
MOPOXKAACTCS MyaCCOHOBCKUM ITOTOKOM COOBITHI 3a-
XBaTa HYKJIEOTHJOB MojuMepas3oil. B paccmarpuBae-
MOHM MOJIESIM OH CTAallMOHAPHBIH.

Cornacuo [7, 8], MOTOK CIIy4alHBIX OJHOPOJHBIX
COOBITHH TIpeNCTaBiIsIeT cO00i OMHOMEPHBIN CTaIHO-
HapHBIN TyaCCOHOBCKHUI MMOTOK M MOYKET OBITh OMHCaH
nporeccamMy, MOJUUHSIOIUMHCS YCIOBUSIM CTaLHO-
HapHOCTH, OPAMHAPHOCTH U OTCYTCTBHA HOCIEACHCT-
BHA. I[J'ISI OIMUCaHusg W HUMUTAlUU SIUTCHETUYCCKUX
mporieccoB, Takux kak mermnuposanue JJHK [9, 10],
notpedyeTcss MCHOJIb30BaTh HECTAIIMOHAPHBIA Myac-
COHOBCKHH TIOTOK JIHOO KOMOWHAIIMIO JBYX CITydai-
HBIX TIPOLIECCOB C Pa3HOM YAaCTOTOW peaau3aluu Co-
OBITHI, TIOCKOJIBKY JUIMTENBHOCTH HHTEpBaioB IPD

(interpulse duration) Mexay COOBITHSIMU BCTPAaUBAHUS
OOBIYHBIX U METHJIMPOBAHHBIX HYKJICOTHUIOB CYIIECT-
BEeHHO oTiuyarores [11, 12].

B paborax [8, 13] mokazaHo, 4yTo pacrpeieicHue,
OTIPEJIEIISAIONICE TMEePHOIbl BPEMEHH MEXIY CIeayo-
UMK JPYT 3a JPYrOM OJHOPOIHBIMU COOBITHSIMU
B IyaCCOHOBCKOM IIOTOKE, T.€. TMPEJICKa3bIBAIOIICE
JUTMHBI BPEMEHHBIX WHTEPBAJIOB MEXITYy HUMH, MOXKET
OBITH OMMCAHO AKCIIOHEHIINANBHOHN (yHKIHEH. B [14]
OTMCYCHO, 4YTO TaKou noaxon MmpuMeHuM K MOACIn-
POBaHUIO HMHTEPBAIOB BPEMEHH MEXIy CHUTHAIAMHU
¢dayopecueniuu B Mmetogae SMRT.

Ilpr mporpaMMHOM MOJICTTMPOBAHUM JUIUH Bpe-
MEHHBIX UHTEPBAJIOB MEXIY COOBITUSIMHA OJHOMEPHO-
T'O IyacCOHOBCKOTO IMOTOKA JUIS TIOYYSHHS TOCIIEO0-
BaTCJIbHOCTH CJ'Iy‘IaI\/'IHI)IX YHCEJl C 3aJaHHbIM 3aKOHOM
pacrmpeieieHlsi MOXKeT OBITh HCIOJNB30BAHO COOTHO-
NICHUE, CBSI3BIBAIOIIEE CITyYaiiHbIe YMCIIa C 33 IaHHBIM
3aKOHOM H YHCJa, PaBHOMEPHO pacrpejiesieHHbIe
B nHTepBaiue ot 0 mo 1 [7-9, 15]:

1
t =——ln(1—Rl.), (1)

A
r7e {; — JANWHA [-TO BPEMEHHOTO WHTepBayia, 4 —
CpeIHsIs MHTEHCUBHOCTh IMOTOKA pPeau3ali COObI-
THi, R; — clly4ailHO€ 3HauyeHue, MOJYyYEHHOE B WH-

TepBasie oT 0 10 1 mpu momoIuyM reHeparopa ciydyai-
HBbIX YHCECII.

Takum oOpa3om, mporpaMMHO (HOPMHUpPYETCS Mac-
CHUB HaYaJIbHbIX MOMCHTOB BPEMCHHU [1JIs1 UHTCPBAJIOB
t, tp, ..., t;, COOTBETCTBYIOILIMX MOMEHTAaM CTapTa pe-
aKUM{ BCTpauBaHUS HYKJI€OTHAO0B. OJHOBpEMEHHO
c otuM (GOpMHUpPYETCsl WA CUYUTHIBaeTCs W3 (haiina
MaccuB OyKBEHHBIX 0003HauYeHUH HyKJIeOTHIOB. [1o-
CJIe Yero, MOJENUpysl CIydaiiHble IJIUTEIbHOCTU CHT-
Hama-coosrtuss PW,, PW,, ..., PW,; (pulsewidth) ams
Ka)XIOT0 HYKJICOTHJIa M3 YKa3aHHOTO MaccuBa OyKB,
MO’KHO aCCOLMMPOBATh MX C IIOJIyYCHHBIMH MOMEH-
TamH cTapTa peakiuid (puc. 2). Conoctapmnsis 0003Ha-
YEHUE HYKJIEOTH/IA, MOMEHT CTapTa PeakUuu U IJIu-
TENBHOCTh peaklyy, MOJACIHpPYeM Oa3oBble M300pa-
KEHUSI U CUTHAJIBl IPY MOMOIIM ONMCAaHHBIX B IEPBOI
YacTH CTAaTbU AITOPUTMHUYECKUX IIA0JIOHOB C WHIU-
BUAyallbHBIM HA0OpOM TapaMeTpoB MJIsi KaxIOro
Hykaeoruza. Ilpu sTom ¢popmupyem nsaTh nocieaona-
TeNbHOCTE — OJHY 00IIYI0 U YeTbIpe st OykB A, T,
G u C, COOTBETCTBYIOIINE KKt CBOEMY HYKJICOTHLY.

