TEHOM YE/1IOBEKA:
YTO 3TO TAKOE B PEAJ/IbHOCTU U HA «BYMATE»

PYBLOB Hukonait bopucosuu
UHcTUTYT uutonorum u reHetukmn CO PAH
HoBocnbupckuia focyaapcrBeHHbli YHUBepcUTeT
r. HoBocnbupck



MapT 2000 roaa: Celera 06bABMNAA O CEKBEHUPOBAHNM rEHOMA YEN0BEKA

depepanbHbI NpoeKT «[eHOM yenoseka» gorosopunca c Celera, u pesynbTathbl
obounx npoeKToB bbinn ogHOBPEMEHHO 06bABNEHbI HA Npecc-KoHbepeHUMN 26 NIOHA
2000 roaa, B KoTopou yyactsoBanu npe3naeHT CLUA bunn KAMHTOH, npembep-
MUHUCTP Bennkobputanmnm Tonun bnap .

MpoeKT «[eHOM YenoBeKa» - «NepBOHa4YabHOE CEKBEHUPOBaHME reHOMa
yenoseka» 3ABEPLUEH!

««CTaHAapTHbINY, Unn pedepeHcHbIN reHOM YenoBeKa AopabaTbiBaeTca A0 CUX Nop.
®nHanbHaA ToYKa Oblna o4eHb yc10BHaA. [IoroBOPUANCH, YTO 3TOT MOMEHT CYMTATb
TOYKOM, Koraa [KAnMHTOH ¢ Bnapom] caenanu [cBoe 3aaBneHue]. B STOT MOMEHT reHOM
He bbln caenaH Ao KOHUA, N1H0AM NOTOM MHOTO NE€T A04YULLAAN 3TO AENOY.

fenbdang Muxaun



«MpoeKTt «feHOMm yenoBeKa» (The Human Genome Project, HGP) —
3aBEPLWEHHbIN MEXKAYHAPOAHbINA HAaY4YHO-UCCNEeA0BaTENbCKUN
NPOEKT, [MaBHOM LUe/iblo KoToporo 6bi10 onpeaeneHne nap
OCHOBaHWM, KoTopble cocTtaBnAoT HK yenoseka, a TakKe
BblABNEHNE, KAPTUPOBAHME N CEKBEHMPOBAHMNE BCEX FEHOB
4YenoBeYEeCKOro reHomMa Kak ¢ Gu3n4eckom, Tak n ¢ PyHKLUMOHANbHON
TOYKM 3peHus. ... K 2003 roay 6b1n10 ceKBeHUpPOBaHO Antb 85 %
reHoma 4yenoBeKa, NPoeKT 6bin 3aBepwéH B 2022 roay, Koraa 6bino
AOCTUTHYTO NOJIHOE CEKBEHNPOBAHUE FEHOMa Ye/I0BeKa».

https://ru.ruwiki.ru/wiki/%D0%9F%D1%80%D0%BE%D0%B5%D0%B
A%D1%82 %C2%AB%D0%93%D0%B5%D0%BD%D0%BE%D0%BC_%
D1%87%D0%B5%D0%BB%D0%BE%D0%B2%D0%B5%D0%BA%D0%B
0%C2%BB



1986 rox - Hayano paboTHl HAJ TPOCKTOM, IMO3IHEE Ha3BaHHBIM «[ €HOM YEeIOBEKaY.

Mporpamma «feHom Yyenoseka» B CCCP n P®:

e [Ilporpamma ctaptoBana B 1987 r. Ee uHnymaTop um
6e3ycnoBHbIN NMAEPOM B Te roAbl - akagemuk A.A. baes.
B 1989 r. nporpamma cTtana 0gHOM U3 BeayLuX
focyaapCcTBEHHbIX HAay4HO-TexHu4Yeckux nporpamm CCCP.

OCHOBHbIe pa3aenbl 3TON Nporpammsbl Kak B Poccuu, Tak
M BO BCEM MUPE BKAKOYAIOT TPU [NaBHbIX HanpaBaeHun
Hay4YHbIX UCCNeJ0BaAHUM :

1) KapTUpPOBaHWE U CEKBEHUPOBAHME FrEHOMA;

2) CTPYKTYPHO-PYHKLMOHA/IbHOE N3yYEeHME FTEHOMA;

3) MeANLMHCKYIO TeHETUKY U reHoTepanuto.

