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Learning Objectives

- Describe the scale of available sequencing data

- Understand that assembly loses information

- Know why decomposing into k-mers is useful

- Describe how a de Bruijn graph can be an efficient
representation of a k-mer set

- Understand how a de Bruijn graph can be coloured to represent
multiple datasets

- QOutline the two main strategies for k-mer indexing: colour
aggregative and k-mer aggregative

- Describe the core algorithm used by BlastFrost (colour
aggregative) and BIGSI (k-mer aggregative)



Massive datasets?
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- Uncompressed at 2-bits per base:
5,381.2 TB (without any metadata or accession information)
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Searching all this data: surveillance of colistin resistance
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- Which genome and metagenome read sets from all over the
world contain MCR-1? 3
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- Dis a collection of n sets of reads
- Sis a query sequence of arbitrary length (including > len(read))

- ldentify which sets of reads in D contain S
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- By the end, there will be ~ 3x more data than at the start.
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What about only using assembled data?
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- No matter the method, assembly causes loss of information.



Let's complicate but actually
simplify this problem
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Formal Problem: querying the set of sets of k-mers

- D is a collection of n sets of reads k-mers

- Sis a query sequence of arbitrary length (including
>read-lepsth k)

- ldentify which sets of feads k-mers in D contain S

- Bonus: also applicable to anything you can decompose into
k-mers e.g., assembled sequences and long-reads



Algorithms to query a set of
k-mer sets
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Components of a solution

K-mer Sets

Compression
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TCA K-mer Set Data Structure Aggregation Data Structure
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GGC K-mer Set Data Structure
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Indexing a single set of k-mers
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K-mer Set Data Structure: Bit-Vector
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K-mer Sets
(dBG)
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re: Bit-Vector

K-mer bit-vector

GGC TIT CTC GCT AAA TCA AGC
1 0 1 1 0 1 1

K-mer position-vector

GGC TIT CTC GCT AAA TCA AGC
5 - 10,11 8 - 2 22,15




K-mer Set Data Structure: making bit-vectors more efficient
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K-mer Set Data Structure: bloom filters

Bloom Filter Storage Table

Do you have 'TTT'?
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K-mer Set Data Structure: bloom filters

Bloom Filter Storage Table

Do you have 'TTT'?
Filter:

No
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K-mer Set Data Structure: bloom filters

Bloom Filter Storage Table
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Filter: Storage:
. No No
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K-mer Set Data Structure: bloom filters

Bloom Filter Storage Table
Do you have 'TTT'?
Filter: Storage:
. No No
No
Do you have 'GCA'?
Filter:
- Yes
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K-mer Set Data Structure: bloom filters

Bloom Filter

Do you have 'TTT'?

Filter:
. - No
No
Do you have 'GCA'?
Filter:
- Yes

Necessary

disk access

Storage Table

Storage:
No

Storage:

Yes
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K-mer Set Data Structure: bloom filters

Bloom Filter Storage Table
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A . Filter: disk access Storage:

Yes . Yes

Yes: here is 'GCA'
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K-mer Set Data Structure: bloom filters

Bloom Filter Storage Table
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K-mer Set Data Structure: bloom filters

Bloom Filter Storage Table
Do you have 'TTT'?
Filter: Storage:
. No No

Necessary

Do you have 'GCA'? . :
; i . disk access Storage:
Filter:
- Yes - Yes
Yes: here is 'GCA' Yes: here is 'GCA'
False Positive Jcessar
Do you have 'CTC'? Unnecessary Storage:
Filter: disk access
- - No
Yes
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K-mer Set Data Structure: bloom filters

Bloom Filter Storage Table
Do you have 'TTT'?
Filter: Storage:
. No No

Necessary

Do you have 'GCA'? . :
; i . disk access Storage:
Filter:
- Yes - Yes
Yes: here is 'GCA' Yes: here is 'GCA'
False Positive Jcessar
Do you have 'CTC'? Unnecessary Storage:
Filter: disk access
- - No
Yes -
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K-mer Set Data Structure: bloom filters

Bloom Filter Storage Table
Do you have 'TTT'?
Filter: Storage:
. No No

Necessary

D have 'GCA'? " .
0 you have ‘G . disk access Storage:
Filter:
- Yes - Yes
Yes: here is 'GCA' Yes: here is 'GCA'
False Positive Jcessar
Do you have 'CTC'? Unnecessary Storage:
Filter: disk access
- - No
- Yes -
No No

Adapted ﬂ'om wikimedia.org/wiki/File:Bloom_filter_speed.svg 14


wikimedia.org/wiki/File:Bloom_filter_speed.svg

How do we index across sets of
k-mers?
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Two possible approaches: colour or k-mer aggregative
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- Colour aggregative: k-mer -> sample(s)
- K-mer aggregative: sample -> k-mer(s)
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Succinct/Compacted coloured de Bruijn graphs
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Succinct/Compacted coloured de Bruijn graphs

| |
- Compact maximal
(€A} -(aGT non-branching
paths into untigs
CAC _—
®) - Use probabilistic
data structures e.g.
( GCGATT )
bloomfilters,
minhash sketches,
TGC minimisers
- AKA make things

() more approximate

[Holley and Melsted, 2019] but smaller!
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BlastFrost: Similar but for bigger sequences!

Input
1 —
(genomes %: J

Bifrost API

Bifrost graph
& Bifrost colors

1234

graph
search />

[Luhmann et al., 2020]
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BlastFrost: Similar but for bigger sequences!

