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The complete genome of an individual by massively
parallel DNA sequencing

David A. Wheeler'*, Maithreyan Srinivasan®*, Michael Egholm?®*, Yufeng Shen'#*, Lei Chen', Amy McGuire?,
Wen He?, Yi-Ju Chen? Vinod Makhijani?, G. Thomas Roth?, Xavier Gomes?, Karrie Tartaro?, Faheem Niazi?,
Cynthia L. Turcotte?, Gerard P. Irzyk®, James R. Lupski**®, Craig Chinault, Xing-zhi Song', Yue Liu', Ye Yuan',
Lynne Nazareth', Xiang Qin', Donna M. Muzny', Marcel Margulies’, George M. Weinstock'”, Richard A. Gibbs'*
& Jonathan M. Rothberg?t

Watson

B 6 meses luego de |la publicacion del anterior

B Plataforma 454 FLX

B 24,5 billion bases en 93,2 milliones de lecturas
B 7.4X de covertura

B Menos de 1 million de dolares

B Completado en menos de 5 meses

Wheeler, D. A. et al. Nature (2008)



Genomas famosos!
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Celebrity news

Glenn Close has genome sequenced to publicise mental illness

American actress Glenn Close has joined a handful of celebrities to have their
genome sequenced in the name of science.
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Naomi Campbell
opens pop up shop

Ozzy Osbourne genome sequenced
Genetic analysis of Black Sabbath star reveals he is more likely to
experience hallucinations on marijuana and has increased risk of
alcohol and cocaine addiction, researchers say
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Man of visions ... Ozzy Osbourne with wife Sharon at Jon Stewart's Rally to Restore
Sanity and/or Fear on Saturday. Photograph: Scott Gries/EMPICS Entertainment
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IGSR: The International Genome Sample Resource

Providing ongoing support for the 1000 Genomes Project data

Home About Data Portal Analysis Contact Browser FAQ

IGSR and the 1000 Genomes Project
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The International Genome Sample Resource (IGSR) was established to ensure the ongoing usability of data generated by the
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Costos y numero de genomas completos

@ Cost/Genome
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* Hoy en dia hay millones de genomas secuenciados



“Personal Genomics”

23andMe competitor Veritas Genetics
slashes price of whole genome
sequencing 40% to $600

Get the most
comprehensive
genetic testing
service there is.

Now for $599.
my
Genome

V2 by Veritas

ORDER NOW




“Personal Genomics”

Genetic test company blood sample sent by post Usall
ACGT, Inc blood sample sent by post usal
Admera Health LLC blood sample sent by post UsAlEl
Affiliated Genetics, Inc blood sample sent by post Usalel
Applied Biological Materials Inc blood sample sent by post Canadall
CD Genomics blood sample sent by post USA
CEN4GEN Institute for Genomics and Molecular
) ) blood sample sent by post Canadal®!
Diagnostics
ChunLab, Inc. blood sample sent by post Korea, UsAl
Core Life Sciences, Inc. blood sample sent by post usala
_ blood sample, frozen tissue, cell lines, or
Complete Genomics send st UsA
5 salival'l by po
Clinical Microarray Core blood sample send by post USA
DNA Link, Inc blood sample sent by post Korea, USAl1?
Fulgent Diagnostics blood sample sent by post usaltal
Full Genomes Corporation saliva sample send by post usaltl
GENEWIZ, Inc. blood sample sent by post Usaltsl
Gene by Gene blood sample (3 to 5cc) send by post USA
GenomixdLife blood sample sent by post Italy[18]
Genomics Personalized Health blood sample sent by post UsAll7
HIB Genomics Services Lab blood sample sent by post Usaltel
lumina blood sample (4 to 8 mi vial){'®! sent by post UsA20
Kinghom Centre for Clinical Genomics blood sample sent by post Australial22]
Korea, Japan, USA,
IMacrogen blood sample sent by post
i . b Netherlands/23]
Meports saliva sample sent by post UsA 24
myGenomics, LLC blood sample sent by post usals
Novogene Corporation blood sample sent by post USA, UK, Japan, Chinal28]
Quick Biology blood sample send by post USA
Sequenom blood sample drawn on nearpy sequenom Usa
location
SBMRI Analytical Genomics Core Facility(28] blood sample sent by post Usall
Sequentia Biotech SL blood sample sent by post Spain3%
SGI-DNA blood sample sent by post UsABR1
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NuUumero de bases secuenciadas
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Software de analisis de secuencias cortas
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Mapa mundial de secuenciadores de segunda generacion
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Secuenciadores de tercera generacion

e Secuenciadores de molécula uUnica
— No hay amplificacion de la muestra

— Mayor tamano de las lecturas

— Actualmente mayor costo por base
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Nanopore