* B 90e rr paboTbl N0 MeXAYHAPOAHOM Nporpamme

lfeHom Yenoseka B CCCP, a 3atem B P® 6b1an

CcoCpenoToYEeHbl rMaBHbIM 06pa3om Ha nsydyeHuu 3-u, 13-

AnekcaHop AsiekcaHoposu4 1 1 19-11 xpomocom. Moaxoa, K U3y4eHMI0 3TUX XPOMOCOM
baes OYEHb Pa3/INYEH.

28.12.1903 - 31.12.1994.




1990 roa: dopmanbHbIM 3anNyCK NPOEKTa MUHUCTEPCTBOM 3HepreTukn CLUA v
HaunoHanbHbIM MHCTUTYTOM 34paBooxpaHeHuna (3x10° S, oxknaaemas
ANNTENbHOCTb 15 neT). Y4acTHMKM mexKayHapoaHOoro KoHcopumyma nomumo CLLUA:
Kutan, ®paHunun, lepmanmu, AnoHnn n Bennkobputanmnm, CCCP.

[enmc YoTcoH BO3rnaBnan HaumMoHanbHbIM LEHTP UCC/IeA0BAaHUN YET0BEYECKOro
reHoma B HaunoHanbHOM opraHusaumm 3gpasooxpaHeHua CLUA (NIH) c 1988 roaa.
B 1992 roay ywén B OTCTaBKY U3-3a Hecor/1acusa ¢ no3mumnen bepHaanHol Xmam no
BOMPOCaM NaTeHTOBAHWUA reHOB.

C anpene 1993 pykosoaunn ®peHcmc KonnanHsa

B 1997 roay Ha3BaHue UeHTpa 6bi10 N3MeHeHOo Ha HauMoHaNbHbIN MHCTUTYT
nccneposaHuit yenoseveckoro reHoma (NHGRI).



«$1 He X0uy MOJIOKUTh CBOIO KHU3Hb HAa TO, UTOOBI
OIIPEAECIIUTD ITOCIIEA0BATEIBHOCTD 12-1 XpOMOCOMBI
ot 100 000-i mo 200 000-i mapsl OCHOBaHUI.

1992, BeHTep Kpeitr opraHunsosan Institute for Genomic Research, HEKOMMeEpPYECKNI
Hay4YHO-UccnenoBaTenbCKMN UHCTUTYT, roe B 1995 rogy 6bin ceKBeHMpPOBaH
nepBbli KUBOW opraHnuam Haemophilus influenzae, ¢ wcnonb3oBaHMEM HOBOM
TEXHONOMMM NOIHOFEHOMHOIO cekBeHMpoBaHuA (shotgun technique).

1998, BeHTep Kpewur opraHmsoBan Celera Genomics C UEeNbl0 CEKBEHUPOBAHMUS
reHOMa YenoBeKa, NCNo/Ib3yA HOBYIO TEXHOOTUIO.

B mapte 2000 Celera Genomics caenana 3aABfeHUE O CEKBEHMPOBAHUM FEHOMA
YyenosekKa.

26 nioHa 2000 ropa Kpeunr BeHTtep un ®paHcmc KonauvH, pykosoautenb
npoeKta «[eHom YyenoBeKka» 06bABUAKN «NepBOon cbopKe reHoma
yenoseKa.

B deBpane 2001 roga, onybanKoBaH nepBbin NpeaBapuUTebHbIN
ApadT reHoma YenoBeKa.




MepBble nepcoHaNbHble reHOMbI:

Jxelimc YOTCOH Ctus [xo06c¢
2007 lfopaoH Myp
$1.5 MuAAnoHa

FneHH Knoys

[3H CTonKecky
2008 rop,
$350 000

0331 OcbopH

BeHTep Kpeir



CeKkBeHunpoBaHue no CaHrepy — "3010TOMU CTaHAAPT .