Input Input
1 —
ACTGTA [ query sequence J (genomes L J
: B
AcT o :
CTG: Bifrost API
TGT query k-mers
GTA Bifrost graph
d=1 & Bifrost colors
1234

NCT NTA
ANT -+ GNA ; k-mer
ACN GTN | neighborhood

k-mer
search

graph
search

[Luhmann et al., 2020]
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BlastFrost scaling

Average time per 100 gene queries (sec)

6000

5000

4000

3000

2000

1000

Method
—— BlastFrost
—— minimap2

200 400 600
# draft genomes

[Luhmann et al., 2020]
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K-mer aggregative methods




Index based on sample -> k-mer(s)

K-mer Sets Colour Aggregative K-mer Aggregative
GGC CTC
TCA Q@
AGC A @ @
GCT
ég$ : @ AGCGGC TCA CTC GCT
CAC CTC Tca CAC @ @ GCT CAC GGC CTC TTT TCA TTC
GGC ™ Q@
TTC T @
GCT TIT GCT@ @
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K-mer Sets

GGC CTC
TCA

AGC GCT

Compression

CAC CTC  TCA
GGC

GCT TIT

TTC

l K-mer Set Data Structure }\ Aggregation Data Structure

™ Aggregation technique
|» over K-mer sets
| K-mer Set Data Structure

[Bradley et al., 2019]
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K-mer Sets
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K-mer Sets
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[Bradley et al., 2019]
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K-mer Sets
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TCA
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K-mer Sets

GGC CTC
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AGE GCT

Compression
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| Bloom Filter K-mer Index Bitslice across Bloom Filters

™
Bloom Filter Matrix
e
| Bloom Filter K-mer Index }/

[Bradley et al., 2019]
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BIGSI indexing of ENA

Searching a snapshot of publically available bacterial WGS datasets from the ENA/SRA (N=455,632) Dec 2016,

ATACATATCAACTICGCTATTTTTTTANTAATTGCAANTAT IATCTACAGCAGCGCCAGTGCATCAACAC
ers threshold: 700 3

6446 resulls

[Bradley et al., 2019]

- Indexing all bacterial, viral and parasitic reads in ENA ( 500,000
sets, 170TB of data)

- 1.5TB index that be queried near instantaneously
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Many Options

method name aggregation k-mer set data aggregation
technique structure data structure

BiFrost

color aggregative
ethods

hash table
| 1 or several
color matrices
{ } {
k-mer aggregative
methods
1
* ACA, ATC, CAT Bloom filter

'

« ATA, CAT, GCA |
i

BIGSI Bloom filter matrix

/matrices

[Marchet et al,, 2021]
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Many Options

method name 399regal\on k-mer set data aggregation
technique structure data structure
SeqOthello hashing techique
BiFrost
Metannot
color aggregative |
Mult-BRWT methods hash table
Pufferish 1 or several
BLight color matrices
VARI(-Merge), |
Rainbowfish BWT |
Mantis(+MST) Counting Quotient Filter
BFT Bloom filter trie
k-mer aggregative
SBT, SSBT, AliSomeSBT eticce
HowDeSBT r search treefforest

* ACA, ATC, CAT Bloom filter
« ATA, CAT, GCA

Bloom filter matrix
/matrices

BIGSI, COBS, RAMBO

[Marchet et al,, 2021]
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Many Options

method name aggregation k-mer set data aggregation
technique structure data structure
SeqOthello hashing techique
BiFrost
Metannot
color aggregative
Mult-BRWT hash table
Pufferish 1 or several
BLight color matrices
VARI(-Merge),
Rainbowfish BWT |
Mantis(+MST) 2| Counting Quotient Filter
BFT Bloom filter trie
k-mer aggregative
SBT, SSBT, AliSomeSBT eticce
HowDeSBT Fommmmmm - : search treefforest
| ® ACA, ATC, CAT | Bloom filter
4 1 t
! Mt
1
BIGS!. COBS, RAMBO R ! Bloom filter matrix
’ | e e /matrices

[Marchet et al,, 2021]

- It depends: complexity, sequence length, query length
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Many Options

method name aggregation k-mer set data aggregation
technique structure data structure
SeqOthello hashing techique
BiFrost
Metannot
color aggregative
Mult-BRWT hash table
Pufferish 1 or several
BLight color matrices
VARI(-Merge),
Rainbowfish BWT |
Mantis(+MST) Counting Quotient Filter
BFT Bloom filter trie
k-mer aggregative
SBT, SSBT, AliSomeSBT eticce
HowDeSBT - Soc] search treefforest
: * ACA, ATC, CAT | Bloom filter
1 t
! Mt
1
BIGS!. COBS, RAMBO R ! Bloom filter matrix
’ | e e /matrices

[Marchet et al,, 2021]

- It depends: complexity, sequence length, query length
- What features you need e.g,, inserting new sets, space vs time

trade-offs
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Learning Objectives

- Vast amount of sequence data and it is growing rapidly

- Assembly just a path through graph NOT all possible paths

- Fixed-size of k-mers makes them more tractable

- dBG encoded as vector gracefully handles k-mer redundancy
- coloured dBG (cdBG) represent multiple samples

- When indexing across samples:

- Map from union of all k-mers to samples they contain (colour
aggregative) e.g., BiFrost

- BiFrost uses compacted cdBG to index across samples

- Map from each sample to the k-mers it contains (k-mer
aggregative) e.g., BIGSI

- BIGSI creates a big matrix of bloom filters where each column is a
sample

- Active field and choosing best method is very data and task
specific
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Questions?
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