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Content of this course

How to reconstruct a genome with

sequencing data?
What are the main challenges?
Which solutions have been proposed?

Bingo: find the French title of a (SciFi)
book that we both love.

genome size: ~ 40 gigabases
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- Accessing a genome

Good girl Cata

CGGATCAGCCGCAAGCGGAATTGGLGACATAACAAG
CTAGTCGGCGTTCGCCTTAACCGCTGTATTGTTC

. Good girl Bailey
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- Reads are subsequences from the genome
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 Reads are shuffled subsequences from the genome
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- Genome assembly task
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- Genome sequencing: depth & coverage

genome
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depth <1X  coverage 60%
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- Genome sequencing: depth & coverage

genome
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depth ~1X  coverage 80%
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- Genome sequencing: depth & coverage
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« Poisson law

Theoretical bases coverage rate according to sequencing depth C

102 1 — Percent bases covered <1 times
—— Percent bases covered <2 times
—— Percent bases covered <3 times
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—— Percent bases covered <5 times
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« First experiment: theoretical, errorless reads for a very

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

good boy

i Reads
Genome size S
2 billion bases 10 million
mean size 10kb
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« Order according to overlaps

Overlaping reads are likely successive part of the genome
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« Check all reads for overlaps

For a given read, scan all others

...and find exact matches
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» Most cases: no overlap
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 Small overlaps can happen “by chance”
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« We are more confident in longer overlaps
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« Higher depth, longer overlaps
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» Something weird happened
reads to assemble
E -
B -
i | -

\bngest overlaps

B
2 pieces !
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- All longest overlaps
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» Take into account other overlaps?

I i | |

[
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 Look, a graph!

: node
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« Unsafe paths in an overlap graph
s

ATATGTGTGG
[ aorcsoam | TATATGTGT

CGCARACCT
m—p| ACCTGGTAT

GGCTACCTG
CCATTAGGCT

CCTTATGCC ATGCCCATTA

spurious assembly result

| AGTCGCARA [ CGCARACCT | ——{ ACCTGGTAT | TATATGTGT [ ATATGTGTGG [ 6TGTGGACCCIGTGGACCCTAGT| AGTCGCAAACCTGGTATATGTGTGGACCCTAGT

| CCTTATGCC FHATGCCCATTA 4 CCATTAGGET ¥ GGCTACCTG | CCTTATGCCATTAGGCTACCTG
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- Safe paths in an overlap graph

GTGGACCCTAGT

GTGTGGACCC
ATATGTGTGG
TATATGTGT

ACCTGGTAT

AGTCGCAAA

CGCAAACCT

GGCTACCTG

ATGCCCATTA 77

CCTTATGCC

assembly result

|ﬁGTEEClﬂﬁ }'ﬁ CGCAAACCT | AGTCGCAAACCT

| CCTTATGCC [#ATGCCCATTA I CCATTAGGCTI—H GGCTACCTG | CCTTATGCCATTAGGCTACCTG

| ACCTGGTAT |-+ TATATGTGT |-+ ATATGTGTGE > GTGTGGACCCI4GTGGACCCTAGT  ACCTGGTATATGTGTGGACCCTAGT
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- A f¥*ing overlap graph (quoting Josie)

node

edge
ACGATAGATCAG

GATCAGCCTATAT

TCAGGGGA

« Nodes are sequences of various sizes (reads)
- Edges are long enough overlaps between sequences
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« Overlap graph simplifications

helps graph simplification and traversal to output contigs

<> remove small overlaps Reads 3—

Overlap graph l

(7))

t remove node inclusions ¢ :
— 1 2 3 4 5
ey P g

remove dominated ) !
j WS % 1 2 3 4 5

(transitive edges) 1
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« Multiple repeats

Reads:

GCTGATTT
ATTTGTAT
GTATTGTC
TGTCAAGT
AAGTATTT
ATTTTGTT
TGTTTGTC

TGTCTTTA Overlap graph:

GCTGATTT—-ATTTGTAT AAGTATTT—-ATTTIGTT
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e First solution

Reads:

GCTGATTT

ATTTGTAT

GTATTGTC

TGTCAAGT

AAGTATTT

ATTTTGTT

TGTTTGTC

TGTCTTTA Overlap graph:

GCTGATTT—ATTTGTAT—GTA AAGTH-AAGTATTT—ATTTTGT T—TGT

Possible assemblies:

GCTGATTTGTAT AAGTATTTTGTTHGIETTTA
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« Second solution

Reads:

GCTGATTT

ATTTGTAT

GTATTGTC

TGTCAAGT

AAGTATTT

ATTTTGTT Overlap graph:
TGTTTGTC

TGTCTTTA

GCTGATTT  ATTTGTAT—»GTAT] AAGT--AAGTATTT|  ATTTTGIT—TGT

Possible assemblies:

GCTGATTTGTATHEREAAGTATTTIGTTRGIETTTA Those two solutions are indistinguishable
GCTGATTTIGTT, AGTATTTGTAT TTTA
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« Parsimonious solution: do not assemble

Possible assemblies:

»ATTTGTAT—>GTATI—

a TGTTH»TGTT]

Genome pieces:

GCTGATTT] ATTTGTATHGNE  BEEAAGTATTT ATTTTGT TG

Repeats lead to the fragmentation of the assembly

Genomes pieces that make con-sensus across the differents solution are called Con-tigs
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- Do we expect many repeats?