Pa3spaboTka meToa0B MaccoOBOro napannenbHoro
CeKBEHUpPOBaHUA:

CekBeHMpoBaHME BTOPOro NOKOJIEHUA.
CekBeHUpoOBaHUe nytem rubpuamnsauum.
CeKkBeHunpoBaHue nytem cuHtesa — lllumina.
CeKkBeHunpoBaHMe nyTem cuHTesa — Genolab M.
CekBeHMpoOBaHMe C UCNOJSIb3OBaHMEM HaHOLWapukos BGI.

CeKBeHMpoBaHME TPETbEro NOKONEHUSA.
HaHonopoBsoe ceKBeHMpoOBaHUe
PacBio

OcHoOBHbIe TeXHU4Yeckue npobaemoi c6OpKU:
reTepo3uroTHOCTb
AYNIUKaLMA reHoma, pamoHOB reHoOMa, eé cneabl
reHeTU4YecKoe pasHoobpasue



Technology Reads

Highlights

Limitations

PacBio CLR Single molecule long reads, average

length ~ 20 kb

PacBio CCS  Single molecule long reads, circular

(HiFi) sequencing, and consensus by mult passes,
with average length -~ 15<20 kb
Oxford Single-molecule long reads, directly detected
Nanopore by base signal, with average length
=10 Kbps, ultra-long reads can reach
2.3 Mbps in the current record
BioMNano Optical mapping of DNA fingerprint-labeled
Genomics  fluorescently in ensyme sites, with average
length up to multiple hundred kilobases
10X Short reads from lumina paired-end

sequencing, but linked reads through
GEMs, which provide linkage information
with average length reach to 100 Kbps

Grenomics

Dicrived short reads from Ilumina paired -end
sequencing can provide linkage information
up to 100 Kbps for chromosomes based on
proximity ligation

Long-read sequencing technology widely nsed
to assemble genome in the past years

Generate long reads that have high base
accuracy (>99%) and long length, reduced
need for error comrection, and lower
sequencing coverage

Direct sequencing by measuring electric base
signal without limited by enzyme activity

Produce long-range linkage information for all
chromosome

Experimental methods to construct a
microenvironment to sequencng a single
molecule DNA fragment, capable of linked
reads over long-range and abilicy to
sequence using mainstream IHlumina
SCquencers

Methods can detect the chromosome
interaction, can provide the whole-genome
contact information

The high base error requires correction with
high coverage or with short reads, also may
introduce switch emror into polyploid
assembly

Reads length only reach ~20 Kbps, therefore
sacrificing length for accuracy

High base error and occurrence of
homopolymer errors

Requirement to prepare long-length DNA
maolecules

Limitations in sparse enzyme site regions and
pool algordthms for inte grating optical
mapping and genome assembly

Pool algonthms available for polyploid, and it
i5 based on NGS, therefore inherits certain
limitations in repetitive regions, especially
tor local tandem repeats where the labels
are the same (i.c., unable to differentiate
between tandem copics )

Requires (and sensitive to) a high-quality
input haplotig sct

To achicve better results, chimeric contigs to
be removed from the input

C6opku reHoma go GRCh38.p13 n T2T-CHM13



duHagbHas cOopka renoma yejgoBeka T2T-CHM13?

Koncopruym «Ot temomepsl 10 Testomepb» (T2T-Consortium, Teinomepa —
KOHIIEBOM yYaCTOK XPOMOCOMBI: 54 MHCTUTYTA U JIaDOPaTOPUH U3 pa3HbIX
cTpaH, BKJtouas Poccuro. Pesynbrar - mepBasi A€HCTBUTENIBHO MOJIHAsE COOpKa
reHoMa, IIECTh cTaTel B Science.

B T2T-CHM13 3 054 815 472 nap nyxneornnos sineproit JHK

u 16 569 nap mutoxoHapuansHoun JJTHK. 182 Muiinona
nap HyKJICOTHIOB U3 HOBOW COOPKM OTCYTCTBYIOT B IPEABLAYIINX COOpKax.



Hogsast cOopka reHoMa nojy4uia Ha3BaHUE OT KyJbTypsbl kiieTok CHM13, u3
koTopoii Obua BeizienieHa JJHK (kieTku KyabTyphbl, HOTYYEeHHOH U3
ONyXOJIA, BOSHUKIIEHW B PE3YJIBTATE My3bIPHOTO 3aHOCA —
OIUUIONOTBOPEHHAS SIMLEKIIETKA TOTEPSIIA MATEPUHCKHUE XPOMOCOMBI,
COXpaHMIa TOJIBKO OTIIOBCKUE).

