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You may have seen this talk before..

A shorter version was made by Camille Marchet for

ISMB 2020

BiATA 2020

Jobim 2020

The ’diff’ with today’s talk is:

Expanded intro (why we do this)

More context around the techniques

Expanded outro (applications, Serratus)

Not so many slides. Feel free to ask/write questions during.
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Analyzing all available raw sequences is a challenge

https://www.ncbi.nlm.nih.gov/sra/docs/sragrowth/

40.1015 bases

Petabases of raw reads stored at EBI/NCBI

Cannot download them all, nor perform sequence search
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∗ But also those projects: Recount2, Toil, ARCHS4, MetaSRA, . . .
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Sequence databases: a vast and blooming application range

fusion events 
in 10,000 RNA TGCA datasets

[Yu et al. '18]

antimicrobial resistance genes 
 in >400,000 bacterial and viral genomes

[Bradley et al. '19]

alignment and reference-free
phylogenetic network inference

[Wittler '20]
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Problem statement

d1 d2 d3 . . .

 . . .

a set of datasets {d1, d2, ... dn}
(raw reads)  

return all di's  where the query occurs
      

query sequence
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An approximation, using k-mers

d1 d2 d3 . . .

 . . .

same query, but converted
to a set of k-mers

same datasets, but seen as k-mer sets
  

report di's containing sufficiently enough (≥t) 
k-mers from the query [Solomon & