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e Content of this course

@ How to reconstruct a
genome with sequencing
data?

@ What are the main
challenges?

@ Which solutions have
been proposed?

Bingo: find a book that genome size: ~ 40 gigabases
we both love (French title).
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e Accessing a genome

Chromosome
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Why do we need assembly?
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eReads are subsequences from the genome
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eReads are shuffled subsequences from the genome
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eGenome assembly task
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e Genome sequencing: depth & coverage
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e Genome sequencing: depth & coverage
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e Genome sequencing: depth & coverage
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Poisson law

Theoretical bases coverage rate according to sequencing depth C

Percent bases covered <1 times
Percent bases covered <2 times
Percent bases covered <3 times
Percent bases covered <4 times
Percent bases covered <5 times

102

10° 4
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1074 1

1076 4
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10-1¢

30X are often required for assembly projects

ine Limasset & Camille Marchet A "little” tour of assembly methods 12 /172




eFirst experiment: Long, perfect boy's genome
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Order according to overlaps

Overlaping reads are likely successive part of the genome
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eHow to compute the overlaps? Alignment?
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How to compute the overlaps? Quick exact match!
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eCheck all reads for overlaps

For a given read, scan all others
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eMost cases

No overlap
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eSmall overlaps

Can happen "by chance”
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eLongest overlaps

We are more confident in longer overlaps
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Higher depth, longer overlaps

genome
-  —— -_—  ——
[ [
| [
- [
[ [
-
_ reads =
)
a— ]
|
==
]
]
|
|
.
| ——
=
—————1

Antoine Limasset & Camille Marchet A "little” tour of assembly methods 21 /172



eSomething weird happened
reads to assemble
.
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2 pieces !

Antoine Limasset & Camille Marchet A "little” tour of assembly methods 22 /172



e All longest overlaps

e S
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eTake into account other overlaps?
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Look, a graph!
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Unsafe paths in an overlap graph

GTGGACCCTAGT

TATATGTGT

AGTCGLAAA
CECARACCT

ACCTGGTAT
L________f'
GELTACLTE
CCATTAGELT oo
ATGCCCATTA
CCTTATHCC
spurious assembly result
1 ] [ 1 S 1 r 1
|wrccma —'|cscmfrcr |—' ALCTGRTAT H Hn ¥ GTETEGACCL —LTGGACCCTAGT  AGTCGCAAACCTGGTATATGTGTGGACCCTAGT
[ ccrmareee ofatacccattalf ceatrasserlf socracets | cormateccattagecTaccTs
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Safe paths in an overlap graph

GTGGACCCTAGT

ATATGTGTGG

TATATGTGT

ACCTGGTAT

GGLTACCTG
CCATTAGGLT S
ATGCCCATTA

CCTTATGCC

assembly result

m CGCARACCT | AGTCGCAAACCT

[ cerrateee fafatecceartaif cearraceeri—f eeeTacets | corTatoccaTTAGGCTACCTE

[ ACCTGGTAT [-+{ TATATGTGT |{ATATGTGTGE | 6TGTGEACCC| +GTGRACCCTAGT| ACCTGGTATATGTGTGGACCCTAGT
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Multiple repeats
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e First solution
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e Second solution
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Parsimonious solution: do not assemble

Repeats lead to the fragmentation of the assembly
Genomes pieces that make consensus across the differents solution are
called Contigs
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Do we expect many repeats?

1]1_-'2-;5 10% {5 108 -1))

[ 43]

I Anoreximation

0.999997289408784302383172055421363836712023171938932024106...

From en.wikipedia.org/wiki/Birthday_problem
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en.wikipedia.org/wiki/Birthday_problem

e The burden of assembly: genomic repeats

e 15: 44,994
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e The burden of assembly: genomic repeats

o 15: 44,994
e 21: 1,169
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e The burden of assembly: genomic repeats

o 15: 44,994
e 21: 1,169
e 31: 559
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e The burden of assembly: genomic repeats

15: 44,994
21: 1,169
31: 559
41: 323
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e The burden of assembly: genomic repeats
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e The burden of assembly: genomic repeats

Genomic repeats are NOT random events
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With longer reads

Reads longer than the repeat "solve” it
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The graph becomes trivial to traverse
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e Read length matters
Read size=21

Antoine Limasset & Camille Marchet A "little” tour of assembly methods



A "little” tour of assembly methods
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e Read length matters



e Read length matters

63

Read size
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e Read length matters
Read size=255




e Read length matters
Read size=500




e Read length matters

1000

Read size




e Read length matters
Read size=2000
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Overlap graph simplifications
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eFirst (and most important) checkpoint

@ Assembly orders reads using overlaps; longer overlaps are generally
better.

@ Multiple possible overlaps necessitate graphs for structuring
information.

@ Repeats longer than reads result in fragmented assembly (contigs).
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eCompute overlaps

Detecting overlaps means a lot of comparisons
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eCompute overlaps

Even considering only the long overlaps means a lot of comparisons

; |
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Overlap graph burden: number of reads

n(n —1)/2 = O(n?) possible overlaps for n reads

# Reads | # Overlaps
1000 499,500
10,000 50 million
100,000 5 billion

1 million | 500 billion
10 million | 50 trillion. ..

We have to be efficient and focus on "relevant” overlaps
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Overlap graph burden: number of overlaps

For each base of the genome:

Read depth ‘ Overlaps depth

10 100

20 400

50 2,500
100 10,000

The amount of overlaps is not linear
Linear: 2X data 2X time
Quadratic: 2X data 4X time
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Another idea

what we have done:

from the context, find out the next read TGAAAACTG
TGAACACTG
ACTGAACAC
AACTGAACA ACTGAACAG
CTGAACACT
many possibilities! AET(.EAATAG

NEW SOLUTION !
instead, from the context, find out the next nucleotide (33)

Ac’)Az}?“c Tdelaa—coa C
i T

only 4 possibilities!
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Another idea

add the nucleotides one by one

A%A‘%CT G A A C A _.c_.T_.CB
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e Context

AACTGAACA

fC

context to join the next base?
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Context

AACTGAACA

ACTGAACAC

overlap of fixed size
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eAssembly
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The de Bruijn graph
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de Bruijn graph assembly
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eWhy bother with k-mers?

in my graph, k-mer size = read size
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eWhy bother with k-mers?

in my graph, k-mer size = read size
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Graph display
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de Bruijn graphs limitation 1: Fixed overlaps

GGACT and ACTTA overlap is only of size 3 !
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Exercise 1: de Bruijn graph time!

Hint: Use 7-mers
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e Exercise 1: Solution
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de Bruijn graphs abstract redundancy
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de Bruijn graphs only rely on k — 1 overlaps
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e Repeats in a de Bruijn graphs

each k-mer appears only once in a de Bruijn graph
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de Bruijn graphs limitation 2: Repeats

Antoine Limasset & Camille Marchet A "little” tour of assembly methods 62 / 172



On the representation of de Bruijn graphs
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e The boy is diploid!

Q GGATGARACTGCCGGTCAGGTCACCCCTCTGAGCCGEEAAAATGTGCTGECCGGAC
0-GGATGAAACIGCCGGTCAGG.CACCCCTCTGAGCCG.AAAATGTGCTGICCGGAC r
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Ploidy and very long reads

I T Feel

Q GGATGAAACTIGCCGGTCAGACACCCCTCTGAGCCGEEAARATGTGLTGIBCCGGAC

Il GGATGAAACEGCCGGTCAGGRCACCCCTCTGAGCCGEBAAAATGTGCTGECCGGAC

Gt

b5

el ot

/ N\

overlap graph de Bruijn graph

0, 2 s

result: haplotypes
FTT € 6 FATATTT66 Al
Haplotypes can be "phased”
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Homozygous vs heterozygous regions

—_—
 —

T T

Q@ GGATGAAACTIGCCGGTCAGGICACCCCTCTGAGCCGERAAAATGTGCTGECCGGAC

d GGATGAAAClGCCGGTCAGG'CACCCCTCTGAGCCC.AAAATGTGCTGICCGGAC

GG A
A A A
Dverlap graph de Bruijn graph
—F
Y \ large homozygous region = "repeat"

—A—A7—> \—ee—.—. e | T

\ /

result: fragmented haplotypes
Tk icC G A A GG A

Assembly concession: assembly can be fragmented due to ploidy
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Method checkpoint: de Bruijn graph versus overlap

graph

Overlap graph

quadratic growth with coverage

issue with repeats larger than reads

(compacted) de Bruijn graph

Ve
N

abstracts coverage

issue with repeats larger than k

Antoine Limasset & Camille Marchet
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e Data checkpoint: results for the long, perfect boy

@ Contigs can reach the chromosome's order of magnitude in length
(megabases)

@ Breaks due to large repeats

@ Haplotypes can be partially reconstructed
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eSecond experiment: noisy, super long boy's genome
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e de Bruijn graph or overlap graph?

iibatRElE
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e Sequencing errors and k-mers

Issue with large k-mers
G G

reads

large
k-mers

o large k-mers won't connect

G
G

G
G
G

aanan

—_— G G

long contig

Ideal case !

@ many spurious k-mers

Antoine Limasset & Camille Marchet

G
read 1 G G
read 2 A T C
read 3 il 1
IR R
G
G
G G
G G
k-mers G
from read 1 =
G
A
A T —
A T
k-mers T
from read 2 i
i C
C
k-mers i
from read 3 1 i

A "little” tour of assembly methods

T C
T

several small contigs
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e Sequencing errors and k-mers

Let's try small k-mers
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e Sequencing errors and k-mers

Let's try small k-mers

read 1 GAGTAGAAATGAG ¢ ol

ead2  ABTAGAANTAGT Gp AU CT-TAQA-AT-TT

@ the graph becomes too complicated: everything is a "repeat”
@ we lose the advantage of having long reads
— de Bruijn graph out!
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e Overlap graph: inexact matches

Quadratic alignment for each pair of reads
Quadratic number of comparisons to perform ...
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Overlap graph: drop alignment

1. find common seeds 2. find if long chains of common seeds
are in same order
-
l _“\\x\ I _Ill\x\
[ a1 11 | N mi
-

Procedure called anchor chaining.
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e How to get accurate contigs from noisy reads?
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Using coverage to remove noise: consensus
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e Consensus before assembly: correction
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Consensus during assembly (hence the OLC)
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Consensus during assembly. Yes but:
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Consensus after assembly: polishing
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e Correction/Consensus during assembly/Polishing

@ Correction x

» Redundancy: 100X depth — 100X more bases to correct
@ Consensus during assembly ~

» Do not use all reads
@ Polishing v

» Correct each base of the genome once
» Use all reads
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e Consensus destroys heterozygosity

— a mix between the two alleles
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Consensus destroys heterozygosity

~
Fal ol

I I

Q GGATGAAACKTGCCGGTCAGGTCACCCCTCTGAGCCGEEAAAATGTGCTGBCCGGAC

Cf GGATGAAACBGCCGGTCAGGHCACCCCTCTGAGCCGBBAAAATGTGCTGRCCGGAC

A I L. riy

\

overlap graph+consensus

N S . —_——
- 6
AT N\ T e

‘
result: chimeric single haplotype
AT -G C

Assembly concession: "haploid” assembly due to errors
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Method checkpoint: de Bruijn graph vs overlap graph

Overlap graph (compacted) de Bruijn graph

can deal with approximate overlaps too many errors prohibit connectivity
(seed and chain)
polishing
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e Data checkpoint: results for the noisy super long boy

@ Contigs can reach the chromosome’s order of magnitude in length
(megabases)

o Breaks due to very large repeats

o Contigs are chimeras of haplotypes
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e Third experiment: short boy's genome

100kb region from the genome
(only for the record, we actually don't have it)

Reads

1 billion

size 100 bases
<1% error

Genome size
1 billion bases
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de Bruijn graph or overlap graph?
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Scalability issue for the overlap graph

At equal coverage we got:
1000 x more reads — 1 million x more overlaps to check!
Overlap graph hardly scales to such a large number of reads/overlaps

— Overlap graph out!
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e de Bruijn graph on a real dataset

Antoine Limasset & Camille Marchet A "little” tour of assembly methods 89 /172



e de Bruijn graph on a real dataset ZOOMED IN
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e de Bruijn graph on a real dataset ZOOMED IN




Erroneous k-mers vs genomic k-mers

Erroneous k-mers are seen less than genomic ones
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Number of distinct k-mers

K-mer histogram

K-mer comparison plot

200000 -

150000 -

100000 -

50000 -

Antoine Limasset & Camille Marchet

40 60 80
k-mer multiplicity

A "little” tour of assembly methods

100
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e Removing unique k-mers
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e Removing k-mers seen less than 3 times
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e Removing k-mers seen less than 4 times
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oGC bias

101 - Fusehacterium ! Salmonela

ML e ——]

T :l.'-‘l] 1,T'|1TT['

°
= |
"]
f iy R W """""""""""""""""

1 ! ﬁﬁ 107

il.
sl 1 | g4 : 1
i 20 20 40 50 60 n 80 10 20 N 40 50 60 " a0
Percent GC Parcent GC
Low GC region can be way less sequenced
Antoine Limasset & Camille Marchet A "little” tour of assembly methods 96 / 172



Errors in de Bruijn graphs
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Errors in de Bruijn graphs
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Errors in de Bruijn graphs
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e de Bruijn graph on my diploid genome

P
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e Ploidy and de Bruijn graph
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Bubble crushing
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Variants are not " lost”

We can align the reads to the assembly and do variant calling
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Haploid assembly

——T e -
— e —
@ GCGATGAAACTGCCGGTCAGGTCACCCCTCTGAGCCGEEAAAATCTGCTGBCCGGAC
O GGATGAAACBGCCGGTCAGGRCACCCCTCTGAGCCGRBAAAATCTGCTCECCGGAC
A ST
—_.m [ —

—

de Bruijn graph ‘
T

i N e U e
LR A N I W At

heterozygosity = "bubble”

result: chimeric single haplotype
T A CCommmn A e

Assembly concession: haplotypes are collapsed when using short reads
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e Paralog genes/repeats
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e Paralog genes/repeats
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Paralog genes/repeats in graphs

Treating erroneous bubbles is simple, all the others are complex
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Method checkpoint: de Bruijn graph versus overlap
graph

Overlap graph (compacted) de Bruijn graph

e
AT

all v all comparisons are not scalable k-mers abstract coverage
errors can be dealt with
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e Data checkpoint: short boy results

@ Very fragmented assembly of short contigs (mostly below 100kb)
@ Very high base accuracy
@ Contigs are chimeras of haplotypes

@ Can miss low GC content
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e Fourth experiment: golden boy's genome

Billion $ project — cancelled
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(Time accurate) recap
No longer used for assembly (too expensive)

De Bruijn graph assembly
Fragmented haploid assembly

Overlap graph assembly (+ polishing)
Contiguous haploid assembly

Overlap graph or de Bruijn graph assembly
Contiguous diploid assembly
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e Back to the present

Tomorrow
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eChallenge 1: Scalability

@ Human Genome project
(2001)

@ 1000 Genomes project
(2015)

@ 10k Genomes project (2016)

@ 100k Genomes project
(2018)

@ 500K UK genomes (2023)

Many ambitious sequencing projects beyond human: Earth biogenome
project, Vertebrate genome project ...
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History

How long to assemble a human genome?
@ Sanger: MANY CPU years
@ lllumina (Overlap graph): 2 CPU months
@ lllumina (De Bruijn graph ): A CPU day
e Long reads (Alignment): 2 CPU years
@ Long reads (Anchors chaining): 20 CPU days
e HiFi (Anchors chaining): 2 CPU days
e HiFi (De Bruijn graph): A CPU hour
Algorithms and data structures matter!
Also long and precise reads are easier to assemble
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Very fast genome assembly with HiFi

Human genome assembled within 2 hours (Peregrine assembler) and 10
minutes (RMBG assembler)
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e Telomere to telomere assembly?
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Challenge 2: Telomere to telomere chromosomes

Main problems:
@ Very large exact repeats
@ Very similar sequences accross the genome
@ Low complexity regions

@ Mosaic repeats

Need long distance information AND high base accuracy
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Scaffolding

Use long range information to order contigs into " scaffolds”
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Reference-based Scaffolding/assembly

Do not need high coverage/ long distance information to get contigous
assemblies

Need a related good quality reference
Bias toward reference sequence, for local and structural variants

@ Map the reads on a reference and compute a consensus (Medaka)
@ Use a reference assembly as existing contigs (SPAdes)

@ Use one (or several) related references genomes to order contigs
(Ragout2)
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e Telomere-to-Telomere consortium

Has produced in 2022 a complete human genome with one contig
per chromosome !

@ 30x PacBio HiFi

@ 120x coverage of Oxford Nanopore (ultra long reads)
@ 70x PacBio CLR

@ Arima Genomics HiC

@ BioNano DLS

@ 100 authors from 50 labs
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e Diploid assembly
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e Telomere-to-Telomere diploid human reference

T2T-YAO released in 2023 a complete human genome with one
contig per chromosome !

@ 92x PacBio HiFi

@ 336x coverage of Oxford Nanopore (ultra long reads)
@ 70x PacBio CLR

@ 584x Arima Genomics HiC

e BioNano DLS

@ lllumina HiSeq 150bp for the son and parents (with 278x and 116x
coverage, respectively).
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eThe human genome is not THAT hard

me:

L

Hall of fame of largest assembled genomes of their ti

e Pine (20Gb)
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eThe human genome is not THAT hard

Hall of fame of largest assembled genomes of their time:

e Pine (20Gb)
e Axolotl (32Gb)
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eThe human genome is not THAT hard

Hall of fame of largest assembled genomes of their time:

e Pine (20Gb)
e Axolotl (32Gb)
e Lungfish (43Gb)
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eThe human genome is not THAT hard

Hall of fame of largest assembled genomes of their time:

Pine (20Gb)
Axolotl (32Gb)
Lungfish (43Gb)
Mistletoe (90Gb)

Metagenomes . ..
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eThe human genome seems small
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eChallenge 3: Base level accuracy
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e Homopolymers are hard to read

=
Raw =
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51 N r. B WM#'
(Tl ] hiowel
L™
Time
B) Basecalling
2
Events E
3
Time
Sequence C T ATG G T 6 A
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Systematic errors

Polishing with lllumina data can improve the final error rate

A. Single-tool short-read polishing
ALE change: 0 110696 113366 87707 113056 113061 115623 82446

total distance: 7635 212 74 2519 1775 128 28 1867

10000 A
8 VA
=
,g 10004 & B A baumanniiJa
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e Basecalling progress: Dorado years
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Replication outside nanopore HQ

Post from Ryan Wick's bioinformatics blog (rrwick.github.io/) reports
Q20 reads accuracy and Q60 assemblies on 9 bacterial assemblies

Average Read accuracy Assembly accuracy

mean 97.7%, Q16.4 4 errors, Q60.43
median 99.1%, Q20.5 2 errors, Q60.43
mode 09.4%, Q22.2 NA
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HiFi-like Nanopore data 7

(Near) error-less very long reads we have several promising improvements
ahead:

@ Very fast assembly
@ T2T chromosomes with less data
@ Higher consensus accuracy

@ Poplyploid assemblies
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Challenge 4 : Assembly as a software

Long-Reads | Short-Reads
(Hybracter Hybrid Only)

! uality Control
A Long-Reads Q (Opytimal} Short-Reads
Triemami [Contamination Removaly fastp
Filtlong
Perachop-ABl

C Plasmid Assembly B Long-Reads Assembly

P Camplete Fiye Incomalete

Chromsomels] ¥ Contigs

& L
Long-Read Polishing

‘Chromosome Reorientation
wo Rounds)

Start With Drad Gene
D Medaka ‘E Dnaapler
! _p| Short-Read Palishing
G Quality
H Output A t
F v

ssembly Statistics Pypslcy Run on B.OEF
Final hramosome and Plasmid

PR ALE ar Pyrodigal

From Hybracter: Enabling Scalable, Automated, Complete and Accurate
Bacterial Genome Assemblies
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Assemblers behave differently

D. Chromosome identity
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From github.com/rrwick/Long-read-assembler-comparison
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github.com/rrwick/Long-read-assembler-comparison

Software robustness
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From github.com/rrwick/Long-read-assembler-comparison
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github.com/rrwick/Long-read-assembler-comparison

e An assembly is a model

© Assemblies contain errors
@ Different tools can produce very similar assemblies

© A single tool can produce very different assemblies with small changes
of parameters(!)
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Advanced points

If we have time, we'll review everything (white doing this course, 1 doubt it .. )
Else, pick one:

o Multiple k assembly in de Bruijn graphs

o HiFi de Bruijn Assembly

@ An overlap graph limitation with noisy long reads (and current fixes)

@ The repeat graph
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e Coming back to a de Bruijn graph limitation: fixed
overlaps

GGACT and ACTTA overlap is only of size 3!
@ A too small k is not a solution

@ We would like larger k's but miss connections
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Multiple k assembly

Most de Bruijn graph assemblers can now perform several assemblies with
different k-mer sizes to produce an improved super assembly

Build DBG with k=5 and k=7 from those reads

AAAATCGATCTC
TCTCATCGAATT
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e Multiple k assembly

We are missing GATCTCA and ATCTCAT in the second graph.
But they are present in the first graph!
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Multiple k assembly
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HiFi de Bruijn graph Assembly

Using very large K (K=500 to K=5000) de Bruijn graphs to assemble
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e Coming back to the overlap graph simplifications
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e An overlap graph limitation when using noisy reads
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e An overlap graph limitation when using noisy reads
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e An overlap graph limitation when using noisy reads
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Read threading alternative

HiFi string graph with
contained reads u3

u2

HiFi string graph with
ultra-long information
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Fragmented read alternative

The RAFT tool fragments the reads that does not cover repeats to avoid
read inclusion problems.
Unknown Genome —Repeats—

Read A Read B

Overlaps with read A Overlaps with read B

Fragmented reads
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Flye
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Repeat graph
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Repeat graph
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Repeat graph
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Repeat graph
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Slides for the practical session
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eEvaluate assembly

Two cases:

Align contigs to the reference and compare them considering the reference

as the ground truth (QUAST).

@ Reads analysis (QUAST)
e Kmer analysis (Merqury)

@ Assembly graph analysis (Bandage)
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QUAST statistics

Alignment-based statistics ABYSS

Genome fraction (%) 98.661
Duplication ratio

# genomic features 4525 + 75 part
Largest alignment 243481
Total aligned length

NGAS0 69801
LGAS0

Misassemblies

# misassemblies 4
Misassembled contigs length 231767
Per base guality

# mismatches per 100 kbp 2.09
#indels per 100 kbp 0.57

# N's per 100 kbp 24.59
Statistics without reference

# contigs 176
Largest contig 248481
Total length

Total length (>= 1000 bp)
Total length (== 10000 bp)

Total length (== 50000 bp) 3248113
BUSCO completeness

Complete BUSCO (%) 98.65
Partial BUSCO (%) 0
Predicted genes

MEGAHIT
9g.424

1

4511 + 64 part
235933
4568317

122 647

14

269
131

a5
235933
4571292
4562458
4478614
3833793

98.65
0

# predicted genes (unigue) _ 3595
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93.113

1

4489 + 50 part
285096

4553 809
133309

12
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029
1755

92
285196
4557 363
4548710
4466223
3812315

98.65
0

3587

Velvet

97.997

1

4486 + 56 part
264944
4550150
112446

14

435515

319
1.98

90
264944
4552 266
4544453
4475223
3817904

98.65
0

3576
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http://cab.cc.spbu.ru/quast/

Assembly continuity

N50 can be described as a weighted median statistic such that 50% of the
entire assembly is contained in contigs or scaffolds equal to or larger than
this value.

Example: | Mbp genome 50%

ol G AA
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e The catsembler
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Assembly continuity

N50 can be described as a weighted median statistic such that 50% of the
entire assembly is contained in contigs or scaffolds equal to or larger than
this value.

N75 is the same statistic for 75% of the assembly

Similar to the N50 but only takes into account contigs/scaffolds that can

be aligned on the reference genome and consider 50% of the genome
size instead of the assembly size
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Misassemblies

Contig 5N

Reference
Relocation
Inversion Chr 1 — G
Translocation
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e Visualize assembly

Bandage tool can visualize assembly graphs (GFA)

LN ]

e Bruijn gragh information
Nodesi: 279

e Edge: 337

Total knglh: & 45,014

Graph drawing
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e Visualize assembly

Bandage tool can visualize assembly graphs (GFA)

U
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K-mer spectrum visualization with merqury
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Trio K-mer spectrum visualization with KAT
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SPAdes assembler

@ Designed to assemble megabase-sized genomes
@ Multiple k de Bruijn graph assembly from short reads

@ Can use long reads to solve repeats

Short reads I

Long reads
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Hifiasm assembler

@ Build an overlap graph from HiFi reads
@ Generate both haploid and diploid assemblies

e Can use (very) long reads to solve repeats

HiFi reads I

Long reads
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Flye assembler

@ Build a repeat graph from long reads
@ Can use any kind of long reads

@ Can also assemble metagenomes

HiFi/Long reads

HiFi/Long reads
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Unicycler (long read mode)

@ Build a overlap graph from long reads
@ Polish the assembly

@ Also has a short-reads-first similar to SPAdes

Long reads

Short reads I
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