22 ayTOCOMBI U X-XpoMocoMa (TIOCIICAYOIIas TUTIIIOUIN3AIIHS) — TCHOM
OJTHOTO M3 CIIEPMATO30UA0B, BO3MOXKHO, IPETEPIEBIIINNA HEKOTOPBIE
V3MCHEHMUSL.

Penienue TexHU4eCcKor MpoOiIeMbl reTepo3uroTHoCcTH - pazimnunii JIHK B
KOITUSAX TOMOJIOTUYHBIX XPOMOCOM.

Pesynprar:
[Tonnas cOopka 6e3 rmpooesnos.

3aBepIIEH NMPOEKT | €eHOM YelloBEKa.

Bormpoc: MOXeET Jii CyIecTBOBaTh YEJIOBEK C TAKUM F'€HOMOM?



HoBas cbopKa no3BosnnMna MCNPaBUTb MHOMECTBO OWKMOOK, NMPUCYTCTBYHOLWMUX B
GRCh38.p13, pobasuna K cuKkBeHcy euwe 200 MWAAMOHOB Nap OCHOBaHWUN,
coAepalmx 2 226 reHOB-Mapanoros, cpeau HUX 115,
NpeanonoXKutenbHo Koaupyowmnx 6enkmn. OcHoBHoM HegocTaTok T2T-CHM13 — 3710
oTcyTcTBMe Y-xpomocombl (Y-xpomocoma aobasneHa ns gpyrom cbopku).

STATISTICS GRCH38  T2T-CHM13  DIFFERENCE (1%)
Summary
Assembled bases (Gbp) 292 3.05 +4.5
Unplaced bases (Mbp) 11.42 0 -100.0
Gap bases (Mbp) 12031 0 -100.0
Number of contigs 949 24 -975
Contig NG50 (Mbp) 56.41 154.26 +1735
Number of issues 230 46 -80.0
Issues (Mbp) 23043 818 -96.5
Gene annotation
Number of genes 60,090 63,494 +5.7
Protein coding 19.890 19,969 +04
Number of exclusive genes 263 3,604
Protein coding 63 140
Number of transcripts 228,597 233,615 +2.2
Protein coding 84,277 86,245 +2.3
Number of exclusive transcripts 1,708 6,693
Protein coding 829 2,780



Comparison of GRCh38 and T2T-CHM13 (chrl)
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YyeHble 3aKoHYUNU CeKBeHMUpoBaHue reHoMa 4yesioBeka. YT0
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&
WccnepoeaTtensckada rpynna Telomere-to-Telomere onybnukosana ] Pt

0TYeT 0 paclndpoBke nocnegHux 8% YenoseYecKoro reHoma. - CIOSing inon a COmplete

XOTA NepBbIA BapyvaHT nonHoro reHoma 6e1n nonyveH 8 2003 rogy,
3Ty paboTy yoanocb 3aKOHUMTb TONBLKO ceidvac. PacckasbiBaeM,
noyeMy Tak MoAy4nI0Ck M YTO Y4aA0Ck Y3HaTb YYEHbIM —

human genome p.42

370 AencTeuTenbHO cbopKa reHoma —

yenoBeKa?




scientists have come to realize
that a single reference genome is inadequate for many purposes.

While the use of a single reference has advanced genetics immensely, it has

not, as some had hoped, allowed us to find the cause of all genetic disease, a
shortcoming that has prompted some commentators to call the Human Genome Project
a failure.

«Regardless of what methods are chosen, it is now clear that the community must move
beyond reliance on a single reference genome».




YTO Mbl 3Haem o0 reHoMe yesnioBeKa?

Mexcoynapoonwtiic.  npoekm (HapMap) (ctapr B 2002 roxy). Ilensro
KaTaJOTH3UPOBAaTh HMHIAWBUIYyallbHbIE TEHETHYECKHE OCOOCHHOCTU  JIIOIEH.

