ISSN 0868-5886

CUCTEMHBII AHAJIU3 ITPUEOPOB

HAYYHOE IIPUEOPOCTPOEHUE, 2022, mom 32, Ne 1, c. 3—10

N UBMEPUTEJIBHBIX METO/JUK

VIIK 543.51+ 681.2-5

© A.T. Bopoaunos, B. B. Manoiiios, U. B. 3apyuxuii, A. U. ITerpos, B. E. KypoukuH, 2022

METOJIMKA OLEHKH KAYECTBA TEHOMHON CHEOPKHA
HA OCHOBE AHAJIM3A YACTOTHOCTH K-MEPOB
B CEKBEHATOPE ITAPAJIJIEJIBHOI'O CEKBEHUPOBAHUA

B Hacrosiee BpeMsi B CBSI3H C Pa3BUTHEM NPHOOPOCTPOCHHMS AT IPOBEICHNS TEHETHYECKOTO aHAIN3a CYIIECTBYET
ocTtpasi He0OXOANMOCTh B pa3paboTKe METOAMK OIIEHKM KauecTBa reHOMHOH cOopku. [loymcuer BcTpewaeMocTn pas-
JINYHBIX k-MEPOB YacTO BO3HHMKACT B 3ajJayax COOpKH reHoMa. B nmaHHOI pa0oTe Ha OCHOBE aHANIM3a Pa3IMYHBIX
MIPOTrPaMMHBIX CPEJCTB BBIOpaHBI MPOrPaMMBbl, KOTOPBIE MO3BOJISIOT OLEHUTh KauyecTBO reHOMHOW cOopku. C mo-
MOIIIBIO BEIOPAHHBIX ITPOTpaMM 00pabOTaHBbI IaHHbIE, MTOJyYCHHbIE HA OTEYECTBEHHOM CEKBEHATOPE MapajieIbHOTO
cexBenupoBanus Hanogop CIIC. Ha ocHoBe pe3ynbTaToB 00pabOTKM STHX JIaHHBIX TPOU3BE/IcHa OlICHKA KauecTBa
TEeHOMHOM COOPKH 110 METOTMKE aHanmu3a k-mepoB ais mpudopa Harnodop CIIC.

Kn. cn.: k-mep, NGS-metonsl, Ononndopmaruka, cobopka renoma

BBEJAEHUE

K-Mep — 3TO mpoOCTO MOCHEeN0BATENbHOCTE U3 K
CHUMBOJIOB B CTPOKE (WJIM HYKJICOTHJIOB B ITOCIIEZOBA-
tenpHOCTH JIHK B 3amaue cexBenupoBanus). Pazio-
JKEHHE TIOCIIeZIOBATETIFHOCTH Ha €€ A-MEpbl MO3BOJISIET
aHAJIM3UPOBATh 3TOT Habop (parmMeHTOB (HUKCHUPO-
BaHHOTO pa3Mepa, a He IOCIeA0BaTeIbHOCTD IIeJIH-
KOM, ¥ 3TO MOXeT ObITh 60s1ee 3P PEeKTHBHBIM MOIXO0-
noM. IIpocroii mpumep: 4ToOBI TPOBEPUTDH, TPOHUCXO-
IUT JIA TIOCIIEZIOBATENBHOCTh S M3 OpraHm3Ma A Win
u3 opranm3ma B, mpeamosnaras, yto reHoMbl A U B
W3BECTHBI M JIOCTaTOYHO Pa3Hble, MBI MOXKEM MpPOBE-
PUTH, CONIEPKUT N S OoIbIe k-MEpPOB, MPHUCYTCT-
Bylonux B A niu B B.

[IpakTrueckn 000N TEHOM COAEPKHUT IIOBTO-
pstonyecs o0acTH, OJHAKO, HAYMHAS C ONPEICIICH-
HOTO 3Ha4YeHUs k, k-Mepbl OINpeAcIICHHBIM 00pa3oM
OJIHO3HAYHO HJICHTH()HUIUPYIOT €ro; CJIA MbI MOCUHU-
TaeM KOJMYECTBO TOSBJICHUI k-Mep Ui TOCTATOYHO
OompIIoro & (OTpaHWMYEHHOTO CBEPXY JUITMHOM dTe-
HUSI), OKa3bIBACTCSI, YTO OOJBINIMHCTBO M3 HUX HAXO-
JIATCS. B T€HOME B €JUHCTBEHHOM OSK3emIuisipe. Ha-
MpUMEp, €CIU TMOPSAJOK JUIMHBI TEHOMa CpPaBHUM
C YEIIOBEYECKUM, BEPOSITHOCTh BCTPETHTh CIyYaliHYIO
MOJICTPOKY JIUHBI 14 X0Ts ObI OJMH pa3 COCTABIISCT
0.975893 [1]. Jnsa k = 20 sTa e BEpOSATHOCTH CO-
crasisier 0.000909.