Probability to have NO repeated word of size 31 in a 5 megabases genome

Input interpretation

[431 1 ]1_-'2.;5 10% {5 - 108 -1))

43]

0.999997280408784302383172055421363836712023171938932024106. ..
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» The burden of assembly: genomic repeats

Amount of repeats larger than a given size in the human genome
21: 34,060,114

31: 12,857,884

51: 5,094,786

101: 973,550

1,001: 53,698

10,001: 833

100,001: 9

500,001: 8

Genomic repeats are NOT random events
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« The burden of assembly: genomic repeats

from Sen Gupta et al. 2023 4 a

Mitotic chromosome

Example: pericentromeric region of human chr 1 :

20Mb of satellite repeats, identical repeats up to 10kb
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- With longer reads

Reads longer than the repeat “solve” it
= .

R
I
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» Read length matters (read size=21)
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» Read length matters (read size=31)
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» Read length matters (read size=63)
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- Read length matters (read size=255)
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- Read length matters (read size=500)
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» Read length matters (read size=1000)

A "LITTLE" TOUR OF ASSEMBLY METHODS Camille Marchet and Antoine Limasset



» Read length matters (read size=2000)

A "LITTLE" TOUR OF ASSEMBLY METHODS Camille Marchet and Antoine Limasset



e First (and most important) checkpoint

To remember

- 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).

A "LITTLE" TOUR OF ASSEMBLY METHODS Camille Marchet and Antoine Limasset



« Ok but...
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- Computing overlaps

Detecting overlaps means a lot of comparisons
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- Computing long overlaps

Even considering only long overlaps means a lot of comparisons
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« Overlap graph burden: number of reads

n(n2—1) = 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 for genome assembly

from the context, find out the next read TGAAAACTG
TGAACACTG
ACTGAACAC
AACTGAACA » ACTGAACAG
CTGAACACT
many possibilities! ACTGAATAG

instead, from the context, find out the next nucleotide
‘ A (; ’A COT G A C

only 4 possibilities!
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« Context

AACTGAACA

fC

context to join the next base?
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» Context
AACTGAACA

AACTGAACA
ACTGAACAC — ACTGAACAC

overlap of fixed size
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« The de Bruijn graph
Read

AGATACAGCCA

De Bruijn graph

Kmer=node

AGATACA | GATACAG |- ATACAGC [~ TACAGCC |- ACAGCCA

N4
k-1 overlap=edge

AGATACA + G+ C + C + A
=AGATACAGCCA
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- de Bruijn graph assembly

Overlapping reads

AGATACAGCCA
TACAGCCATGG

De Bruijn graph

IAGATACA |~ GATACAG |~{ ATACAGC |+{ TACAGCC |-/ ACAGCCA |~/ CAGCCAT |+ AGCCATG |+ GCCATGG |

N\
overlap

Resulting sequence

AGATACAGCCATGG

A "LITTLE" TOUR OF ASSEMBLY METHODS Camille Marchet and Antoine Limasset



« Why bother with k-mers?

| liked reads.
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« Why bother with k-mers?

In my graph, k-mer size = read size

Graph information
Modes: 10000
(1] Edges: 0
Tatal length: 1000 00O

More info

Graph drawing

& scope: Entire graph ] (R S e S R S G S [P i S G S SRS S| R R [ S S RN UL L
@ Siyla: sSingle @ Double

[ ] Draw graph

Graph display
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» de Bruijn graphs limitation 1: Fixed overlaps

CAGGA [AGGAC GGACT >< ACTTA [CTTAC

GACTT missing

not k-1 overlap

GGACT and ACTTA overlap is only of size 3!
We need a smaller k value than the read size to detect overlaps
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« Exercise 1: de Bruijn graph time!
Reads Hint: Use 7-mers

GCCATGGGTTT
TACAGCCATGG
AGCCATGGGTT
GCCATGGGTTT
AGCCATGGGTT
ACAGCCATGGG
GATACAGCCAT
ATACAGCCATG
CATGGGTTTAA
CAGCCATGGGT
GATACAGCCAT
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- Exercise 1: Solution