[Tyonukamus 2-ro centa0pst 2010 roga kapThl Bapualvii rTeHOMa YeJI0BEKa TPEThETO
nokojeHus. Yacrora SNP ~ 1 na 279 bp. (2010 1)

1000 Genomes Project (1KGP), crapr B 2008 rony, 3aBepmerne B 2015, Nature
volume 526, pages 68-74, 01 October 2015) pexoHcTpyupoBaHbl reHOMBI 2504
4eJI0BeK U3 26 momyssiiuii, BeIABICHO Oojiee 88 MUJUIMOHOB Pa3IMYHBIX BapUalui
(84.7 munamonoB SNPs, 3.6 mmamuonoB indels u 60000 crpykTypHBIX
BapuanToB). Yactora SNP >1% (1 na ~30 bp).

100,000 Genomes Project (ctapt B Benmukoopuraamu B 2013 roxy).
B Anruum k 1 okts6ps 2018 roga Obutn cexkBeHupoBansl 87 231 reHOMOB.

Bonpockl k KaueCTBY CEKBEHUPOBAHUS U KAYECTBY COOPOK



[Tomnoe cexkBennpoBanue 300 reroMOB u3 142 momyJisiuuil CO BCEro Mupa

ARTICLE

doi:10.1038/nature18964

The Simons Genome Diversity Project:
300 genomes from 142 diverse populations

A list of authors and affiliations appears at the end of the paper.

Here we report the Simons Genome Diversity Project data set: high quality genomes from 300 individuals from 142
diverse populations. These genomes inchude at least 5.8 million base pairs that are not present in the human reference
genome. Our analysis reveals key features of the landscape of human genome variation, including that the rate
of accumulation of mutations has accelerated by about 5% in non-Africans compared to Africans since divergence.
We show that the ancestors of some pairs of present-day human populations were substantially separated by 100,000
years ago, well before the archaeologically attested onset of behavioural modernity. We also demonstrate that indigenous
Australians, New Guineans and Andamanese do not derive substantial ancestry from an early dispersal of modern
humans; instead, their modern human ancestry is consistent with coming from the same source as that of other non-

Bcero 300 nepcoHanbHbIX FEHOMOB, HO M3 142 ganéKkux Nonynauun. HoBoe

Ka4yecTBO CeKBeHUPOBaHUA: bubanotekn npurotosneHbl bes

ncnonb3osanmsa MUP (278 n3 300), B cpegHem 43 KpaTHOE NOKPbLITUE reHOMa
(ot 34 no 83). BbiaBneHo 34.4 x 10% SNPs 1 2.1 x 10° indels.



@ Africa *

O West Eurasia

@ South Asia

© East Asia

© East Asia

@ America

© East Asia

O Oceania

© East Asia

@ South Asia

© East Asia

0.02

E—

O East Asia

b

X-to-autosome
heterozygosity ratio

Latitude (*)

Latitude ()

@ Africa @ America O East Asia
O Oceania @ South Asia O West Eurasia
0.7 J
o ” <
0.6 : B °s pylgmy
\ ¥
0.5 e . Q. :o’ ® 3

0.0006 0.0007
Autosomal heterozygosity

0.0008 0.0009 0.001

-50 0
Longitude ()
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¢, OueHKa BKknazia reHoma
HeaHAepTa/bLes (Tennosas KapTa
0-3%).

d, OueHKa BKn1aga reHoma
AeHucosueB (Tennosan KapTta 0—
0,5%). B rpynne oceaH oo 5% (apkui
KpacHblit).

S Mallick et al. Nature 1-6 (2016) doi:10.1038/nature18964

nature
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A Draft Sequence of the
Neandertal Genome

Richard E. Green,**11 Johannes Krause,'t§ Adrian W. Briggs,'1§ Tomislav Maricic,"§

Udo Stenzel,’t§ Martin Kircher,t§ Nick Patterson,’t§ Heng Li,’t Weiwei Zhai, Il

Markus Hsi-Yang Fri!z,‘T Nancy F. Hansen,*t Eric Y. Durand,’T Anna-Sapfo Malaspinas,*t
Jeffrey D. Jensen,® f Tomas Marques-Bonet 7134 can Alltan, + Kay Priifer,’t Manmas Meyer,* f
Hernan A. Burbano,t Jeffrey M. Good,"®t Rigo S(hultz Aylnuer AXImu~Peln Anne Bunhof