JTUTENbHOCTH CUTHAJIOB-COOBITHH MOTYT OBIThH
3aJjaHbl IOCTOSIHHBIMHU WJIM BapHAaTUBHBIMH IIPH IIO-
MOII HOPMAaJILHOTO WJIM JIOTHOPMAJIBHOTO pacrpese-
seHud. HykieoTuasl He MOrYyT BCTPauBaTbCs OJHO-
BPEMEHHO, HO MOTYT BCTPamBaThCs OAMH 3a APYTUM
TaK, 4YTO B ATOM cllyyae B Tpejaeiax AIUTEIbHOCTH
OJTHOW HKCIO3UIMH HAaXOAWUTCS OKOHYAHHE OJHOU pe-
aKI[MU U Hayayo cienyroueil. B cinydae, ecnu juyMrensb-
HOCTh coObrTusi PW,;, HawaBmierocss B MOMEHT Bpe-
MEHH f;, TIEPEKPhIBAET MOMEHT CTapTa CJIECAYIOUIETO

HAYYHOE [NPUBOPOCTPOEHMUE, 2026, Tom 36, Ne 2
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Puc. 3. OcobeHHOCTH (hOPMHUPOBAHUS MOCIIEAOBATEILHOCTH CUTHAIOB-COOBITHI

COOBITHS f(;41), MOMEHT f(+1) JOJKEH OBITH NPOIYIIEH
U HCIIONIB30BaH CIIEAYIONMHA 3a HUM MOMEHT f(12)
(puc. 3, a). Ecam 1 9TOT MOMEHT NepeKphIBACTCS U~
TENBHOCTHIO COOBITHSI PW,, TO momkeH OBITH BhIOpaH
CIIEIyIOUIMIA MOMEHT CTapTa f;:3) U T.1. OTHOCUTENb-
HO OOJbIIas JIUTCIHHOCTh CUTHAIOB-COOBITUN JTHOO
BBICOKAsl 4acTOTa MOSIBICHUS COOBITUH B CEKYHAY,
HampuMep, 5 cOOBITHH B CEKYHAY CO CpeOHEH IUIH-
TenbHOCTBI0 200 MC, aBTOMAaTHYECKH MPUBEIET K Y-
JUHCHUIO OOIIEro BPEMEHU pealiu3alliil  I[OTOKa
32 CYET YMEHBIIEHHUS YacCTOTHI MOSBIEHUS COOBITHIA,
[P 3TOM IIyaCCOHOBCKUM XapakTep MX IOSBICHUS
COXPaHHUTCSI.

MowmeHT crapra nMOO0 3aBepUICHUS COOBITHS
BCTPaWBaHUs MOMAIAaeT CIyYaiHBIM 00pa3oM BHYTPh
OYepeTHOTO BPEMEHHOTO MHTEpBaa IHCKPETH3AIHH,
IMO3TOMY IIOYTHU BCCrja MJIUTCIbHOCTL CUTHAJIA-

HAVYYHOE ITPUBOPOCTPOEHME, 2026, Tom 36, Ne 2

COOBITHSI HE MOXET OBITh JUCKPETH3MPOBaHA IEIbIM
YHCIIOM HMHTEPBAJOB, PAaBHBIX BPEMEHH 3KCHO3UIINU
(puc. 3, 0). dyig KOPPEKTHOTO MOJICITMPOBAHUS TIPU-
HUMaeM, 4TO B ClIydae, €Cii COOBITHE BCTPAWBAHUS
HA4aIoCh B TIEPBOM MOJIOBUHE OYEPETHOTO HHTEpBaJa
9KCIIO3MIINH WM 3aKOHYMIOCH BO BTOPOH IOJIOBHHE,
KakK COObITUSl HA pUC. 3 £, W t4 (3aaHUN (DPOHT) U #5
(mepenHuit u 3amaHUN (GPOHTHI), TO 3a/JaHHAS MHTEH-
CHUBHOCTH (pIyopectieHIn 0a30BOro H300pakeHUs
M CUTHaJla yMHOXkaroTcs Ha koddduuument 0.6. Jpy-
TUMH CIIOBaMH, TIPUCBauBaeM 0a30BOMY CHUTHay 2/3
HMHTCHCUBHOCTH OT SaHaHHOﬁ npu MOACIIMPOBAHUU,
MOCKOJIbKY OOJIbIIasi YacTh PacCcMaTPUBAEMOTO WH-
TepBajia SKCIO3UIMHN "TIEpPEeKphIBaeTCA" MOJEIHUpYe-
MBIM HMITYJIbcOM. Ecnm ke coObITHe BCTpanBaHHUS
Ha4yaJoCh BO BTOPOH MOJIOBHHE OYEPETHOTO HHTEPBaA-
Ja JKCIO3UIMK WM 3aKOHYMIOCH B MEPBOH, Kak
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coObITUS Ha puc. 3 #; (3aaHuil PpoHT), ¢4 (MepenHuit
(hpOHT), TO 3a1aHHAs] HHTEHCUBHOCTH ()IIyOPECIICHIINT
0a30BOr0 HM300paXeHHWsST ¥ CHUTHAlIa YMHOXKAIOTCS
Ha koddduument 0.3. To ecTs, eciu WHTEpBaT IU-
TEIbHOCTH CHUTHAJIa-COOBITHSI HE KpaTeH BPEMEHHU
9KCIIO3UIMK, TO TEPBBIA W/WIK TOCICIHUA OTCYET
CUTHQJIa-COOBITUS, JUIALIMIACS,, OYEBHIHO, MEHBbIIIE
BPEMEHH SKCIIO3MIINH, YMEHBIIAETCS MO aMILTUTYIE.
OTO 3KBUBAJICHTHO CIIy4ar0, KOT/1a PH CEKBEHUPOBa-
HUM CBedeHHe (IIyOpeCUeHTHOW METKH 3aHsUI0 He
MOJTHOE BpPEMS JKCIIO3MIWH, a OONblIe WM MEHbIIE
MOJIOBUHBI 3TOI'0 BPEMEHH, YTO IPUBENIO K ocialbiie-
HUIO 00IIEr0 HAKOTJICHHOTO CUTHaa (IIyOpeceHIIUH
3a BpeMs 3KCIIO3ULINH.