GATACAGCCAT
ATACAGCCATG
TACAGCCATGG
ACAGCCATGGG
ACAGCCATGGG
CAGCCATGGGT
AGCCATGGGTT
GCCATGGGTTT
GCCATGGGTTT
CCATGGGTTTA
CATGGGTTTAA

de Bruijn graph

IAGATACA |+ GATACAG |~ ATACAGC |~{ TACAGCC |-{ACAGCCA |~{ CAGCCAT }~| AGCCATG

<| GCCATGG H{CCATGGG HCATGGGT ATGGGTT HTGGGTTT HGGGTTTA |HGGTTTAA |

A "LITTLE" TOUR OF ASSEMBLY METHODS Camille Marchet and Antoine Limasset



 de Bruijn graphs abstract redundancy

read overlaps

AGATACAGCCA
GATACAGCCAT
GATACAGCCAT

ATACAGCCATG 65 non distinct 7-mers in reads
TACAGCCATGG
ACAGCCATGGG
ACAGCCATGGG
CAGCCATGGGT
AGCCATGGGTT
GCCATGGGTTT
GCCATGGGTTT
CCATGGGTTTA
CATGGGTTTAA

14 distinct 7-mers in the de Bruijn graph

|[AGATACA |~ GATACAG |- ATACAGC }~ TACAGCC |-| ACAGCCA |~{ CAGCCAT }-| AGCCATG

<| GCCATGG [[CCATGGG HCATGGGT HATGGGTT HTGGGTTT HMGGGTTTA JHGGTTTAA |
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« de Bruijn graphs only rely on £ — 1 overlaps

Overlapping reads

AGATACAGCCA
GATACAGCCATG
GATACAGCCATG
TACAGCCATGG
ACAGCCATGGGD Overlap length: 10

vertap Length: CAGCCATGGE
overtep Length: 8~ CECATGGOTT

Overlap length: 7 C—é-ll:gggTTT . N
e AD Overlap length: 6

De Bruijn graph overlap length: 6

Overlap length: 8

IAGATACA |~{ GATACAG |~{ ATACAGC |~ TACAGCC [-{ ACAGCCA |+ CAGCCAT }~| AGCCATG |ﬂ

[ GCCATGG |~ CCATGGG | CATGGGT J+{ ATGGGTT H{ TGGGTTT j+{ GGGTTTA |-{ GGTTTAA |
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» Repeats in a de Bruijn graphs

.. TACAGGACTTA... .. TATAGGACTGA...

..~[TACAGHACAGG-CAGGA, JGACTGACTGA
AGGAG-GGACT

...~[TATAGHATAGGHTAGGA NGACTTHACTTA
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- de Bruijn graphs limitation 2: Repeats

... TACAGGACTTA... ... TATAGGACTGA...

NMAGGAG-GGACT
...~[TATAGHATAGGHTAGGA!

...~[TACAGHACAGGCAGGA <GACTGHACTGA|-'. .

GACTTHACTTA...

|...TATAGGA| IGACTGA... |
genome pieces AGGACT
|...TACAGGA IGACTTA... |
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« Multiple k assembly

AAAATCGATCTC
reads
TCTCATCGAATT
|
k=5 ananT— ¥ GAATT, \'\":7
ARATC CGAAT ABAATCG TCTCATC,
AATCG— TCGAAS AAATCGA R CTCATCGS
ATCGA<V AATCGAT R TCATCGA
TCGATS ATCGATC R CATCGAA
CoATER TCGATCT 2 ATCGAAT
ATCTC77 CGATCTC TCGAATT
de Bruijn graph TCTCA de Bruijn graph
yn grap CTCAT77 yn grap
TCATC
ATCGR
compacted de Bruijn graph compacted de Bruijn graph

TCGAATT AAAATCGATCTC
AAAATCG —YATCGA

TCGATCTCATCG TCTCATCGAATT

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

compacted de Bruijn graph

k=5
TCGAATT
AAAATCG—ATCGA
TCGATCTCATCG

k-mers k=7 k-mers k=7 compacted de Bruijn graph
from cdBG k=5 from the reads k=7
AAAATCG

AAATCGA =P  AAAATCGATCTCATCGAATT

ngﬂgc + AAATCGA
AATCGAT TCATCGA
GATCTCA ATCGATC CATCGAA
TCGAATT ATCTCAT ATCGAAT
TCTCATC
CTCATCG

Multiple k assembly is done under the hood in modern DBG assemblers
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« Method checkpoint: de Bruijn graph versus overlap
graph

Overlap graph
Quadratic growth with coverage
Issue with “repeats”' longer than the reads

De Bruijn graph

Abstracts coverage

Issues with “repeats”’ longer than k
Use multiple k values in practice

'genomic repeats like satellites, long homozygous regions
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« Something is wrong with my assembly

| cannot recover the haplotypes!

hap! | T N |

hap?2 | T T T 2 W |
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« The good boy is diploid!

Q GGATGAAACTGCCGGTCAGGTCACCCCTCTGAGCCGEEAAAATGTGCTGECCGGAC
ol GGATGAAACBGCCGGTCAGGBCACCCCTCTGAGCCGRBAAAATGTGCTGRCCGGAC

SO, WHAT MAKES YOU PANIC?
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* Ploidy and very long reads

CC

P

Q GGATGAAAClGCCGGTCAGGICACCCCTCTGAGCCG‘AAAATGTGCTGiCCGGAC

ot GGATGAAACBGCCGGTCAGGBCACCCCTCTGAGCCGEBBAAAATGTGCTGHCCGGAC

=

A
rr

[a) [a)
A A
~ J [al

/ N\

overlap graph de Bruijn graph
- - o~ A 66 A . “AA GG A
\ N ‘/ T T e
T T ¢ 6 A 66— i

result: haplotypes

T T ¢cC GG 'A A G A
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- Homozygous vs heterozygous regions

———

fal el

I I

Q@ GGATGAAACTGCCGGTCAGGTCACCCCTCTGAGCCGEEAAAATGTGCTGRCCGGAC

' GGATGAAACBGCCGGTCAGGHCACCCCTCTGAGCCGRBAAAATGTGCTGACCGGAC
et GG A
G

A Y L

/ N\

overlap graph de Bruijn graph

/ \ large homozygous region = "repeat” /
B

N\ /

result: fragmented haplotypes
T T cc G A A GG A

Assembly concession: assembly can be fragmented due to ploidy
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- Data checkpoint: results with the long, errorless reads
for the very good boy

]]j“ Tnbl\]rﬂﬁ [},Uﬂ’[ 100kb region from the genome
HSE - [ B e haplotype 1
o T —— haplotype 2

10 million reads—1000 contigs

|k *
K1

NONSENSE AND EVENTUALLY®YOU'LL BE DEAES

Long and accurate reads

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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« Second experiment: noisy long reads for a clever boy

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

- I
[ -
O e o
[
. a
| . - |
Co—
—
[
.
e
I
e
?eaffls' Oxford Nanopore (simplex)
mitiion or PacBio hifi reads

Genome size

2 billion bases mean size 100kb

sequencing errors: 1%
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» de Bruijn graph or overlap graph?

Image credit: Aardman/ BBC/ Netfiix
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» de Bruijn graph or overlap graph?

Image credit: Aardman/ BBC/ Netfiix

Both after reads correction
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« Overlap graph: inexact matches

maich =1 mismatch = -1 gap=-1

N
GATTACA 6| 1| 140ta4+2+3+a4s
\
A -2 0 0 1 0 1 -2 3
Comp'Jt‘?e T 3 g T 2 0
£ -1 < | 1 1
overlap -y
T -4 -2 -2 -1 1 1 0 1
GCATGCG s
A -5 -3 -3 1 0 0 0 1
N
Cc 6 4 -2 2 1 1 1 0
=

Pairwise read alignment requires a quadratic number of costly alignments!
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« Overlap graph: drop alignment

1. find common seeds 2. find if long chains of common seeds
are in same order
TR LI

Procedure called seed and chain or anchor chaining.
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-« How to get accurate contigs from noisy reads?

\
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- Using coverage to remove noise: consensus

Reads:

AAAGAAAGCACTGAATCATIGGGAC
GAAAGCTCTCAAC GGACT(G
ACCTCTCAAGCAACGGACTA
TCTGAAT GGACT(G
GAATCACCGGACT(A
T GCACT(G
GGACT(G
GACT(G
TG

Consensus:

AAAGATAGCTCTGAAT GGACT(G

1/1 4/7 9/10

CGAG

CGACTT
CGACAA

AAG

CGTCAA

AAGTGC

CGACAG
CGACAA
CGACAA

T

[TGTCGGTGG
AAGTCCTGGTAT
AAGTGTGGGTATCCA

CCACAA

AAGTGGTGGTATCCAG

CGACAA
GACAA

AA

AAGTGGGCGGTATCCAGAAT
AAGGGGGCGTATCCAAAATTT

G

AAGGCGTGGTATCCAGAATTT

—]

CGACAA

[CA

AAGTCGGGGGTATCCAAAATTT

TCAGTT

AAGTGGTGGTATCCAGAATTT

6/11

[CAGTT

2/3
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« Consensus before assembly: correction

N I I D | D I
1. align reads _ .

2. COMPULE CONSENSUS 1
S %
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« Consensus during assembly (hence the OLC)
overlap graph

consensus mmEEEEEE R
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- Consensus after assembly, polishing
contig

1. align reads
: I B B D | B
1
1

3. correct assembly with
consensus

2. compute
consensus

polished contig
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- Beware: consensus destroys heterozygosity

AATTGATCCGATACCC-GTAA-A
AATTGGGCCGATACCC-GTAA-AG
-ATTGATCCGA-ACCCCGTAA-A
AATTGATCCGATACCC-GTAA-A
GCTCC-AGACCA-GTCA-ATTT
CCGAGACCA-GTCG-ATTGCAAA-
CCGAGACCA-GT-A-ATTGCGAAC ¢
CCGACACCA-GTGAAATTGCAAAC

consensus AATTGATCCGAGACCA-GTCA-ATTGCAAAC

— a mix between the two alleles
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« Consensus destroys heterozygosity

r
o o
o ar

T T

Q GGATGAAACTGCCGGTCAGGECACCCCTCTGAGCCGEEAAAATGTGCTGECCGGAC

' GGATGAAACBGCCGGTCAGGECACCCCTCTGAGCCGEBAAAATGTGCTGRCCGGAC

i I > G -

l

overlap graph+consensus

—_—FF— —_——
-+ S« 6
R S N ot

‘
result: chimeric single haplotype

AT -G C

Assembly concession: “haploid” assembly due to errors
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» Some assemblers handle haplotype-aware consensus

AATTGATCCGATACCC-GTAA-A
reads AATTGGGCCGATACCC-GTAA-AG

-ATTGATCCGA-ACCCCGTAA-A

AATTGATCCGATACCC-GTAA-A

consensus AATTGATCCGATACCC-GTAA-A

two different
parts of the graph GCTCCGAGACCA-GTCA-ATTG
reads GCTCC-AGACCA-GTCA-ATTT
CCGAGACCA-GTCG-ATTGCAAA-
CCGAGACCA-GT-A-ATTGCGAAC
CCGACACCA-GTGAAATTGCAAAC

consensus GCTCCGAGACCA-GTCA-ATTGCAAAC

Calling two different haplotypes is called phasing
High quality reads are needed
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« Method checkpoint: two strategies

Correct then assemble Assemble raw reads
« Time expensive « “Fast”
« Assembly step becomes easy « Assembly step has to handle errors

« Overlap graph or DBG (Assemblers: « Overlap graphs
Canu, FALCON, MECAT, hifiasm,

« Hard to separate haplotypes
LJA..) P PIOtYP

(Assemblers: Flye, Raven, Shasta,

« IF correction is haplotype-aware —
SMARTdenovo ... )

phased assembly (Assemblers:
hiCanu, hifiasm)

Both can improve their final assemblies with polishing afterward!
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- Data checkpomt results for ONT/PacBio long reads

100kb region from the genome
A Seammmmmms  haplotype 1

o o s haplotype 2

1 million reads — 100 contigs

T X% 2 * X

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

« Breaks due to very large repeats

« Contigs are chimeras of haplotypes unless you have very good quality reads + a
diploid assembler
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» Third experiment: lllumina short reads for a short boy

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

10 or 100 billions
size 100-300 bp
2 billion bases <1% error rate

Genome size
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« de Bruijn graph or overlap graph?

Hola Milou™.. The De Bruijn graph.

Bah!Bah!
_The Overlap graph'!

* Snowy's name in French
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« Scalability issue for the over

lap graph

1000 x more reads — 1 million x more overlaps to check!
Overlap graph out!
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« de Bruijn graph on a real dataset
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« de Bruijn graph on a real dataset ZOOMED IN
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Genome:

TAAGAAAGCTCTGAATCAACGGACTGCGACA

Reads:
TAAGAAAGC
AAGAAAGC
AGAAAGC
GAAAGC
AAAGC
AAGC
AGC
GC
C

TCTGAAT
TCTAAAT
TCTGAAT
TCTGAAT
TCTGAAT
TCTGAAT
TCTGAAT
TCTGAAT
TCTGAAT
TCTGAAT

A

AAC

AACG

AACGGA
AACGGA
AACGGACT
AACGGACTG
AACGGTLTGC
AACGGACTGCG
AACGGACTGCGA

« Erroneous k-mers vs genomic k-mers

TCTGAAT
TCTAAAT

9 times
1 time

CAACGGA
CAACGGT

6 times
1 time

Erroneous k-mers are seen less than genomic ones
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« K-mer histogram

200000 -

150000 A

100000 A

Number of distinct k-mers

50000 ~

0 20 40 60 80 100
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- Removing unique k-mers
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- Removing k-mers seen less than 3 times
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- Removing k-mers seen less than 4 times
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« GC bias

10* 4 Fusobacterium 104 Salmonella
10° fmmmmmm b e e = i I i—; ————————————————— 10° 4
1 |
& il |
: Pl
8 Al |
3 as covered as the rest of the genome
R R | i n I e 107 4
2 +¢ 10x less covered than the rest of the genome
o
2 ﬁ*
o
1072 4 ? ﬂﬂ 1072 4
1,
l adapted From Browne et al. 2020
AT rich zone
1073 T T T T T T 1073 T T T T T T
10 20 30 40 50 60 70 80 10 20 30 40 50 60 70
Percent GC Percent GC

GC-low regions can be way less sequenced
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« Errors in de Bruijn graphs

CAGGA

.. . TACAGGACTTACTGA... genome
CACCACBTAC -
— Sequencln error
reads CGACTTAC a g
GGACTTACT

AGGACG -{GACET -[ACETA |-{CBTAC

AGGAC TTACT
NGGACT [GACTT F[ACTTA [CTTAC
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« Errors in de Bruijn graphs

CAGGA

.. . TACAGGACTTACTGA... genome
“ACCACBTAC -
— Sequencln error
reads R eACTTAC a J
GGACTTACT
tip
GGACE +[GACET F[ACGTA F[GTAC
AGGACY TTACT
NGGACT [GACTT [ACTTA [CTTAC
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« Errors in de Bruijn graphs

... TACAGGACTTACTGA... genome

T -

— Sequenclin error

reads i CgACTTAC a g
AGCACTTACT

bubble

AGGAR-[GGART HGGART 1-[GARTT |-[ARTTA |-[ATTAC
A H{GGART HGGART - ~ARTTA A -
AGGACH[GGACTI-GGACT }+[GACTT |+[ACTTA }-[CTTAC

|
[ACAGG J~[CAGGA <
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« de Bruijn graph on my diploid genome
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 Ploidy and de Bruijn graph

O GGATGAAACBGCCGGTCAGGHBCACCCCTCTGAGCCGEBAAAATGTGCTGACCGGAC

CCGEEAAA

| AACITGCC [— w»| AGGTCAC P
GGATGAAAC GCCGGTCAGG CACCCCTCTGAGCCG
\\ A A\

N N
| AACHGCC - AGGHACAC |- —

CCGEBAAA

N _w»| cTclicca |- ~N

AAAATGTGCTG CCGGAC
A A

B CTGHCCG |- =4
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» Bubble crushing

@ GGATGAAACTGCCGGTCAGGCACCCCTCTGAGCCGEEAAAATGTGCTGBCCGGAC

 GGATGAAACHGCCGGTCAGGECACCCCTCTGAGCCGEBAAAATGTGCTGECCGGAC

wae] - ARAY ran [cateee]

| GGATGAAAC | | GCCGGTCAGG | \ CACCCCTCTGAGCCG \

\
@Am NI Ty

Assembly:
GGATGAAACIGCCGGTCAGGICACCCCTCTGAGCCG.AAAATGTGCTGICCGGAC

Algorithms leverage graph topology to apply correction
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« Haploid assembly

—E— E' —_— E’ )

_— : —_— —_—
Q@ GGATGAAACTGCCGGTCAGGECACCCCTCTGAGCCGEEAAAATGTGCTGECCGGAC

O GGATGAAACAGCCGGTCAGGACACCCCTCTGAGCCGBBAAAATGTGCTGACCGGAC
__’m. ﬁ" ﬁ » . -;.‘l:—Lp

—

de Bruijn graph ‘

Y2 N s WY e WY G
p— fe— \ e/ At

heterozygosity = "bubble"

result: chimeric single haplotype
T A CCommmm A e
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- Paralog genes/repeats
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- Paralog genes/repeats

compacted de Bruijn graph

- ) ;
/ -/‘ ‘- \
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« An assembly is a sausage: don’t ask how it’s made

Sequencing error Heterozygous variant

X 50X

100X

CACCCCTCTGAGCCG

100X

GGATGAAAC

100X

GCCGGTCAGG

Quasi repeats

100X

100X

200X

» CACCCCTCTGAGCCG

200X
GGATGAAAC

200X

GCCGGTCAGG
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« Method checkpoint: de Bruijn graph versus overlap
graph

All v all comparisons are not scalable in this setting

« k-mers abstract coverage
« Errors can be dealt with

Assemblers: SPAdes, ABySS, IDBA...
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« Data checkpoint: short boy results

100kb region from the genome

[ 2 SF haplotype 1
(@ [ @ Dau r »mmm  haplotype 2
L -
[<]

1.000.000.000 reads— 100.000 contigs
KRl x -

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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 Fourth experiment: golden boy’s genome with long range
information
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 Fourth experiment: golden boy’s genome with long range

information
Oxford Nanopore (ONT) ultra long reads

Read Length Histogram
Summary read length distribution
Estimated N50: 193.18 Kb

92,5 Mb

80 Mb
70 Mb
60 Mb
50 Mb

40 Mb

30 Mb

Total Estimated Bases

20 Mb
10 Mb

0b s : :
442 Kb 590 Kb 885 Kb 1.03 Mb

Estimated Read Length
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« Output of OLC/DBG after long reads assembly

final OLC/de Bruijn graph (after cleaning/graph simplification)

unresolved repeats/bubbles

mix of heterozygous regions 4%
<—/ D Japs L
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 Phase and fill with ultra long reads

ultra long read mapping on the graph

Ao

phased, resolved haplotypes

R —_
p————— R

some very long
range information is missing
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 Long range information (e.g., Hi-C)