Barbara Hober, Barbara Hoﬁner, Madlen

Antje Weik * Chad i

Eric S. Lander,? Carsten Russ,? Nathaniel Novod,? Jason, Affourtit,” Michael Egholm,
Christine Verna,* Pavao Rudan,’® Dejana Brajkovic,'* Zeljko Kucan,*° Ivan Gusic,

Vladimir B. Doronichev,*? Liubov V. Golovanova,*? Carles Lalueza-| an,u Marco de la Rasilla,**
Javier Fortea,*q] Antonio Rosas,*® Ralf W. Schmitz, 27 Philip L. . Johnson,®t Evan E. Eichler,’t
Daniel Falush,’ Ewan Birney,*t James C. Mullikin,*t Montgomery Slatkin,>t Rasmus Nielsen,>t
Janet Kelso,*t Michael Lachmann,*t David Reich,>?** Svante Paibo™*t

the closest

y relatives of present-day humans, livegyinsdaseg parts of Europe

and western Asia before disappearing 30,000 years ago. We present a draft sequence of the Neandertal
genome composed of more than 4 billion nucleotides from three individuals. Comparisons of the
Neandertal genome to the genomes of five present-day humans from different parts of the world
identify a number of genomic regions that may have been affected by positive selection in ancestral

modern humans, including genes involved in metabolism and in cognitive and skeletal d

changed parts of their genome with the ances-
tors of these groups.
Several features of DNA extracted from Late

Pleistocene remains make its study challenging.
The DNA is invariably degraded to a small aver-
age size of less than 200 base pairs (bp) (27, 22),
it is chemically modified (2/, 23-26), and extracts
almost always contain only small amounts of en-
dogcnous DNA but large amounts of DNA from
isms that colonized the speci

after death. Over the past 20 years, methods for
ancient DNA retrieval have been developed (21, 22),
largely based on the polymerase chain reaction
(PCR) (27). In the case of the nuclear genome of
Neandertals, four short gene sequences have been
determined by PCR: fragments of the MCIR gene
involved in skin pigmentation (28), a segment of
the FOXP2 gene involved in speech and language
(29), parts of the ABO blood group locus (30), and
ataste receptor gene (3/). However, although PCR
of ancient DNA can be multiplexed (32), it does
not allow the retrieval of a large proportion of the
genome of an organism.

The development of high-throughput DNA se-
quencing lechnologcs (33 34) allows large-scale,

We show that Neandertals shared more genetic variants with present-day humans in Eurasia than with
present-day humans in sub-Saharan Africa, suggesting that gene flow from Neandertals into the
ancestors of non-Africans occurred before the divergence of Eurasian groups from each other.

dertals first appear in the European fossil
record about 400,000 years ago (/-3).
Progressively more distinctive Neandertal forms
subsequently evolved until Neandertals disap-

Thc morphological features typical of Nean-

sumed of present-day Ei

Similarly, analysis of DNA sequence dma from
present-day humans has been interpreted as evi-
dcncc bolh for (/2 I3) and against (l4) a gmcll(,

peared from the fossil record about 30,000 years
ago (4). During the later part of their history,
Neandertals lived in Europe and Western Asia
as far cast as Southern Siberia (5) and as far
south as the Middle East. During that time, Nean-
dertals presumably came into contact with ana-
tomically modem humans in the Middle East from
at least 80,000 years ago (6, 7) and subsequently
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I\ to pi y hu-
mans. The only part of the genome that has been
examined from multiple Neandertals, lhc mito-

| of random pieces of
DNA extracted from ancient specimens (35-37)
and has recently made it feasible to sequence ge-

1,

of i Genetics, Max-Planck Institute for
Evolutionary Anthropology, D-04103 Leipzig, Germany. *Broad
Institute of MIT and Harvard, Cambridge, MA 02142, USA.
3Department of Integrative Biology, University of California,
Berkeley, CA 94720, USA. *European Molecular Biology
Laboratory—European Bioinformatics Institute, Wellcome Trust
Genome Campus, Hinxton, Cambridgeshire, CB10 15D, UK.
®Genome Technology Branch, National Human Genome Re-
search Institute, National Institutes of Health, Bethesda, MD
20892, USA. “Program in Bioinformatics and Integrative Biology,

chondrial DNA (mtDNA) genome, I

falls outside the variation found in present-day
humans and thus provides no evidence for inter-
breeding (/5-19). However, this observation
does not preclude some amount of interbreeding
(14, 19) or the possibility that Neandertals con-