[Moacuer BCTpedaeMOCTH pa3iIHYHBIX k-MEpOB Ha-
CTO BO3HHWKAaeT B 3ajadax cOopku reHoma. Pacripene-
JICHHE YacTOT BCTPEYAEMOCTH UCHOJIb3YETCs IS IPO-
HeAypbl KOPPEKTUPOBAHUS PUJOB, YTO IMOJpa3yMeBa-
€T pasjielicHUe COJIEPIKAIIUXCSI k~-MEepOB Ha "JIOBEpEH-
Heie" u "ommoOounsle" [1]. TlogoOHast wHDOpMarus

UCTOJB3yeTCsS HEKOTOPBIMU IPOrpaMMaMHu  COOPKHU
TeHOMa IS ONPEICICHHS TOTO, SIBISICTCS JU pac-
CMaTpUBaeMBbIi y4aCTOK MTOBTOPOM HITH HET.

B macrosmiee BpemMsi B CBS3W € Pa3BUTHEM
MpUOOPOCTPOCHUS I TPOBEJEHHUS TE€HETHYECKOTO
aHaJIM3a CYIIECTBYET OCTpask HEOOXOJMMOCTh B pas-
paboTKe METOJWK OIIGHKH KadecTBa T'€HOMHOU
coopku. Takue METOAMKH TIO3BOJISIT  OLICHUTH
JIOCTOBEPHOCTH TPOBEJICHUS] TEHETHYECKOTO aHalln3a
B CYIIECTBYIOIIUX W BHOBBH pPa3padaThIBACMBIX IPHU-
Oopax. B jganHoOif paboTe Ha OCHOBE aHalW3a
pPasMTUYHBIX ~ MPOTPAMMHBIX  CPEJACTB  BBIOpAHBI
MPOrpaMMbl, KOTOPBIC MMO3BOJISIFOT OLIEHUTHh KayecTBO
TCHOMHOW COOpPKHM B CEKBEHATOpax IapauieILHOTO
cexBeHnpoBaHus. C OMOIIBIO BEIOPAHHBIX MTPOrpaMM
00paboTaHbl aHHBIC, TONYYCHHBIE HA OTEUECT-
BEHHOM CEKBEHATOpPE IapaJJIeIbHOTO CEKBEHUPO-
Banus Hanodop CIIC.

AHAJIN3 ITPOI'PAMMHBIX CPEJCTB OHEHKHU
KAYECTBA CBOPKH TEHOMA

ITockonbKy KOJIMYECTBO k-Mep pacTeT DKCIIOHEH-
UAIBHO IS 3HaYeHWH k, momcyeT k-Mep Ui 0OJTb-
MHUX 3HAYEHUH Kk SABISETCS BBIYHUCIUTENLHO CIIO0KHOM
3amadeil. XOTs JOCTATOYHO MPOCTBIC PeaM3aIliy pa-
0OTarOT I MaJbIX 3HAYEHWH k&, UX HEOOXOIMMO
aanTHUPOBaTh JIs MPUIIOKEHUN C BBICOKOM IPOITYCK-
HOHM CIOCOOHOCTBIO WIIM Korja k Benuko. J[is perre-
HHSI 9TOH TIpoOJIeMBl OBLIM pa3padOoTaHbl pa3IMUHbBIC
WHCTPYMEHTHI:

o Jellyfish ucmonb3yer MHOTONOTOYHYIO XeIll-
TabnuIy 0e3 OJOKHPOBOK JJIA MOACYETa k-Mep U UMe-
et peanu3auuu Ha Python, Ruby u Perl [2];
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* KMC — 3T0 MHCTpYMEHT Jyisl TIoJicueTa k-Mep,
KOTOPBIA KCIOJIB3YET MHOTOJUCKOBYIO apXHUTEKTypy
JUISL ONTUMHU3AIIUU CKOpoCTH [3];

*  Gerbil ucnons3yer MOAXOA XeII-TabNIHUIIbI, HO C JI0-
TIOTHUTEITHHON TTOIIEPIKKON YCKOPEHHUS TpaduIecKoro
nporieccopa [4];

* K-mer Analysis Toolkit (KAT) wucmomssyer
MoauduiupoBannyo Bepcuro Jellyfish mis ananmsa
KoJuecTBa k-mep [5].

B kauecTBe OCHOBHOI'O MHCTPYMEHTa PabOThI C k-
Mepamu Obl1 BeIOpan KAT (K-mer Analysis Tookit),
MPEJICTABIIIONUI dPPEKTUBHBIA HAOOP CPEACTB JJIs
OBICTPOTO TOJCYUETa, CPABHEHMSI M aHAIM3a CICKTPOB
k-Mep TPOM3BOJILHOW JUIMHBI W3 JAHHBIX T'CHETHUYE-
CKHX IIOCJIEJOBATEIILHOCTEM.

OCHOBHBIM METOJIOM aHaju3a mpu padore c k-
MEpaMU SIBJISIETCS MPOBEPKa KauecTBa COOPKU reHoMa
MyTeM CpaBHEHUS XapaKTePUCTUK k-MEPOB COBOKYII-
HOCTH aHAJIM3UPYEMBIX PUIOB C pedepeHTHBIM 00-
pasioM Wik ¢ coOpaHHBIM TeHOMOM (TIpu cOOopke de
novo). Nuctpymentr KAT hist — »T0 rpaduueckoe
MIpe/ICTaBIIeHue Ha0opa JaHHBIX, ITOKa3bIBAIOIIEE,
CKOJIBKO KOPOTKHX IOCJIEIOBaTEeIbHOCTEH (DUKCHUPO-
BaHHOW JUIMHBI (k-Mep) TOSBISIETCS ONpeAeTICHHOE
KOJIMYECTBO pa3. HacTora BCTPEYaeMOCTH HaHECEHA
Ha OChb X, a YUCIIO k-MepoB Ha ocH y. [Ipumep 31-mer
spectrum of S.cerevisae S288C WGS  mpuBencH
Ha puc. 1.

HNuctpyment KAT comp reHepupyer Marpuily
¢ k-MepHBIM HaOOPOM TIOCIIEOBATEIBHOCTEH 4acToT
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k-MepoB Ha OIHOM OCH, a 4aCTOTOH BCTPEUAECMOCTH
k-mepoB npyroro Habopa Ha apyroit ocu. Ilpu cpas-
HeHUM Habopa puoB co coopkoit KAT cHauana BbI-
YUCIISIET CBOWCTBA M cocTaB k-mMepoB cOopku. [Ipu
MIPEJICTABIICHUU B BUE CTOKOBBIX TUCTOTPAMM CIIEKTP
k-MepoB st pUIOB pa3dMBaeTCs MO YUCITY KOTHMA k-
MepoB 11 coopku. Kpome toro, KAT mpenocrasmnsier
WHCTPYMEHT sect IJIsi OTCIEXKHBAHUSI TOKPBITHS k-
MepaMH, UCXOMsI U3 PACCUMTAHHBIX CHEKTPOB k-MEPOB
JUTI COBOKYITHOCTH PHUAOB U pedepeHca. ITO MOXKET
MMOMOYb MICHTHU(HUIMPOBATH Takue apTedakTsl cOop-
KH, KaK COOBITHS CBOpAuMBaHHSA W Pa3BOpavyMBaHMUS,
Wik OOHAPY)KUBATh TOBTOPSIONINECS OOJNACTH B TIO-
caepoBatenbHocty JIHK.

KAT raxxke BkiarogaeT mHCTpyMeHT hist ams BbI-
YHCJICHUS CIIEKTpa M3 OAHOTO Habopa IociiefoBa-
TEJNBHOCTEH W MHCTPYMEHT gCP JUIs aHaju3a I'yaHHH-
nuTo3uH conepxkanus (GC-KoHTEeHTa) B 3aBUCUMOCTH
oT 49acToThl k-mMepoB. UHcTpyment filter moxHO mc-
MOJIL30BaTh ISl BBIIENICHUS IOCIEI0BATENIEHOCTEH
U3 MOJTHOTO Ha0Opa B COOTBETCTBHH JTMOO C MOKPBITH-
em k-mepamu wim GC-comepxanueM Ui 3aJaHHOTO
Habopa. OTH MHCTPYMEHTBl MOTYT HCIOJb30BaThCA
JUISL Pa3NIMYHBIX 3a]1a4, BKIIOYasi OOHApYyKEHUE U W3-
BJICUCHHUE 3arps3HAIONIMX BemlecTB (contaminant
detection) kak B HeoOpaOOTaHHBIX pHUAaX, TaK U
B cOopkax (assemblies), ananmu3 cmemenus nmo GC-
COCTaBy H  COTJIACOBAaHHOCTh  MEXJAYy  IapHO-
KoHIeBbIMU (paired end) pumamMu C 4YyBCTBUTEIb-
HOCTBIO TI0 KOHIIEHTpaIusaM mpumeceit ot 0.1 ppm.
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Puc. 1. I'padpuueckoe npeacrabnenue Habopa qanabx KAT hist
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KAT mpoct B HCHONB30BaHUH, 00ECIICUNBACT BbI-
COKYIO CKOPOCTb aHallu3a. BpeMs Moiy4eHus pe3yiib-
TaTOB aHAJIN3a COCTABIISIET HE 00JI€e MUHYTHI.

METOJUKHU PABOTBI C K-MEPAMMU

B pabote [1] npenyiokeH METOJ] OLIEHKH KadecTBa
TEHOMHOM COOPKH, 3aKTFOYAOIIUIICS B YCTAaHOBICHHH
COOTBETCTBHSI MEXKIy YHUKAILHBIMH k-MEpaMu B CO-
OpanHom reHome M k-mepamu B punax. [Iponenypa
BBITJISITUT CIICTYIOIIAM 00pa3oM.

1. TlocTpoeHne THCTOrpaMMBI BCTPEYa€MOCTH k-
MEpPOB JIJIST PUJIOB.

2. BpIOOp OKpECTHOCTH THKa YHUKaIbHBIX K-
MEpPOB Ha TUCTOTPaMME BCTPEYaEMOCTH.

3. TlocTpoeHrE THUCTOTPaMMBI BCTPEYAEMOCTH k-
MEPOB JUIsl KaXKJ0H COOPKH.

4. Pacuer mepbl Q Kak JIOJIM Pa3IUYHBIX K-MEpPOB,
B3SITBIX M3 OKPECTHOCTH MUKA HA TUCTOrPaMME BCTpe-
YaeMOCTH k-MEpOB B UTCHHSX.

5. Bp100p cOOpkH ¢ MaKCUMAJIbHBIM 3HA4YCHUEM (Q
B KQUECTBE HAWITYUIlIEH.

B pabGore [6] mpemntokeH METON HCIPABJICHUS
omrOOK, ONTUMHU3UPOBAHHBIN ST pabOTHl ¢ UTEHHSI-
MH, COAEpXallUMH Kak OINMOKM 3aMeHBl, Tak
Y OIIMOKM BCTaBKU M ynayneHus. IlockonbKy ommOku
MPOUCXOMAT C HEOONBIION YacTOTOH, BEPOATHOCTH
TOTO, YTO OJIUH U TOT ke k-Mep OynmeT mpouuraH He-
CKOJIBKO pa3 ¢ OAMHAKOBBIM HaOOpPOM OIIMOOK, OYECHb
Mama. M3 3TorO0 BBITEKAET, YTO T€ A-MEpHI, KOTOPHIE
BCTpEYalOTCsl B HA0OpE UTEHWH Majo pa3, SBISIIOTCS
OmKMOOYHBIMH, OCTaJIbHBIC K€ SIBISIOTCS peabHBIMU
MOJICTPOKaMu reHoMa (puc. 2).
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Puc. 2. PacnipeneneHue 4actot k-MepoB B praax [6]
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HNCIOJBb30BAHUE ITPOI'PAMMBI KAT HOM (B HamreM ciydae Phix174), BKIIOYeHBI OJTUH pa3,
AJIs1 ObPABOTKHA JAHHBIX BKJTFOYCHBI ABAYKIBI U T.]T.
CEKBEHATOPA HAHO®OP CIIC Ha puc. 3, 4 npeacrasinensl k-mer comparison