-~

Cut with Fill ends -
restriction and mark Purify and shear DNA;  Sequence using
Crosslink DNA enzyme with biotin Ligate pull down biotin paired-ends
/ ’ “ ¥ f
@ 7 ¢ ) ::__:5=-—:
IN CELL ; : _—
NUCLEUS

\” G =%

from Rao et al. 2015

Sequences on consecutive contigs are likely to be crosslinked and appear as pairs

A "LITTLE" TOUR OF ASSEMBLY METHODS Camille Marchet and Antoine Limasset



» Using Hi-C

Hi-C Data

Window size
changes with

interation = ———

lterative
scaffolding

Chromosome
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- After assembly: scaffolding

Use long range information to order contigs into scaffolds

|
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« Mainstream “T2T” workflow

a Homozygous genome b ygous diploid
Heterozygous loous
P T
© Raw accurate
- long reads -
Sequencing errors —— Sequencing errors
Error
correction
U, AR
Corrected reads
r
Assembly
Eubble Bubble
e N —
Initial assembly < »: ! ) ( \).
graph - n - \-, \— =
+ultra-long Tangle ¢ !J
fea g‘ s
Gap patched
T — - e N
- = Ultra-long < )3 s
Tangle resolved short gap patched assembly graph Y ——— 7 am— =
Tangle —Phased —
resclved
+long-range
data
Phased —
—— = IS
- ™ — Final assembly
Remaining gap = . =
Remaining gaps

From Li and Durbin 2024, Genome assembly in the telomere-to-telomere era A highly recommended read!
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e Summary

Short reads (Illumina)
De Bruijn graph assembly — Fragmented haploid assembly

Long reads (Oxford Nanopore or PacBio)
Overlap graph assembly (+ polishing) — Contiguous haploid assembly

Accurate long reads (HiFi or latest ONT)
Overlap graph or de Bruijn graph assembly — Contiguous diploid assembly

Long range information (Ultra-long reads, HiC)
Scaffolding — Large scale contiguous diploid assembly
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« Challenges in assembly

% SH ToMOoPPOQ

L6 HOANINE
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- Challenge 1: Scalability

Human

Human Genome project (2001)
1000 Genomes project (2015)
10k Genomes project (2016)
100k Genomes project (2018)
500K UK genomes (2023)

Many projects beyond human
Earth biogenome project
Vertebrate genome project
Darwin Tree of Life

Tara Ocean ...
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- History

How long to assemble a human genome
Sanger: MANY CPU years

[llumina (Overlap graph): 2 CPU months
[llumina (De Bruijn graph ):

Long reads (Alignment): 2 CPU years

Long reads (Anchors chaining):

HiFi (Anchors chaining):

HiFi (De Bruijn graph):

Algorithms and data structures matter!
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 Very fast genome assembly with minimizers

Human genome assembled within 2 hours (Peregrine assembler) and 10 minutes (RMBG
assembler), lightweight meta-genomics assembly with metaMDGB

long, accurate reads long, accurate reads

r2 r2
r3 r3

sample k-mers in reads
(called minimizers)

graph graph
c—C—C—C—C—C—C—C— *—0—>0—0 Cc— ()
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» Telomere to telomere assembly?

Sy reTin

Closing in an & complate
human genome

afloor spreéadi
syiew fromander
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« Challenge 2: Telomere to telomere chromosomes

Main problems

Very large exact repeats
Very similar sequences
Low complexity regions
Mosaic repeats
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chr7:57 mb

G (1.7 kb, 75x)
chr7:57 mb chr20:47 mb

N

F (5 kb, 118x)  chr20:48 mb

A (5 kb, 50x) E (1.4 kb, 75x)
chr20:47 mb B (8 kb, 112x)
D (3.5 kb, 114x)
C (1.3 kb, 473x)
chr20:48 mb

A B C D E F
chr7:57 mb ————

A B C D E F G
chr20:47 mb e~ — B —

F G BE C D E F G B C D
chr20:48 mb =3 =P - - = = =P =P — P — P>

Camille Marchet and Antoine Limasset



« 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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» 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

BioNano DLS

[llumina HiSeq 150bp for the son and parents (278x and 116x coverage).