University of Medical School, Worcester, MA
01655, USA. "Howard Hughes Medical Institute, Department
of Genome Sciences, University of Washington, Seattle, WA
98195, USA. ®Division of Biological Sciences, University of
Montana, Missoula, MT 59812, USA. %454 Life Sciences,
Branford, CT 06405, USA. °Croatian Academy of Sciences and
Atts, Zrinski trg 11, HR-10000 Zagreb, Croatia. *Croatian
Academy of Sciences and Arts, Institute for Quatemary
Paleontoloay and Geoloav. Ante Kovacica 5. HR-10000 Zaareb,
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2010 rog — reaoM JIEHUCOBIIA
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YTOo Aenatb Cc AaHHbIMU NO CEKBEHUPOBAHUIO FEHOMaA yenoseka?

Sherman, R. M. et al. Assembly of a pan-genome from deep sequencing of 910 humans of
African descent. Nat. Genet. 51, 30-35 (2019).

Bonee 300 Mb HOBbIX Noc/eAoBaTe/IbHOCTEM HaUAEHO B reHomax

WHAMBUAO0B, MMEIOLWNUX aPppUKaAHCKOEe NPoUcXoXxaeHune. 3HauuTeIbHaA
4acTb reHoOMa OTCYTCTBYEeT B reHOMHbIX COopKax.



YTOo Aenatb Cc AaHHbIMU NO CEKBEHUPOBAHUIO FEHOMaA yenoBeKa?

C60pKa ranionaHoro reHoma ujin naH-reHoma 4yesioseka

*Mallick, S. et al. The Simons Genome Diversity Project: 300 genomes from 142 diverse
populations. Nature 538, 201-206 (2016).

*Telenti, A. et al. Deep sequencing of 10,000 human genomes. Proc. Natl Acad. Sci. USA 113,
11901-11906 (2016).

+1000 Genomes Project Consortium et al. A global reference for human genetic variation. Nature
526, 68—74 (2015).

*Sudmant, P. H. et al. An integrated map of structural variation in 2,504 human genomes. Nature
526, 75-81 (2015).
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Pan-genomics In the human
genome era

Rachel M. Sherman 2% and Steven L. Salzberg 1-2-34

Abstract | Since the early days of the genome era, the scientific community has relied on a single
‘reference’ genome for each species, which is used as the basis for a wide range of genetic
analyses, including studies of variation within and across species. As sequencing costs have
dropped, thousands of new genomes have been sequenced, and scientists have come to realize
that a single reference genome is inadequate for many purposes. By sampling a diverse set of
individuals, one can begin to assemble a pan-genome: a collection of all the DNA sequences
that occur in a species. Here we review efforts to create pan-genomes for a range of species,
from bacteria to humans, and we further consider the computational methods that have been
proposed in order to capture, interpret and compare pan-genome data. As scientists continue
to survey and catalogue the genomic variation across human populations and begin to assemble
a human pan-genome, these efforts will increase our power to connect variation to human
diversity, disease and beyond.

NATURE REVIEWS | GENETICS WOLUME 21 | APRIL 2020 | 243



leHOM yenoBeka cAnWKOM 6onblion, cnnwkom 6onblioe pasHoobpasue.

ObneryeHHble BAapMaHTbl NaH-reHOMa:
Genic pan-genome;
Pan-transcriptome;
Population-specific pan-genomes.

HepnasHo National Human Genome Research Institute 3anyctna npoekT no co3gaHuto
pedepeHCHOro naH-reHoma YenoBeka ana 350 nHanemaos.
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Data from 47 individuals combine to create
reference resource thatreflects human diversity

Human pangenome

Nature
Volume 617 Issue 7960, 11 May 2023

The cover shows the pangenome wrapping a globe and uses a
sequence tube map rendering of a pangenome graph relating
ten haplotypes within the highly variable HLA-A locus on
chromosome 6 created by Adam Novak at the University of
California, Santa Cruz.