W3 6a30BBIX CUTHAJIOB CKJIA/IBIBAETCS 3aBUCUMOCTD
WHTEHCUBHOCTH CBEYEHUS] METOK B OJTHOM CIEKTpaJib-
HOM KaHaJie OT BpemeHu. Ha rpaduke takoii 3aBucCH-
MOCTH KaXIOMY UHTEPBay AUCKPETU3AIUH, PABHOMY
BPEMEHH HKCIIO3UIMH, MOKHO IOCTaBUTh B COOTBET-
CTBHE WHTETPANbHBIN CUTHAJ, IMUTHPYIOLINK CHTHAI,
HaKOIJICHHBIH Ha BHJEOKaMepe B TEUEHHE 3TOr0 Bpe-
MEHH DKCTIIO3UIIH, POPMUPYS TAKUM 00pa3oM Tpelic.

I'enepupys 6a3oBbie U300paKeHUSI M BBIYHUCIISISE 0a30-
BbI€ CHUTHAJIBI IJISl YETHIPEX CHEKTPAJIbHBIX KaHAJIOB,
MOCTENIEHHO (OPMHUPYEM BCIO IIOCIEI0BATENLHOCTD
CUTHAJIOB-COOBITHI.

[o Tpeticam, 3agaHHBIM B TG POBOM BHUE IS Ue-
THIPEX CHEKTPATBHBIX KAHAJIOB JIETCKIMHU, BIIOCIEICT-
BHM MOJKET OCYIIECTBIAThCA base-calling mpu otpa-
0O0TKe 3ajad paclo3HaBaHHWs TOCIEIOBATEILHOCTH
HYKJIeOTH0B [16, 17].

Takum 00pa3oM, MOCIEAOBATEIBLHOCTh CHUTHAJIOB-
COOBITHII MOXXET ObITH chOpMHpOBaHA, Kak depena
€IMHUYHBIX OTCUYETOB — 0Aa30BBIX CHI'HAJIOB, HElpe-
PBIBHO CHEAYIOIUX IOPYT 3a OPYIOM C HMHTEPBAIOM
JIUCKpPETH3alluy, PaBHBIM BpeMeHHU dKcno3uimu. Cama
MOCJIEeIOBATENILHOCTh TaKUX COOBITUH TpeACTaBIIsET
c000i1 peaM3anny MyacCOHOBCKOTO MIOTOKA COOBITHIA,
a Bapualyy JUIMTENLHOCTEH BPEMEHHBIX MHTEPBAJIOB
MEXIy 3THMH CUTHAJIaMH MOTYT OBITh ONHCaHbI, KaK
peanu3anMy SKCHOHEHIMAIBHOTO 3aKOHA pacipese-
JICHHUS.

Jloruka ¢opMHpOBaHUs IOCIEAOBATENLHOCTH MO-
Ka3aHa Ha puc. 4.

5 Fexp

Movie ona

< ogHoro BHM

5 u.iml.llmthuulm

o s towm 1 200
I, ms

W
£ ms

ms”