Don’t be desperate if your assembly is not T2T!!!
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« The human genome is not THAT hard

Hall of fame of largest assembled genomes of their time:

« Pine (20Gb)
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« The human genome is not THAT hard

Hall of fame of largest assembled genomes of their time:

« Pine (20Gb)
« Axolotl (32Gb)
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« The human genome is not THAT hard

Hall of fame of largest assembled genomes of their time:
«  Pine (20Gb)

« Axolotl (32Gb)
« Lungfish (43Gb)
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« The 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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« The human genome seems small

A genome contact map: main diagonal = nearby regions along the chromosome
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e The human genome seems really small
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» Challenge 3: Base level accuracy

contig

=TT "mm

T B !llllllllllllllll!llllllll
1. align reads _ A A e 1

——

3. correct assembly with

consensus
AAAAA

2. compute
consensus
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« Homopolymers are hard to read

Current (A}

(8) Basecaliing

Events

Time

Current {4}
= % :

Sequence C T ATG G T G A
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- Systematic errors

A. Single-tool short-read polishing
ALE change: 0 110686 113366 87707 113056 113061 115623 82446

total distance: 7635 212 74 2519 1775 128 28 1867

10000
B
o
c
g 1000 A n A. baumannii J9
5 © c. koseriMINF_SD
2 A E koveimspi_1B
2 100 o Haemophilus M1C132_1
g ¥ K oxytocaMsB1_2C
S 10- © K variicola INF345
£
3
w

0 -

unpolished HyPo NextPolish ntEdit  Pilon POLCA Polypolish Racon
x3 x3 x3 x3 x3 x3 x3
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« HiFi VS (simplex) ONT

HiFi
10/20Kb long
~0.05% error rate

ONT

10-100kb long
~0.1% error rate

Read platform |Sub errors (per Mb) | Indel errors (per Mb)
ONT Q28 684 750
HiFi Revio 14 381
Element 287 1.3
[llumina 155 7

Some tools developped for HiFi can handle “Q20+” ONT (HiFiasm)
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« Challenge 4 : Assembly as a software

Long-Reads Short-Reads
(Hybracter Hybrid Cnly)
WD
¥ Vi
MIDOT
MODITIT
Quality Contral
A Long-Reads (Optional) Short-Reads
Trimnami (Contamination Remaval] fastp
Filtlarg
Forechop-AgB|

C Plasmid Assembly B Long-Reads Assembly

Rlassambler Comprete Flye Incomplete
Chromsome(s) Contigs
¥
Long-Read Polishing [Chr Reori ion
(Two Rounds) Start With Dnad Gene
D Medaka 1 Dnaapler
v
i Short-Read Polishing ;
G Quality
H Output F Polypolish Assessment
Assembly Statistics Pypolca Run on B,D.EF
Final Chromesome and Plasmid T
fssemblies

g ALE or Pyrodigal
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- Assemblers behave differently

D. Chromosome identity B. Chromosome contiguity
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From https://github.com/rrwick/Long-read-assembler-comparison
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https://github.com/rrwick/Long-read-assembler-comparison

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

» An assembly is a model(!)

Please remember

1. Assemblies contain errors
2. Different tools can produce very different assemblies

3. Asingle tool can produce very different assemblies with small changes of
parameters(!)

Do not trust your assembly, challenge it!
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« Who is a good boy ?

Is my assembly any good ?

How to access my assembly quality?
How to select my best assembly?

How can | improve my current assembly?

See you at the practical !
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The (first) end

Somewhere in Catalunya

Nuria, Valls d'Eina
6 more hours

S S

Cambra d'Aza
2750 m
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» Reference-based scaffolding/assembly

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

Cons

-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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« Paired end and mate pair

Short-insert paired-end reads Long-insert paired-end reads Paired-end reads
(Mate pair)
Read 1 = Read 1 ===
-|-—F!ead 4 <—Read 2 Paired-end read
.— l
- w—ER  ——
\ De novo sequencing /
|
- =il
=l
— Geor NN cop NN
| ——
 ——
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- Trio sequencing

Parental Colored
k-mers assembly graph
Read binning i~ . g
2K e
Unassigned
Paternal assembly Matemal assembly
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- Coming back to the overlap graph simplifications

1remove small overlaps
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« An overlap graph limitation when using noisy reads
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« An overlap graph limitation when using noisy reads
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« 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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* Flye (Fly you fools!)

N B 9

e

APPLIES EDMONDS ALGORITHM = Ssss=
(EDMONDS, 1965] TO FIND A MAXIMUM WEIGHT MATCHING
~__— INTHE TRANSITION GRAPH AND USES THIS MATCHING =
A FOR UNTANGLING THE CONTRACTED REPEAT GRAPH.
AFTER ITERATIVE UNTANGLING OF EDGES IN THE CONTRACTED
ASSEMBLYGRAPH (AND THE CORRESPONDING
ITERATIVE REPEAT RESOLUTION IN THE ASSEMBLY GRAPH),
THE ASSEMBLY GRAPH TYPICALLY CONTAINS ONLY,
LONG UNBRIDGED REPEAT EDGES THAT ARE NOT SPANNED BY ANY READS.
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« Repeat graph
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« Repeat graph

repeats extremities: graph's nodes
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« Repeat graph
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« Repeat graph
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