Cover image: Darryl Leja/NHGRI
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h, Kauectso 47 HPRC c6opoK. CneBa OTLOBCKMIA, CNpaBa MaTEPUHCKUI ranaoTunbl.
i, KauectBO cHbOpKM 6-TM TMNOB NoBTOPOB: AlphaSat, alpha satellites; HSat2/3, human

satellites 2 and 3.

j, MonHoTa cbopok oTHOCUTENbHO cOopKKM T2T-CHM13.
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a, OT60p M oueHKa obpa3uos ans HPRC. CheBa aHann3 0CHOBHbIX KOMNOHEHTOB; cnpaBa lMNpouncxoxxaeHne ob6pasLoB
(ACB, African Caribbean in Barbados; ASW, African Ancestry in Southwest US; CHS, Han Chinese South; CLM, Colombian in
Medellin, Colombia; ESN, Esan in Nigeria; GWD, Gambian in Western Division; KHV, Kinh in Ho Chi Minh City, Vietnam;

MKK, Maasai in Kinyawa, Kenya; MSL, Mende in Sierra Leone; PEL, Peruvian in Lima, Peru; PJL, Punjabi in Lahore, Pakistan;
PUR, Puerto Rican in Puerto Rico; YRI, Yoruba in Ibadan, Nigeria).

b, CxoaHble NOCNef0BaTENBHOCTM B KOPOTKUX MeYax akpOLEHTPUKOB.
¢, asmpoBaHue cbopok.

d, CpasHeHune ¢ T2T-CHM13 n GRCh38 cbopkamu.

e, OueHKN MaTepPUHCKOM N OTLOBCKOM YacTu cbopok Kaxaoro obpasua.
f, OueHKa TouHOCTM dpa3mpoBaHUA cOOPOK.

g, OLI,eHKM Hann4vma OLIJVI60‘-IHbIX, AynangnpoBaHHbIX ran1o0naHbIX U HEU3BECTHbIX 3/1EMEHTOB.
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Scientists Unveil a More Diverse

Human Genome

The “pangenome,” which collated genetic sequences from 47
people of diverse ethnic backgrounds, could greatly expand the
reach of personalized medicine.
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Human Pangenome Reference

Human pangenome supports analysis of
complex genomic regions

Arya Massarat, Melissa Gymrek ... Hadkon Jénsson
Mature MNews & Views Forum 10 May 2023

Increased mutation and gene conversion
within human segmental duplications

Mitchell R. Vollger, Philip C. Dishuck ... Evan E. Eichler
Mature Article Open Access 10 May 2023

‘Pangenome’ aims to capture the breadth
of human diversity

Mick Petric Howe & Shamini Bundell
Mature MNature Podcast 10 May 2023

Combining 47 human genomesintoa
single pangenome

Jared B. Fudge
Mature Biotechnology Research Highlight 14 Jun 2023



Ucnonb3oBaHue c60poK reHOMa YenoBeKa npu npoBeaeHum
LLUTOreHOMHOMW ANAarHoCTUKMU
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The Precise Breakpoint Mapping in Paracentric Inversion
10q22.2q23.3 by Comprehensive Cytogenomic Analysis,
Multicolor Banding, and Single-Copy Chromosome Sequencing

Tatyana V. Karamysheva 1*(0, Tatyana A. Gayner 23, Eugeny A. Elisaphenko !, Vladimir A. Trifonov 430,
Elvira G. Zakirova 5, Konstantin E. Orishchenko 50, Mariya A. Prokhorovich (), Maria E. Lopatkina (3,
Nikolay A. Skryabin ®, Igor N. Lebedev ¢ and Nikolay B. Rubtsov 15

Biomedicines 2022, 10, 3255. https://doi.org/10.3390/biomedicines10123255 https://www.mdpi.com/journal/biomedicines
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NMaH-reHOoM 4YyenoBekKa

Cymma BCeX BO3MOXHbIX BAPUAHTOB €ero 31IeMeHTOB?

KombuHaTopuKa oTanyaowmxca 31eMmeHToB reHoma?
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