plot, momydeHHBIE COOTBETCTBEHHO IS TPHUOOPOB

Hust_oOpaGotku naHHbIX cexBeHaTopa Hano(op  [llumina u Hanogop CIIC. IlokazaTenbHo, 4TO ISt
'(':HC ObL1a YCTIOJIE30BAHA OILMA HPOTpaMMBl KAT  cxommbIx XapakTepHCTHK MPOTOYHBIX SUCEK 3aIyCK
K-mer comparison plot". Ilo CyTH MbI IPEACTABIA-  Hanodop CIIC obecnieunBaeT 60abIIMI ypOBEHD IO-
el\i[, CKOJIBKO 3JIEMCHTOB KaXJIO0HW YaCTOTHI B CHCUKTpe KPBITHS pI/’II[aMI/I pe(bepeHCHoﬁ OCJIEA0BATEILHOCTH
PHJIOB OKA3a/IMCh HE BKIIOYCHBI B PEQEPEHTHBI I€-  (yeHTp TSIKECTH K-MEPOB C YHUKAIBHBIM TOKPBITHEM).
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3AK/JIIOYEHHUE

[TpoexTbl cOOpPKM reHoMa OOXOAATCS IOPOro Kak
M0 BPEMEHH, TaK W TI0 BIIOKEHHBIM CpEICTBAM.
B sToM cnyuae BbIsIBICHHE MPOOJIEM C HKCIEPUMEH-
TaILHBIMU JIaHHBIMH, 00apyKEHHBIX yKe Tociie coop-
KU, MOXET CTaTh HacTosAwed Heyaaded. C moMoIpo
K-mer Analysis Toolkit (KAT) uccienoBarenun MoryT
MOyYUTh JIOCTYH K Ka4eCTBEHHBIM KPHUTEPHUSIM
W TIOATBEPIUTH CBOM DPE3YJIbTaThl Ha Oojiee paHHUX
JTamax.

K-Mepbl mpeacTaBisioT co0oil HeOombiue Qpar-
MEHTBI HCXOJTHOT'O TeHOMA ¢ (PUKCHPOBAHHBIM YUCIIOM
ocaoBanmii JIHK. Kommprorep Moxer sddexruBHO
paboraTb ¢ OONBIIUM KOJIMYECTBOM K-MEpOB, a 3aTeM
UACHTH()UIIMPOBATE CBSI3M MEXIY 3TUMH (parMeHTa-
MU, 9TOOBI CO3/1aTh MpPEACTaBICHUE 00 UCXOJHOM re-
Home. OCHOBaHHBIE Ha k-MEpax METOABI OOBIYHO HC-
NOJB3YIOTCS I 3QPEKTUBHOIO CO3JaHUsl TEHOMHBIX
coopok. KAT moctpoeH ansi u3ydeHHs UM CpaBHEHHS
Ha0OpOB JAHHBIX CEKBEHUPOBAHUS C HCIOIb30BAHHEM
OCHOBHBIX CBOWCTB KaXKIOT'O OTJENBHOTO k-Mepa, Ta-
KHX KaK 4YacTOTa BCTPEYAEMOCTH M HYKJICOTHUIHBIH
COCTaB.

B nepByio ouepens KAT moxer anamm3upoBaTh
JJaHHBIE CEKBEHHPOBAHUS JUIsl ONpPEAEIeHUs YPOBHEH
CIyYalHBIX OIMWOOK, CHCTEMATHYECKHX OIMHOOK
U KoHTamMMHaimu. MHbopmanus, nonydeHHas B X0ae
9TOTO aHaJM3a, MOXET MOMOYb HCCIEN0BaTeNsIM pe-
LINTh, CJIEAYET JH HPOJOJIKATh BBINOJHEHUE IOCTIe-
OYIOUIMX 33j7a4, TakuX Kak cOopka reHoma. 3aTem
KAT MoXxeT mepenpoBepuTh MPOBEACHHYIO COOpPKY
TeHOMa, OTPE/ACINB MOJIHOTY U TOYHOCTh cOOpKHU 0Oe3
KaKHX-JINOO BHEIIHUX CITPABOYHBIX JAHHBIX.
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METHODOLOGY FOR ASSESSING THE QUALITY
OF GENOMIC ASSEMBLY BASED ON THE ANALYSIS
OF THE FREQUENCY OF K-MERS IN A PARALLEL
SEQUENCING SEQUENCER