|

Puc. 4. [Ipumep GpopMupoBaHus TpeicoB U movie 11 Kopotkoi nocnenosateiabHoctt GCACG
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@DiryopecleHTHbIE METKH BCIIBIXMBAIOT B 3aXBa-
YEHHBIX MOJIMMEPa30il MOJEKYJISIPHBIX KOMIUIEKCAX.
[Tocnie10BaTeIbHBIM BCIIBIIIIKAM Pa3HbIX (PIyOpPOXpo-
MOB — B JaHHOM Cly4ae 3TO KpAacHbI, TEMHO-
KPAaCHBIH, 3€JIEHbII, TEMHO-KPACHBIN, KPACHBIA — CO-
OTBETCTBYIOT IO JUINTEIBHOCTH CHUIHAJBI-COOBITHS,
IMMOKa3aHHbIC YCTBIPbMS TaAKMMMH KE€ LBETAMU. CepI)IM
LBETOM I[I0Ka3aHa o0O0Iiasi IOCJIeA0BATEIbHOCT HM-
MyJbCOB Ha BpeMEeHHOW ocu. Ha obmieil mocienosa-
TCJIBHOCTU BHUAHO, 4YTO IOCICAHHUC TpU CHUrHAJIA-
COOBITHSI CIMJINCH BOEAMHO M HE MOTYT OBITH JIETKO
pasneneHsl 0e3 MH(OPMAIMU O CIEKTPAJIbHOM KaHa-
Jje, B KOTOPOM OHHM ObUIM 3apeructpupoBasbl. llpu
9TOM MBI BUJIUM, YTO 3TO TPH pPa3HbIX IO CIICKTPaJIb-
HOMY COCTaBy onTHyeckux cursana. (LleroByro ap-
TYMCHTAIlUIO MOXXHO OIICHUTHL TOJIBKO B IIBECTHOM
(hopmMarte 3EKTPOHHON BEPCUHU CTATHU.)

C nuckpeTusalyeii, paBHOW BpeMEHH IKCTIO3HIINH,
(hopMupyroTcst 6a30BbIC U300pAKECHUS JIJISI BCEX CIICK-
TpalbHBIX KaHAIOB. KonmmdecTBo 0a30BBIX M300paxe-
HUN JJIS KaXKJIOT0 CUTHAJIA-COOBITHS COOTBETCTBYET
TOMY, CKOJIBKO Pa3 BpPeMs 3KCHO3ULUH YKIIQAbIBAECTCS
BO BpEeMEHHON HHTEpBaJl BBICBEUMBAHMSI COOTBETCT-
Bytomiero Quryopoxpoma. COBOKYMHOCTh TaKHUX H30-
Opaxenmii mius omHoro BHM mpencrasisier coOoit
JaHHbIC THUIIA movie U COXPAHACTCA Ha JUCK B BUJC
rpaduueckoro ¢aima. CooTBeTCTByMOINE 0a30BbIE
CUTHAJIBI (QOPMHUPYIOT TpEHCHI ANl KaXIOro KaHaja
A OOIIYIO TOCIIEA0BATENBHOCTh CHUTHAIOB-COOBITHIA.
Tpeicsl s BCEX YETBHIPEX KAHAIOB PErUCTPALUU CO-
XpaHSIOTCA Ha AWCK B BUIE OJHOTO obmiero st BHM
(haiina.

Cumynayus cepuu Kaopoe

3ajmaya CcUMyJISIIMM Habopa TEPBUYHBIX JIaHHBIX
B BUJE MOJHO(POPMATHBIX KAJPOB mMoOvie pazMepom
2048 na 2048 mnmkceneil pemaercs B JBa JTarma.
Ha mepBom stane ¢popmupyrotcst 6a3oBbie H300paxe-
HUS TIOCJIENOBATEIHHOCTEH CHUTHAIOB-COOBITUH I
Bcex BHM wu3 3aaHHOro 111 MOJEIUPOBAHUSI MHO-
JKEeCTBa. OTH JaHHBIE COXPAHSIOTCS Ha IUCK B BHIE
(haiinoB m300paxeHuit B (opMaTe movie M TeHEpH-
pytorcst 1t kaxxgoro BHM uHnuBHIyanbHO 1O 3a-
JaHHBIM IIapaMeTpaM IIpU IMOMOIIHN OMMMCAHHBIX paHEC
AJIITOPUTMOB.

Ha BropoMm sTame u3 3TuX, Cr€éHEpUpPOBAHHBIX 3a-
panee aitioB, ocymiecTBisercs "cOopka" Kajpos.
Jns atoro B xaxaom (aiine movie mias omaoro BHM
BhIOMpaeTcs (parMeHT H300paKeHHs, COOTBETCT-
BYIOIIMM CHUMYJISILUM IAaHHBIX [UIA OYEPEIHOrO i-Io
MOMEHTa BPEMEHHU peructpanuu (puc. 5), KOTOpBIH
JIOJDKEH OBITh TIEPeHeceH Ha M300paKeHHe i-To Kaapa
B [TOJIHOM CUMYJIALIMH.

[MocnenoBarenbHo Komupysi (pparMeHThl M300pa-
JKEHUU 1715 pa3HbIx oguHouHbIX BHM B 3apanee pac-
CUMTAaHHBIC KOOPJMHATHI Ha IOJIHOPOPMATHOM H30-

HAVYYHOE ITPUBOPOCTPOEHME, 2026, Tom 36, Ne 2

mn u
Glgl & b o QUSSR | [
1 i E = 5

c

Puc. 5. [lannsie THa movie aiis ogHoro BHM.

Ha (a) BoiieneH gpparMeHT u300paxeHus ¢ IByMs COObI-
TUSIMU BCTpauBaHus B kaHane G (MHUKCeIH C SIPKUM CBe-
yenueM). Ha (0) mokasaH 3ToT ke ()parMeHT B KPyITHOM
MaCHITa6e C BBIJICJICHHBIMU BEPTUKAJIBHO Y4YaCTKaMWU,
CUMYJHPYIOUIUMH (PITyOpeCcIiCHTHBIE OTKIIUKH, C(HOPMHU-
POBaHHBIE B Pa3HBIE MOMEHTHI PETHCTPALMK B YETHIPEX
CHEKTpaJbHBIX KaHanax. IlepBoe coObITHE BCTpaMBaHUS
TUCKPETHU3UPYETCS Ha 5 BpEMEHHBIX WHTEPBAJIOB (1 = 5),
PaBHBIX BPEMEHU SKCIO3ULINU TIPU PETUCTPALIUU; BTOPOC
COOBITHE BCTpamBaHUs JUCKPETH3MPYETCs Ha 3 WHTEp-
Bana (n = 3); mexnay HuMHU 4 ¢parmMeHTa ¢ QOHOBBIM
CUTHAJIOM

Puc. 6. [lanHble THIA movie Ui MHOXKECTBA KaJlpoB
¢ pasaeiMu BHM B Mozennpyemoii cepun JaHHBIX

Opaxennu (puc. 6), MOXHO chopMHpPOBaTH H300pa-
KEeHHe JT000ro Kajapa co MHoxectBoM BHM, nmero-
IIMX B PaccMaTpUBaeMbli MOMEHT BpeMeHH ¢uIyo-
PECUCHTHBIC OTKJIMKHU B pa3HbIX KaHajlaXx.
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Cepust U3 OOJBIIOTO KOJNWYECTBA TAKHX KaapOB
OyZeT UMUTHPOBATh peallbHbIe CHIPbIe M300paskeHuUs
OJHOMOJIEKYJIIPHOTO CEKBEHATOPA, MOJIY4YECHHBIE B Te-
YCHHE JITUTCILHOIO BpEMEHH, Tle (parMeHTsl ij,
ir..., i, m300pakeHNt movie i kaxaoro BHM me-
pEHOCSTCS B COOTBETCTBYIOIIME MeCTa Ha Kaapax i,
iy..., i,. TakuM 00pa3oM, KOIHYECTBO HHTEPBAIIOB
3KCIIO3NIIUHN 6YZ[CT TOYHO COOTBCTCTBOBATHL YHCITY
KaJIpOB B CUMYJIHpPyeMOM Habope JaHHBIX. DTH KaJpbl
ABJISIFOTCSL I/IMI/ITaHI/ICI‘;I CaMbIX MNCPBHUYHBIX JaHHBIX,
KOTOpbIE MIPU PEabHOM CEKBEHHUPOBaHHU (OPMHUPY-
IOTCSL Ha BBIXOJE BHIEOKaMepbl nerekropa. K mep-
BUYHBIM JAaHHBIM OTHOCSTCA TAaK¥XK€ U TpeﬁCLI, HO OHH
B pEaJbHOM IpOLECcCe ACTEKTUPOBAHUS MOTYT OBITH
MOJIyYEHBI TOJIBKO IOCJIe OOpaOOTKM JaHHBIX THIIA
movie.

3AKJIFOYEHUE

B pabote npeanoxena cToxacTHuecKass HIMUTAIIU-
OHHasl MOZIeNIb Ipolecca IETeKTHpoBaHMs (iyopec-
LUEHIUM MEUYEHBIX HYKICOTHIOB NPH OJHOMOJEKY-
JSIPHOM CEKBEHHUPOBAHWU B YETHIPEX CIEKTPATBbHBIX
kaHamax. OOecriedeHa MHOTO(MAKTOpHAs WMHTAILUS
CUTHAJIOB JeTekTopa. PaspaboraHa mporpamma-
CHUMYJISITOP HEPBUYHBIX LU(PPOBBIX JAaHHBIX OJHOMO-
JIEKYJSIPHOTO CeKBEHATOpa, 00ecreunBaromas UMUTa-
LU0 pe3yJbTaTOB CEKBEHHPOBaHUS B (opmarax
FASTA, trace u movie.

TouHas nporpaMMHas CUMYJISIIKS ITO3BOJISIET OLie-
HUTb, KaK OTHOIICHHE CUI'HAJ/IIYM M 4acToTa COOBI-
THH BCTpauBaHHs (M CIEIOBATENBHO, JJIUTENBHOCTH
MEXHUMITYJIbCHBIX WHTEPBaJOB) BIHUSIOT Ha 3 dek-
TUBHOCTH base-calling u 0OIIyl0 TOYHOCTH YTEHUS
MI0CJIEI0BATENLHOCTH.

MogenupoBaHue ONTUYECKUX OTKIMKOB M TOCIIe-
JIOBAaTENIbHOCTH COOBITHI BCTPaMBaHMUS HYKJIEOTHIIOB
B nenb JJHK sBasercs Ba)XKHBIMH COCTaBIISIOIIUMH
PEaTMCTUYHOTO CUMYJIATOpa MEPBUYHBIX AaHHBIX OJI-
HOMOJIEKYJISIPHOTO CEKBeHaTtopa. Mozesnb IMO03BOJIET
TeHEPUPOBATh CHHTETHUECKUE JaHHBIC IS 0OyUeHHS
U BaIWJAMA AITOPUTMOB BTOPHYHOW OOpPabOTKH,
W3y4aTh KUHETHYECKUe dPQEKThl MoIUMepasbl U ONTH-
MH3HUPOBaTh YCJOBHS IPOBEACHHS CEKBEHHPOBAHMS.
3T0, B KOHEYHOM HTOTe, MOXKET OOJIeTYUTh pactind-
POBKY (parMEeHTOB T'eHOMa, BKIIOYAIOMIMX B ceOs
JUTMHHBIE TIOBTOPSIIOILUECS] ¥ TOMOJIOTMYHBIE YYaCTKH.
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MODELING OF RAW DATA
FROM A SINGLE-MOLECULE SEQUENCER.
PART II: SIMULATION OF THE SEQUENCE OF EVENTS
OF FLUORESCENTLY LABELED NUCLEOTIDES’ INCORPORATION
INTO A DNA STRAND AND COMPREHENSIVE MODELING
OF MULTIPLE ZERO-MODE WAVEGUIDES IMAGES

E. K. Vasil’eva, 1. V. Chubinskiy-Nadezhdin

Institute for Analytical Instrumentation of RAS, Saint Petersburg, Russia

The article discusses the characteristics of detecting fluorescence signals from labeled nucleotides in a zero-
mode waveguide (ZMW). It introduces the concept of a "signal event" to describe a single emission act in one
of the spectral channels during the incorporation of a labeled nucleotide. The model accounts for label fluores-
cence duration, the formation of signal event sequences, and the background intervals between them. The mo-
ments of signal occurrence are modeled as a stationary one-dimensional Poisson process, characterized by prop-
erties such as discrete countability, stationarity, and orderliness. The article emphasizes the necessity of employ-
ing non-stationary models or combinations of processes when considering epigenetic effects, such as methyla-
tion. Finally, the article presents a software simulator for primary data acquisition in a third-generation single-
molecule sequencer. This software generates output in FASTA, "movie", and "trace" formats, enabling the crea-
tion of image series that simulate the fluorescent array of zero-mode waveguides in a measurement cell.

Keywords: sequencing simulator, long reads, simulation modeling, SMRT, zero-mode waveguide
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INTRODUCTION

The second part of the article concludes the descrip-
tion of a simulation model for fluorescence detection
in zero-mode waveguides of a single-molecule se-
quencer. Real-time sequencing of single, non-
clustered DNA molecules is a third-generation method
aimed at obtaining reads thousands of nucleotide pairs
long. Such reads with known characteristics can be
obtained by simulating long sequences of nucleotide
incorporation events into DNA. Such simulations for
the SMRT (Single Molecule Real Time) method [1-3]
can have important practical applications in a variety
of applications, from developing and testing second-
ary data processing algorithms to optimizing chemical
processes and improving sequencing accuracy.

Developing robust base-calling algorithms, often
based on machine learning, requires huge data sets
with known true sequences. Simulations enable the
generation of synthetic data in any volume, precisely
controlling the sequence and signal parameters, which
is impossible in real experiments. Testing the robust-
ness of secondary processing algorithms is a critical
task, for which realistic simulations allow us to verify
how base-calling algorithms respond to various nois-
es, artifacts, changes in polymerase speed, and omis-
sions or prolongations of intervals between incorpora-
tion events, simulating real biological or instrumental
failures.

The SMRT method not only reads the nucleotide
sequence of a DNA strand but also reveals the kinetics
of polymerase activity. Simulation allows us to accu-
rately reproduce the distribution of interval durations
between incorporated events and determine the optim-
al camera exposure time to accurately capture short
fluorescence pulses while minimizing signal blurring
or data loss.

Sequence-of-event simulation is only one step in
a complete SMRT simulator. A key part of the com-
plete data simulation is the integration of two steps—
the nucleotide letter sequence simulation and the basic
fluorescence emission event image simulation—where
the event sequence is the input to the optical response
simulation step. Simulating tens of thousands of zero-
mode waveguides (ZMWs) requires an efficient and
accurate event generator for each waveguide to simu-
late the operation of the entire sequencing cell.

SIMULATION OF THE EVENTS SEQUENCE
FOR INCORPORATION OF LABELED NUCLEOTIDES
INTO A DNA CHAIN

Parameters for primary data simulation

We define a signal-event as an event that consists
of the emission of light in one of the spectral channels
during the complementary incorporation of a fluores-

cently labeled nucleotide into a DNA chain. The
second stage of the simulation is the formation of
a signal-event sequence from basic signal counts, con-
sistent with a given sequence of nucleotide letter de-
signations. The duration of each such event should
correspond to the duration of the fluorescent label's
glow during incorporation of the labeled nucleotide.

All parameters used in the full simulation of prima-
ry data from a single-molecule sequencer can be di-
vided into four groups according to the task being
solved at each stage of data generation (Fig. 1, Ta-
ble 1).

Fig. 1. Primary data simulation stages.

1 — generation or reading of the nucleotide sequence;
2 — generation of basic images and basic signals
(samples) for one ZMW,; 3 — generation of a se-
quence of signal events in four spectral channels for
one ZMW; 4 — generation of a frame image series
with data simulation for multiple ZMW

Tab. 1. Parameters of the simulation algorithm at dif-
ferent stages of data generation

At the first stage, the initial data is entered into the
simulation algorithm — the nucleotide sequence is
read. The nucleotide sequence in FASTA format [4, 5]
can be obtained as a file from a genomic database or
randomly generated directly in the simulator program.

Group 2 parameters are required to generate basic
images and integral basic signals in the simulation
domain for four spectral channels in accordance with
the algorithm described in the first part of the article
[6]. Simultaneously with the generation of this data
and based on it, a general sequence of event-signals is
constructed, traces and image files in movie format
are generated and saved for each ZMW. Parameter
Group 3 is used for this, regulating the nature of the
occurrence of event-signals and their duration.