* pasaje a través de un poro proteico modificado

e Se mide la variacion de la corriente eléctrica a través del
poro

* 450 bases por segundo

DNA/RNA

Helicase
Raw signal

Pore (MspA)

Polymer
membrane



The MinlON™ device: a miniaturised sensing system

Nanopore sensing technology can be miniaturised into a portable device for electronic single-molecule sensing.

The MinlON™ device is a small instrument that is compatible with consumable flow cells containing the proprietary sensor chip,
Application-Specific Integrated Circuit (ASIC) and nanopores that are needed to perform a complete single-molecule sensing experiment.
Plugging directly into a laptop or desktop computer through a USB port, it is a self-contained device to deliver real-time experimental data.
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Comparacion de las plataformas

MinlON read lengths
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Comparacion de las plataformas

Table1 Comparisonof lomg-read sequencing methods
Devica Device  Output max Read length Costs Runtime  Accuracy Multiplexing
costs lavg) in Gb (@ /mmax) perGb Longread Consensus read capacity
ONT Flongle 5 2(1) 5=35kb/>2 Mb 455 0.5-48h =010 =030 96
MinlON 5 30115} 55
GridIOM 55 150(75) 55
PromethlON 555 15Th {(4-6Th) 5 05=72h
PacBio RSl 5553 201} 5=15kb/>80kbh 5555 05=6h =010 - 384
Sequel 337 50°/20°(8-10)  5-30kb/>200kb  §$5% 0.5-20h >030
Sequel Il ? 300°100° () ? 0.5-30h
DNA passes thru Raw output is fluorescent signal A,CT,G have known pulse
PacBio polymerase in an of the nucleotide incorporation, durations, which are used to
SMRT seq illuminated volume specific to each nucleotide infer methylated nucleotides
l f. | | T C & A 4mC
Intensity —
DNA passes thru Raw output is electrical signal Each nucleotide has a specific
nanopore caused by nucleotide blocking electric “signature”
Oxford ion flow in nanopore
Nanopore

+

m

+

T c G A 4mC

doi.org/10.1007/s11825-019-0249-z



Software de analisis de secuencias largas

Application Tool URL
Basecalling Guppy N https://community.nanoporetech.com/downloads
SMRT Analysis P https://www.pacb.com/support/software-downloads/
Alignment BLASR P https://github.com/PacificBiosciences/blasr
LAST N/P http://last.cbre.jp/
minimap2 N/P https://github.com/lh3/minimap2
NGMLR N/P https://github.com/philres/ngmlr
Assembly Canu N/P https://github.com/marbl/canu
FALCON N/P https://github.com/PacificBiosciences/FALCON
Flye N/P https://github.com/fenderglass/Flye
widbg2 N/P https://github.com/ruanjue/witdbg2
Error correction HALC P https://github.com/lanl001/halc
Medeka N https://github.com/nanoporetech/medaka
Nanopolish N https://github.com/jts/nanopolish
SV calling Nplnv N https://github.com/haojingshao/nplnv
Pbsv P https://github.com/PacificBiosciences/pbsv
Sniffles MN/P https://github.com/fritzsedlazeck/Sniffles
SVIM N/P https://github.com/eldariont/svim
SNP calling DeepVariant N/P https://github.com/google/deepvariant
GATK N/P https://software.broadinstitute.org/gatk/
Medeka N https://github.com/nanoporetech/medaka
Nanopolish N https://github.com/jts/nancpolish
DNA/RNA modifications Nanopolish N https://github.com/jts/nancpolish
SMRT Analysis P https://www.pacb.com/support/software-downloads/
Tombo N https://github.com/nanoporetech/tombo
Tandem repeat analysis NanoSatellite N https://github.com/arnederoeck/NanoSatellite
nanoSTRigue N -
Pbsv P https://github.com/PacificBiosciences/pbsv
STRetch P https://github.com/Oshlack/STRetch



Que hacemos con la secuencia??




Formato Fastqg

e Formato de salida de los secuenciadores de
nueva generacion

— Incluye informacion de secuencia

— Incluye informacion de calidad para cada base
(confiabilidad)

@5EqQ_1ID

GATTTGGGGTTCAAAGCAGTATCGATCAAATAGTAAATCCATTTGTTCAACTCACAGTTT
-

PO R F+) )RRR++) (HERE) . 1FFF_+% ")y **55CCF>>>>>>CCCCCCCHS

@5RR001666.1 071112_5SLXA-EAS1_s5_7:5:1:817:345 length=36
GEGTGATGGCCGCTGCCGATGGCGTCAAATCCCACC

+SRRO01666.1 071112_5SLXA-EAS1_s_7:5:1:817:345 length=36
ITTTTTTTTTTITTITTTIITTITITITNNNIITOIGYIC



Dec HxoOct Char Dec Hy Oct Htmml Chr  [Dec Hx Oct Hirml Chr| Dec Hx Oct Html Chr
0 0 000 NOL {rmmll) 32 20 040 &#3Z; Space| 64 40 100 =#6d; [d 95 60 140 &#96;
1 1 001 30H (start of heading) 33 21 041 &#33; ! A5 41 101 &#65; & a7 61 141 «#37; a
2 2 002 3TH (start of text) 34 22 042 &#34: " 66 42 102 «#66; B | 95 62 142 &#98; b
3 3 003 ETx (end of text) 35 23 043 &#35; # 67 43 103 &«#67; C 99 53 143 &#99; C
4 4 004 EOT {end of transmission) 36 24 044 &#36; § 65 44 104 «#65; [ |100 64 144 &#l00; d
5 5 005 ENQ {enquiry) 57 25 045 &#37; % 69 45 105 &«#69; E |10l 65 145 &#l01; &
& & 006 ACE [acknowledge) 33 26 046 &#38; & 70 46 106 &«#70; F |102 66 146 &#102; €
7 7 007 BEL (hell) 39 27 047 &#39; 71 47 107 &#71: & (103 67 147 &#103: O
§ & 0l0 BS (backspace) 40 28 050 &#40; | 72 45 110 «#72:; H |[104 68 150 &#l04; h
9 9 011 TAE {(hori=zontal tab) 41 29 051 &#41; ) 73 49 111 &#73:; I |105 69 151 &#105; 1
10 & 012 LF (NL line feed, new line)| 42 ZA4 052 &#d2; * 74 4i 112 &«#74; T |106 64 152 &#106; 7]
11 B 013 VT ([wertical tah) 43 ZB 053 &#43; + 75 4B 113 &«#75; K |107 6B 153 &#107: k
12 C 014 FF (NP forwm feed, new page)| 44 2C 054 &#dd: , 76 4AC 114 «#76:; L 108 6C 154 &#l05; 1
13 D 015 CE (carriage return) 45 ZD 055 &#45; - 77 4D 115 &#77: M |109 6D 155 &#109;
14 E 0le 30 (shift out) 45 ZE 056 &#46; . 78 4E 116 &#74; N (110 6E 156 &«#110; 1
15 F 017 3T (shift in) 47 ZF 057 &#47; / 79 4F 117 &#79: 0 (111 6F 157 &«#111: o
16 10 020 DLE (data link escape]) 45 30 060 &#45; 0 g0 50 1zZ0 «#50; P [11Zz 70 la0 &#112; p
17 11 021 DC1 [device control 1) 49 31 05l &#49: 1 g1 51 1zZ1 «#581; 0 (113 71 16l «#113: g4
15 12 022 DCZ [device control Z) B0 32 062 &#50; 2 gz 52 1zZ2 «#582Z; B (114 72 loz &#114: ¢
19 13 023 DC3 [device control 3) Bl 33 063 &#51; 3 83 53 123 «#83; 3 [115 73 la3 &«#115; =
20 14 024 DC4 [device control 4) B2 34 064 &«#52; 4 gd 54 1z4 «#54; T (116 74 lad &«#lla: ©
21 15 025 NAE [(negatiwve acknowledge) B3 35 065 &#53; 5 85 55 125 &#35; T |[117 75 165 &#117; u
22 la 026 3¥N [(synchronous idle) 54 36 066 &«#54; 6 g6 56 1zZz6 &«#56; WV (115 76 log &#1l1&:;: v
23 17 027 ETE (end of trans. block) B5 37 067 &#55: 7 g7 57 127 &«#587: W (119 77 167 &#119;: w
24 15 030 CAN [cancel) BG 35 070 &#56; 0 85 55 130 «#585; X (120 78 170 &#1:z20;
25 19 031 EM  (end of medium) 57 39 071 «#57: 9 89 59 131 «#59:; T [121 79 171 &#121: ¥
26 li 032 3UE [(substitute) B8 34 072 &#58; : A0 54 132 &#90; £ (122 74 172 &#1zZ2; E
27 1B 033 E3C [escape) 59 3B 073 &#59; ; 91 5B 1353 &#91; [ |123 7B 173 &#123; |
28 1C 034 F3  [(file separator) a0 3C 074 &#60; < 9z 5C 134 &«#92Z: % (124 7C 174 &#124;
29 1D 035 G3  (group separator) 6l 30 075 &#6l: = 95 5D 135 &#93; ] |125 7D 175 &#125; |}
30 1E 036 RS (record separator) Gz 3E 076 &#6Z; = 94 5E 136 «#94; * (126 TE 176 &#lzZa; ~
31 1F 037 S  |unit separator) 63 3F 077 &#63; 7 95 S5F 137 &#95;  |127 7F 177 «#127; DEL

Source: www.lLookupTables.com



 Comparacion a una referencia

— Se obtienen las lecturas y se comparan a una
referencia

* Busqueda de variantes, reordenamientos, etc




Mapeo de lecturas
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Resecuenciado de Genomas

Small number
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Figure 1 Enrichment procedures allow redistribution of sequencing throughput from all of a small
number of genomes (a) to a small component of a large number of genomes (b).

Stratton Nature (2008)



Resecuenciado de Genomas

#Hfileformat=VCFv4.0

##fileDate=20802805 1. #CHROM
##source=myImputationProgramv3.1 2. POS
##reference=1088GenomesPilot-NCBIZ6 3. 1D
##phasing=partial 4. REF
#HINFO=<ID=NS,Number=1, Type=Integer,Description="Humber of Samples With Data">» 5 ALT
##INFO=<ID=DP,Number=1,Type=Integer,Description="Total Depth">

#H#INFO=<ID=AF,Number=. ,Type=Float,Description="Allele Frequency"> 6. QUAL
#H#INFO=<ID=AA,Number=1,Type=5tring,Description="Ancestral Allele"> 7. FILTER
##INFO=<ID=DB,Number=0,Type=Flag,Description="dbSNP membership, build 129"> 8 INFO

#H#INFO=<ID=H2 ,Number=8, Type=Flag,Description="HapMap2 membership">
#H#FILTER=<ID=gl@,Description="Quality below 18">
##FILTER=<ID=55@,Description="Less than S@% of samples have data">»
##FORMAT=<ID=GT,MNumber=1,Type=5tring,Description="Genotype” >
#H#FORMAT=<ID=GQ, Number=1, Type=Integer,Description="Genotype Quality">»
##FORMAT=<ID=DP,Number=1,Type=Integer,Description="Read Depth">
##FORMAT=<ID=HQ, Number=2 ,Type=Integer,Description="Haplotype Quality">»

#CHROM POS ID REF ALT QUAL FILTER INFO FORMAT NABBea1
NABBB82 NABB883

28 14378  rs6@54257 G A 29  PASS  N5=3;DP=14;AF=8.5;DB;H2 GT:GQ:DP:HQ &|e:4
#:1:51,51 1|B:48:8:51,51 1/1:43:5:.,.

28 17338 . T A 3 qle MNS=3;DP=11;AF=0.817 GT:GQ:DP:HQ &|e:4
©:3:58,58 B|1:3:5:65,3 8/8:41:3

28 1118696 rs6e48355 A G,T 67 PASS  N5=2;DP=1&;AF=8.333,08.667;AA=T;DB GT:GQ:DP:HQ 1]|2:2
1:6:23,27 2|1:2:0:18,2 2/2:35:4

20 1238237 . T . 47  PASS  MNS5=3;DP=13;AA=T GT:GQ:DP:HQ 8|8:5
4:7:56,60 0|06:48:4:51,51 8/0:61:2

28 1234567 microsatl GTCT G,GTACT Le PASS N5=3;DP=9; AA=G GT:GQ:DP 8/1:3

5:4 8/2:17:2 1/1:48:3



Resecuenciado de Genomas

Data Pre-processing >> va riant Disccwery >> Preliminary Analyses
[ Raw Reads ] Analysis-Ready SNPs
o °| Reads . . . . o | variants & Indels
: : :
. L ]
Mark Mh!hﬂ : [ Joint Variant Calling ] :
. i . Rnﬁmmlnt
Indel Realignment Raw Amutation
; P Gt (e (e ]| 3
[ Base Recalibration | . | -
' o Variant Recalibration | ( variant Evaluation |
[ RR Compression J : IMM#MWIWJ : look good?
4 . | { : ..A..
Analysis-Ready )
{ Reads J eed [Flhnd [ SNPs ] [ |nd¢|s] ced ® ©
Variants ) troubleshoot use in project




Resecuenciado de Genomas

Effect prediction details
Detailed desription of the effect predicted by SnpEff in the =secc @and eseect_mpacr sub-fields.

Notes:

o Effect (Sequence Ontology) Sequence ontology (SO) allows to standardize terminology used for assessing sequence changes
and impact. This allows for a common language across all variant annotation programs and makes it easier to communicate using a
uniform terminology. Starting from version 4.0 VCF output uses SO terms by default.

o Effect (Classic) This are the "classic" effect names usd by SnpEff, these can be accessed using the -classic command line
option.

o Effect impact Effects are categorized by 'impact” {High, Moderate, Low, Modifier}. This are pre-defined categories to help users find
mare significant variants.

A Impact categories must be used with care, they were created only to help and simplify the filtering process. Obviously, there is no
way to predict whether a "high impact” or a "low impact" variant is the one producing a phenotype of interest.

Here is a list of effects and some brief explanations:

Effect Effect Note & Example Impact
Seq. Ontology Classic
coding_sequence_variant CcDS The variant hits a CDS. MODIFIER
chromosome CHROMOSOME_LARGE DELETION A large part (over 1% or HIGH
1,000,000 bases) of the
chromosome was deleted.
duplication CHROMOSOME_LARGE_DUPLICATION Duplication of a large HIGH

chromoome segment (over 1%
or 1,000,000 bases).

inversion CHROMOSOME_LARGE_INVERSION Inversion of a large HIGH
chromoome segment (over 1%
or 1,000,000 bases).

coding_sequence_variant CODON_CHANGE One or many codons are LOW
changed
e.g.. An MNP of size multiple of
3

inframe_insertion CODOM_INSERTION One or many codons are MODERATE

inserted



Ensamblado de secuencias cortas

e Existen ensambladores especificos
— VELVET
— Abyss
— SOAPdenovo

* La mayoria se basan en encontrar el camino euleriano
en un grafo de de Bruijn construido con k-mers
solapantes obtenidos de las lecturas...



Ensamblando secuencias cortas

* Problema de los puentes de Konigsberg
— Leonhard Euler (1736)




Ensamblando secuencias cortas
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P
Y
ATG
11
s
GGC
i
GCG
[
CGT
.............. > 1
k-mers from vertices G',T,i
TGC
11
GCA
11
11
A
ATG

Genome: ATGGCGTGCAATG

Hamiltonian cycle
Visit each vertex once
(harder to solve)



Resolucion de nodos problematicos

(before) (after)
M = — -
(@) B BN
P —
(b)
(c)

Mapeo de las lecturas al grafo:
— (a) Se mapea la lectura la cual atraviesa el nodo complejo
— (b) Las lecturas pareadas se usan para resolver
— (c) La distancia entre los pares se usan para resolver



Simplificacion del grafo

Remocioén de puntas Remocioén de burbujas

Bubble Removal

 Mayormente basado en la profundidad de lecturas de los nodos



Ensamblado con lecturas largas

e Unico
 Hibrido

Long reads: 100s-1000s

Short reads: ~150 .
nucleotides long (from gl.:deotgceshl‘t‘;lg (from
2™ gen technology) gen ogy)
-+
2 assembly
|
3 Hybrid assembly helps [
resolve ambiguities with

higher coverage and
differing read lengths



Ensamblado con lecturas largas

e Unico
 Hibrido

Short-read only Nanopore-only + Nanopolish
1% O e O e ok
Accuracy: 99.03% 99.28% 100%

(compared to
short-read assembly)



Ensamblado con lecturas largas

1.0

0.9

* Gran impacto en genomas
w  Mmuy repetitivos

o (12.5 Gb)
®
®
§ 0.6 Maize
c
Q
=
Z 05 Sorghum
o ®
o .
04
0.3
Rice® i
» 4 . @ -
e ) (3'. ‘ Zebrafish & . .Mgése p
L Y .
i et ; > . « 9o 0.0@
. o o . . . * ~ Human
o ! T :" ? ¢ oy . ¥ . KA 2 .
. o . ®.Ch|cken .
0.0 .
0 0.5 1.0 1.5 20 2:5 3.0 3.5 40 Gb

Genome assembly size



El ensambaldo es el comienzo del proceso

TCTGTGGATGTGGAATAC

* Busqueda de genes TCATATTTCCATTTCTGC
— Codificantes para proteinas ~AGGAGAAAACGAGTGACT
-—F%eudogenes GACTTCATTTGATGTACA
— Genes para ARNs funcionales GCTACTGACTATTTGGAT
--tRNA TGCATGAGCGTGAAATCA
--rRNA GTGCGAATCAGACTCATG
--SNORNA AACGCTGAAAAATAGTTG
--SNRNA GGGATGGCACGATTCCCG
~MIRNA TCCAATCGCGATGGCGCA
TATTGATGACGAAAACGG

— Regiones reguladoras CGAAAACGAATGTGCAAA
— Otras regiones funcionales CTATGCGTTTATTAATGA
TATGGAGTAGGACTGGCG

TGAATCTGGTT...
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Anotacion del genoma secuenciado:

* Los genes para ARNs funcionales son dificiles de
encontrar.
— Pequenos
— Sin ORFs

e Las regiones codificantes tienen caracteristicas
identificables

— En procariotas se identifican de manera relativamente
sencilla dada la alta densidad de genes

— En eucariotas es mas complejo debido a que los exones
son pequenos comparados con los intrones y regiones
intergenicas



Lowe Lab
tRNAscan-SE Search Server

search for tEIVA genes in genomic sequence

tRNAscan-SE 1.21

The principles underlying the tEMNAzcan-SE program are described i

Lowe, T and Eddy, S E. {1%%7)
tEI Ascan-SE: a program for improved detection of transfer EIT4 genes in
ZENOMIC SEQUENCE,

Hucleic Acids Ees, 25, 855-964.

Ihstructions for using the tEM Ascan-SE server and mterpreting the output can be
found m the tEIAscan-5E EEADIE file.

Ifwou would like to run tEM Aszcan-5E locally, vou can get the TN source code
(gzip'd tar file).

Arnticodon loom



Anotacion del genoma secuenciado:

 Busqueda de ORFs
— Marcos de lectura abiertos

* Comienzan con un codon de inicio ATG
* Finalizan en un codon de terminacion

— Son las posibles regiones codificantes



Diferentes aproximaciones

 Métodos predictivos

— Buscan directamente en la secuencia de acuerdo a reglas
definidas

* Métodos comparativos

— Comparan con otras secuencias y extraen informacion
(conservacion)

 Métodos experimentales

— Utilizan informacion obtenida de forma experimental



Procedimiento tipico

Seqgquencia

Evidencia experimental

Busqueda por similaridad

Prediction Ab initio

Re entrenamiento
de las

herrameintas Prediccion de un set de genes

con seguridad

Set completo



Meétodos predictivos

* Busqueda de senales: motivos cortos
delimitan las secuencias codificantes

Start codon codons  ponor site

ATGCCCTTCTCCAACAG

Transcription
start

ATG :::|GT
L__Y__J

start codon  donor site acceptor donor site acceptor stop codon
site site
T
Poly-A site
Z

Stop codon

GATCCCCATGCCTGAGGGCCCCTC
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000 4

El contenido en GC varia entre los distintos genomas y
dentro de un genoma determinado

Escherichia coli 51%

Campylobacter jejuni 31%

Second nucleotide

* Lavariacion esta mas restringida en las g °
regiones codificantes g
;
e Estas regiones tienen un contenido GC mas oA
alto (fendmeno mas claro en genomas ricos
en AT) ¢
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Visualizacion en Artemis
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Meétodos predictivos

* Los primeros predictores hacian uso de
reglas como las que comentamos antes.

— Problemas:

* Muchas reglas!
* Muchas excepciones!
* Los predictores se hacen demasiados complejos

e El analisis estadistico de las secuencias
mejora las predicciones

— Modelos ocultos de Markov



Modelos estadisticos (HMM)

Los predictores mas recientes toman en cuenta
modelos estadisticos para realizar la anotacion

Los observables son cada una de las bases

Cada observable puede estar en diferentes estados

— Exon

— Intrén

— Intergénica

Cada uno de los estados tiene probabilidades
de emision particulares para cada una de las

bases

Los parametros se "aprenden” de genes conocidos



Modelos estadisticos (HMM)

AARAGC ATGCAT TTAACG AGAGCACAAGGGCTC TAATGCCG

The sequence of states is an annotation of the generated string — each
nucleotide is generated in intergenic, start/stop, coding state



Modelos estadisticos (HMM)

Sequence: CTTCATGTGAAAGCAGACGTAAGTCA
statepath: EEEEEEEEEEEEEEEEEES I [ 1 | 1| |

_E_-
Parsing: -E

46%

Posterior
decoding:

11%

Figure 1 A toy HMM for 5° splice site recognition. See text for explanation.

OEnd

log P
~41.22

—43.90
—43.45
—43.94
—42.58
—41.71



Modelos estadisticos (HMM)

CGATATTCGATTCTACGCGCGTATACTAGCTTATCTGATC
011111112222222111111222211111112222111110

to state
z 0 1 2
2
= | from |0 [0(0%) |1 (100%)|0 (0%)
E state | 1 | 1(4%) |21 (84%) |3 (12%)
2 |0(0%) |3 (20%) |12 (80%)
symbol
. A c G T
3 [ | e 7 5 7
2 |state | ' | (24%) | (28%) | (20%) | (28%)
5 | 3 3 2 7
(20%) | (20%) | (13%) | (47%)

* Los parametros se "aprenden” de genes conocidos



Modelos estadisticos (HMM)

training
phase

<

training model
. procedure parms

gene
finder

0=(P,,P,.P,)

-

deployment
phase



Prediccion basada en homologia

* Las secuencias codificantes son mas
conservadas que las no codificantes debido a
la presion selectiva

e Alineamiento de secuencias conocidas de
genomas relacionados.

— Podemos traducir nuestro genoma en los 6
marcos de lectura y alinear los péptidos obtenidos
a proteinas conocidas (Blastx)

— Nos puede dar idea de la funcion de la secuencia
detectada



Prediccion basada en homologia
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Evidencia experimental
ESTs