A. G. Borodinov, V. V. Manoilov, I. V. Zarutskiy, A. 1. Petrov, V. E. Kurochkin

Institute for Analytical Instrumentation of RAS, Saint-Petersburg, Russia

Counting the occurrence of different k-mers often causes problems of genome assembly. Analysis of the fre-
quency distribution of k-mers makes it possible to find assembly errors in already formed contigs. Currently, in
connection with the development of instrumentation for genetic analysis, there is an urgent need to develop me-
thods for assessing the quality of genomic assembly. Such techniques will make it possible to assess the reliabil-
ity of genetic analysis in existing and newly developed devices. In this work, based on the analysis of various
software tools, programs were selected to assess the quality of genomic assembly in parallel sequencing se-
quencers. Using the selected programs, the data obtained on the domestic sequencer for parallel sequencing Na-
nofor SPS were processed. Based on the results of processing these data, the quality of the genomic assembly
was assessed by the method of analysis of k-mers and recommendations were given for improving the hardware

and software of the Nanofor SPS device.

Keywords: k-mers, NGS, bioinformatics, genome assembly

INTRODUCTION

A k-mer is simply a sequence of k£ symbols in
a string (or nucleotides in a DNA sequence in the case
of sequencing). The decomposition of a sequence into
its k-mers allows one to analyze this set of fixed size
fragments, rather than the whole sequence, and this
may be a more efficient approach. A simple example:
to check if the sequence S originates from organism A
or from organism B, assuming that the genomes of A
and B are known and quite different, we can check
which k-mers contains S more of: those present in A
orin B.

Almost any genome contains repeating regions,
however, starting from a certain value of k, ki-mers in
a certain way uniquely identify it. If we count
the number of occurrences of k-mers for a sufficiently
large value of k (limited from above by the length of
reads), it appears that most of them are in a single
copy in the genome. For example, if the order of ge-
nome length is comparable with a human one,
the probability of encountering a random substring of
k =14 length at least once is 0.975893 [1]. For k = 20,
the probability is 0.000909.

Counting the occurrence of different k~mers often
arises in genome assembly tasks. The frequency distribu-
tion is used for the read correction procedure, which im-
plies the seraration of the contained k-mers into "trusted"
and "erroneous" ones [1]. This information is used by
some genome assembly software programs to deter-
mine whether the region in question is a repeat or not.

Currently, due to the development of instrumenta-
tion for genetic analysis, there is an urgent need for
the development of methods for assessing the quality
of genomic assembly. Such techniques make it possi-
ble to assess the reliability of genetic analysis in exist-
ing and newly developed devices. In this work, based
on the analysis of various software tools, programs
were chosen that allow assessing the quality of ge-
nomic assembly in sequencers for parallel sequencing.
Using the selected programs, the data obtained on the
domestic sequencer Nanofor SPS [Hanodop CIIC] for
parallel sequencing were processed.

ANALYSIS OF SOFTWARE FOR ASSESSING
THE QUALITY OF GENOME ASSEMBLY

Since the number of k-mers grows exponentially
for values of k, calculating k-mers for large values of
k is computationally challenging. While fairly simple
applications work for small values of %, they need to
be adapted when high throughput is needed or when &
is large. Various tools have been developed to solve
this problem:

» Jellyfish uses a multi-threaded, lock-free hash ta-
ble for counting k-mers and has implementations in
Python, Ruby, and Perl [2];

* KMC is a k-mer calculator that uses a multi-disk
architecture to optimize speed [3];

* Gerbil uses a hash table approach, but with addi-
tional support for GPU acceleration [4];

» The K-mer Analysis Toolkit (KAT) uses a mod-
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ified version of Jellyfish to analyze the number of -
mers [5].

As the main tool for working with k-mers, KAT
(K-mer Analysis Tookit) was chosen, representing
an effective set of tools for quickly calculating, com-
paring and analyzing the spectra of k-mers of arbitrary
length from genetic sequence data.

The main analysis method when working with £-
mers is to check the quality of genome assembly by
comparing the characteristics of the k-mers of the set
of analyzed reads with the reference sample or with
the assembled genome (when assembling de novo).
A KAT hist tool is a graphical representation of a da-
taset showing how many short, fixed-length sequences
(k-mers) appear a specified number of times. The fre-
quency of occurrence is plotted on the axis x, and the
number of k-mers on the axis y. An example of 31-
mer spectrum of S. cerevisae S288C WGS is given in
Fig. 1.