In the final stage, using Group 4 parameters,
images of individual ZMW, the data for which was
previously generated and saved to disk, are assembled
into a frame, and then assembled into a series of
multiple full-size image frames.

The sequence of signal events
as a Poisson random process

The fluorescence of the label's fluorophore begins
at the moment the nucleotide is fixed by the
polymerase in the laser beam's range and continues as
long as the label is retained in this region and does not
lose its ability to fluoresce. According to various
estimates, it takes from a few to hundreds of



milliseconds, which typically exceeds the exposure
time of a single frame. During this time, the detection
system records the fluorescence signal. After the label
leaves the polymerase's retention zone, the video
camera will record the background signal for the
ZMW until a new labeled nucleotide approaches the
polymerase. Thus, the sequencing process
sequentially records relatively bright signal-events
(pulses) and less bright background signals emitted by
the ZMW between events (interpulses). The rate of
the incorporation process, i.e., the frequency of
occurrence of signal events, can vary across
experiments.

Let the onset of a random signal event be the onset
of fluorescence emission in the nucleotide
incorporation reaction. The sequence of such events
then forms a flow of reaction that starts. This flow, in
turn, is generated by a Poisson flow of nucleotide
uptake events by the polymerase. In the model under
consideration, this flow is stationary.

According to [7, 8], the flow of random
homogeneous events is a one-dimensional stationary
Poisson flow and can be described by processes that
obey the conditions of stationarity, ordinariness, and
the absence of aftereffects. To describe and simulate
epigenetic processes such as DNA methylation [9,
10], it will be necessary to use a non-stationary
Poisson flow or a combination of two random
processes with different event frequencies, since the
durations of the IPD (interpulse duration) intervals
between the events of incorporation of normal and
methylated nucleotides differ significantly [11, 12].

In [8, 13], it has been shown that the distribution
determining the periods between successive homoge-
neous events in a Poisson flow, i.e., predicting the
lengths of the time intervals between them, can be
described by an exponential function. In [14], it was
noted that this approach is applicable to modeling the
time intervals between SMRT fluorescence signals.
When simulating the lengths of time intervals between
events in a one-dimensional Poisson flow, a relation-
ship linking random numbers with a given distribution
law and numbers uniformly distributed over the inter-
val from 0 to 1 can be used to obtain a sequence of
random numbers with a given distribution law [7-9,
15]:

(= LIn(1-R) ()
i A i)
where ¢ is the length of the i-th time interval, 4 is the
average intensity of the flow of co-events, and R; is
a random value obtained over the interval from 0 to 1
using a random number generator.

Thus, an array of initial time instants is generated
programmatically for intervals #, #,, ..., ¢;, correspond-
ing to the start times of nucleotide incorporation reac-
tions. Simultaneously, an array of nucleotide letter

designations is generated or read from a file. Then, by
simulating random event signal durations PW;, PW,,
..., PW; (pulse width) for each nucleotide from the
specified letter array, we can associate them with the
obtained reaction start times (Fig. 2). By comparing
the nucleotide designation, reaction start time, and
reaction duration, we simulate basic images and sig-
nals using the algorithmic templates described in the
first part of the article with an individual set of para-
meters for each nucleotide. In this case, we form five
sequences—one general and four for the letters A, T,
G, and C, each corresponding to its own nucleotide.

Fig. 2. Formation of a sequence of signal events

Event signal durations can be specified as constant
or variable using normal or lognormal distributions.
Nucleotides cannot be incorporated simultaneously,
but they can be incorporated one after another so that
the end of one reaction and the beginning of the next
are contained within the duration of a single exposure.
If the duration of the event PW;, which began at time
t;, overlaps the start time of the next event #;.), the
moment #;.;) must be skipped and the next moment
ti+2) must be used (Fig. 3, a). If this moment is also
overlapped by the duration of the PW; event, the next
start moment ;3 should be selected, and so on.
A relatively long duration of event signals or a high
event occurrence rate per second, for example,
5 events per second with an average duration of 200 ms,
will automatically lead to an increase in the overall
flow implementation time due to a decrease in the
event occurrence rate while maintaining the Poisson
nature of their occurrence.

Fig. 3. Features of the formation of a sequence of
event signals

The start or end moment of an incorporation event
falls randomly within the next sampling time interval;
therefore, the duration of an event signal almost al-
ways cannot be sampled by an integer number of in-
tervals equal to the exposure time (Fig. 3, 6). For cor-
rect modeling, we assume that if the incorporation
event began in the first half of the next exposure in-
terval or ended in the second half, as in Fig. 3, events
t, and 4 (trailing edge) and #5 (leading and trailing
edges), then the specified fluorescence intensity of the
basic image and signal are multiplied by a factor of
0.6. In other words, we assign the basic signal two-
thirds of the intensity specified in the modeling, since
most of the exposure interval under consideration is
"overlapped" by the simulated pulse. If the incorpora-



tion event began in the second half of the next expo-
sure interval or ended in the first half, as in Fig. 3,
events #3 (trailing edge) and #4 (leading edge), then the
specified fluorescence intensity of the basic image and
signal are multiplied by a factor of 0.3. That is, if the
signal-event duration interval is not a multiple of the
exposure time, then the first and/or last signal-event
sample, which obviously lasts less than the exposure
time, decreases in amplitude. This is equivalent to the
case when, during sequencing, the fluorescent label's
emission occupies less than half the full exposure
time, leading to a weakening of the total accumulated
fluorescence signal during the exposure time.