S’UTR M exon 3’UTR
CAP—‘ AAAAAAAAAA
CAP AAAAAAAAAA
‘ HEERERER
>
CDNA ITTTTTTTI
EST

EST



Evidencia experimental

RNAseq

Genomic DNA sequence - assembly



Evidencia experimental

RNAseq

A AR AL A BN A A an P A 1 A ankie s Al " PR s
- — !- o — ~ - —
e, ~

29115. 1000028



Anotacion: Combinacion de evidencia y curado

ab initio [ intrinsic methods: training required

Signal prediction
start, stop, sphcing sites

Ab initio gene
prediction
Augustus, GeneMark,

fgenosh

Content analysis
coding vs non-coding

e ¥

comlﬂnak

CDNA, EST, RNA-seq, Swissprot/TrEMBL Genome TE
Related genomes consensus coples

Similarity / extrinsic methods, external evidences

Dominguez Del Angel, F1000Research 2019



Anotacion: Combinacion de evidencia y curado

Gene prediction
(SNAP)
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Anotacion: Combinacion de evidencia y curado

eoce

Artemis Entry Edit: contigl_genewise.embl

selected feature:

bases 576 amino acids 191 contigl chunk34-genewise-prediction-1.gw2

{/gene="contigl chunk34-genewise-prediction-l.gw2" /colour=1

Entry: E contigl genewise.embl E haem ctgl_augustus.embl E haem ctgl augustus_hints.embl E haem _ctgl_ fgenesh.embl E haem ctgl genefinder.embl E haem_ctgl_genscan.embl
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highlighted manually reviewed gene structure

hit to H. contortus EST cluster in Nembase found using PASA
hit to H.contortus individual ESTs in NCBI database found using PASA
hits to Uniprot

pale brown
brown-green
pink/red blocks

bright green twinscan prediction (homology based)

pale pink snap prediction (ab initio)

yellow hmmgene prediction (ab initio)

pale blue genscan prediction (ab initio)

red genefinder (ab initio)

dark blue fgenesh prediction (ab initio)

jade green augustus hints prediction (homology based)
orange augustus prediction (ab initio)

purple

genewise prediction (homology based)



Que sigue???

Para que sirve?

Anotacion funcional



Anotacion funcional

* Busqueda de similitud de secuencia

— Inferir funcion por posible homologia

* Anivel global
— Blast

* Dominios y motivos
— InterPro

» PROSITE, Pfam (HMM), PRINTS, ProDom, SMART, TIGRFAMs, PIRSF, SUPERFAMILY,
GENE3D y PANTHER

e Senales particulares
* Localizacién subcelular (SingnalP)

e Dominios transmembrana

* Asignacion de categorias en “gene ontologies” (GOs)

cell growth, division, DNA synthesis (67)
[, coll rescue, col dafense, aging (25}
‘ cellular biogenesis {17)

unclassified proteins |69}

cellular crgamzation (136)
transport faciitation [12)

tranacripton (50) R

b W unciear classification (2)
p” energy (12)
mtracollulartrans?on (15)
nnic homeesiasis (8)

signal transduction {19)
prolen synthesis (18)
protein destination (37)
metaboism (57)



Anotacion funcional

* Busqueda de similitud de estructura
— La estructura 3D de las proteinas es mas conservada que su secuencia

— Se buscan las estructuras mas compatibles con la secuencia que se
esta analizando

* “Protein threading”

&apto’m New Job Documentation My Jobs About Xu Group

Jobs for user morten kallberg@
Page 1 0of 6. previous | ped
s —
Cftr Again Progress: I
Submitted 2012-01-12 123549
Sequence Status Predictions
cftr Completed Secondary Structure, Structure,
Disorpred,
.
4
Cftr . —————————————|
Submitted 2012-01-11 07:44:21
Sequence Status Predictions
SpIP13569ICFTR HUMAN Completed Secondary Structure, Structure,
Disorpred,




Anotacion funcional

* Se asignan nombres de acuerdo a la evidencia:

— “Putative”: alta similitud a genes conocidos o dominios
funcionales

— “Expressed”: con evidencia de EST (o RNA-seq) sin
evidencia de funcion

— “Hypothetical Protein Conserved”: Predicha por software
de anotacion y con secuencia similar en bases de datos

— “Hypothetical Protein”: Solo predicha por software de
anotacion



Anotacion funcional

* Guilt by association:

— Se anota de acuerdo a asociaciones entre genes
* Interacciones proteina - proteina
* Perfiles de expresion

— Es una anotacion general




Anotacion funcional

* Guilt by association:
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Anotacion funcional
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