Fig. 1. Graphical representation of the KAT hist
dataset

A KAT comp generates a matrix with a k-mer set
of frequency sequences of k-mers on one axis, and
the frequency of occurrence of k-mers of another set
on the other axis. When comparing a set of reads with
an assembly, KAT first calculates the properties and
composition of the k-mers of the assembly. When pre-
sented in the form of stock histograms, the spectrum
of k-mers for reads is divided according to the number
of copies of k-mers for assembly. In addition, KAT
provides sect tool for tracking k-mer coverage based
on calculated k-mer spectra for a set of reads and
a reference. This can help identify assembly artifacts
such as folding and unfolding, or detect repeating re-
gions in a DNA sequence.

KAT also includes a hist tool for calculating
a spectrum of a set of sequences and a gep tool for
analyzing guanine-cytosine content versus frequency
of k-mers. A filter tool can be used to select se-
quences from the complete set according to either -
mer coverage or GC content for a given set. These
tools can be used for a variety of tasks, including con-
taminant detection and extraction in both raw reads
and assemblies, bias analysis over GC content, and
consistency between paired end reads with sensitivity
to impurity concentrations from 0.1 ppm. KAT is easy
to handle, it provides high speed analysis. The time
spent on obtaining the result of the analysis is no more
than 1 min.
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TECHNIQUES FOR WORKING WITH K-MERS

In [1], a method for assessing the quality of ge-
nomic assembly is proposed, which consists in estab-
lishing a correspondence between unique k-mers in
the assembled genome and k-mers in reads. The pro-
cedure is as follows.

1. Construction of a histogram of the occurrence of
k-mers for the reads.

2. Selection of the vicinity of the peak of unique 4-
mers on the histogram of occurrence.

3. Plotting a histogram of the occurrence of k-mers
for each assembly.

4. Calculation of the measure Q as the fraction of
different k-mers taken from the vicinity of the peak on
the histogram of the occurrence of k-mers in reads.

5. Selection of the assembly with the maximum
value of @ as the best.

In [6], an error correction method is proposed that
is optimized for working with reads containing both
substitution errors and insertion and deletion errors.
Since errors occur with a small probability, the proba-
bility that the same k-mer will be read several times
with the same set of errors is very small. It follows
that those k-mers that occur a few times in the set of
reads are erroneous, while the rest are real substrings
of the genome (Fig. 2).

Fig. 2. Frequency distribution of k-mers in reads [6]

USING THE KAT SOFTWARE
FOR SEQUENATOR NANOFOR SPS
DATA PROCESSING

To process the data of the Nanofor SPS sequencer,
the KAT program option k-mer comparison plot was
used. In fact, we get a notion of how many elements
of each frequency in the read spectrum were not in-
cluded in the reference genom (in our case Phix174),
included once, included twice, etc.

Figs. 3, 4 show the k-mer comparison plot results
obtained with the Illumina and Nanofor SPS instru-
ments, respectively. It is significant that Nanofor SPS
provides a higher level of coverage of the reference
sequence by reads (the centroid of k-mers with
a unique coverage) in cases of similar characteristics
of flow cells.

Fig. 3. Typical k-mer comparison plot results of Phix
174 sequencing using Illumina Miseq
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Fig. 4. Typical k-mer comparison plot results of Phix
174 sequencing using Nanofor SPS

CONCLUSION

Genome assembly projects are costly in both time
and investment. Identifying problems with experimen-
tal data discovered after assembly can be a real fail-
ure. With the K-mer Analysis Toolkit (KAT) re-
searchers can access quality criteria and confirm
the results in the earlier stages.

K-mers are small fragments of the original genome
with a fixed number of DNA bases. A computer can
efficiently work with a large number of k-mers and
then identify the relations between these fragments to
create an idea of the original genome. K-mer-based
methods are commonly used to efficiently generate
genomic assemblies. KAT is built to examine and
compare sequencing datasets using the basic proper-
ties of each individual k-mer, such as frequency and
nucleotide composition.

First of all, the KAT can analyze sequencing data
to determine the levels of random errors, systematic
errors and contamination. The information gained
from this analysis can help researchers decide whether
to continue with subsequent tasks, such as genome
assembly. Then the KAT can re-check the performed
assembly of the genome, determining the complete-
ness and accuracy of the assembly without any exter-
nal reference.

Contacts: Borodinov Andrey Gennad'evich,
borodinov@gmail.com
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