The basic signals are used to plot the intensity of
the labels' emission in a single spectral channel over
time. On the dependence graph, each sampling inter-
val equal to the exposure time can be assigned an
integral signal simulating the signal accumulated on
the video camera during that exposure time, thus
forming a trace.

By generating basic images and calculating basic
signals for four spectral channels, we gradually form
the entire sequence of signal-events.

Traces specified digitally for four spectral detec-
tion channels can subsequently be used for base-
calling when processing nucleotide sequence recogni-
tion tasks [16, 17].

Thus, a signal-event sequence can be formed as
a series of single samples—basic signals—
continuously following one another with a sampling
interval equal to the exposure time. The sequence of
such events itself represents realizations of a Poisson
event flow, and variations in the time interval dura-
tions between these signals can be described as reali-
zations of an exponential distribution law.

The sequence generation logic is shown in Fig-
ure 4.

Fig. 4. An example of generating traces and a movie
for a short GCACG sequence

Fluorescent labels flash in polymerase-captured
molecular complexes. Sequential flashes of different
fluorochromes — in this case, red, dark red, green,
dark red, and red — correspond in duration to event
signals, shown in the same four colors. The overall
pulse sequence is shown in gray on the time axis. The
overall sequence shows that the last three event sig-
nals have merged and cannot be easily separated
without information about the spectral channel in
which they were recorded. Furthermore, we see that
these are three optical signals with different spectral
compositions. (The color argumentation can only be
appreciated in the color format of the electronic ver-
sion of the article.)

With a sampling rate equal to the exposure time,
basic images are formed for all spectral channels. The
number of basic images for each signal-event corres-
ponds to the number of times the exposure time fits
into the fluorescence time interval of the correspond-
ing fluorochrome. The set of such images for a single
ZMW represents movie-type data and is saved to disk
as a graphic file. The corresponding basic signals
form traces for each channel and the overall signal-
event sequence. Traces for all four recording channels
are saved to disk as a single file common to the ZMW.

Simulation of a series of frames

The problem of simulating a set of primary data in
the form of full-size movie frames measuring 2048 by
2048 pixels is solved in two stages. In the first stage,
basic images of the signal-event sequences are formed
for all ZMW in the specified set for simulation. This
data is saved to disk as movie-format image files and
is generated for each ZMW individually according to
specified parameters using the algorithms described
previously.

In the second stage, frames are "assembled" from
these pre-generated files. For this purpose, an image
fragment corresponding to the data simulation for the
next i-th recording time point (Fig. 5) is selected in
each movie file for a single ZMW. This fragment
must be transferred to the image of the i-th frame in
the full simulation.

Fig. 5. Movie-type data for a single ZMW.

In (a), a fragment of the image with two incorporation
events in the G channel (pixels with bright lumines-
cence) is highlighted. In (6), the same fragment is
shown at a larger scale with vertically highlighted
sections simulating fluorescence responses formed at
different moments of recording in four spectral chan-
nels. The first incorporation event is discretized into 5
time intervals (n = 5), equal to the exposure time dur-
ing recording; the second incorporation event is dis-
cretized into 3 intervals (n = 3); between them are 4
fragments with a background signal

By sequentially copying image fragments for dif-
ferent single NMs into pre-calculated coordinates on
the full-size image (Fig. 6), it is possible to form an
image of any frame with multiple ZMW exhibiting
fluorescent responses in different channels at the giv-
en time point.

Fig. 6. Movie-type data for multiple frames with dif-
ferent ZMW in the simulated data series




A series of a large number of such frames will si-
mulate real raw images of a single-molecule sequenc-
er obtained over a long period of time, where frag-
ments i, i..., i, in of the movie images for each
ZMW are transferred to the corresponding positions
on frames iy, i ..., i,. Thus, the number of exposure
intervals will exactly correspond to the number of
frames in the simulated dataset. These frames simulate
the raw data that, during actual sequencing, is gener-
ated at the output of the detector's video camera. The
raw data also includes traces, but in the actual detec-
tion process, these can only be obtained after
processing movie-type data.

CONCLUSION

This paper proposes a stochastic simulation model
for detecting the fluorescence of labeled nucleotides
during single-molecule sequencing in four spectral
channels. Multifactorial simulation of detector signals

is provided. A simulator program for raw digital data
from a single-molecule sequencer has been developed,
providing simulation of sequencing results in FASTA,
trace, and movie formats.

Accurate software simulation allows one to assess
how the signal-to-noise ratio and the frequency of in-
corporation events (and, consequently, the duration of
interpulse intervals) affect base-calling efficiency and
the overall accuracy of the sequence reading.

Simulation of the optical responses and the se-
quence of nucleotide incorporation events into the
DNA strand are important components of a realistic
simulator of raw data from a single-molecule se-
quencer. The model enables the generation of synthet-
ic data for training and validating secondary
processing algorithms, studying polymerase kinetic
effects, and optimizing sequencing conditions. This
could ultimately facilitate the decoding of genome
fragments containing long, repetitive, and homolog-
ous regions.



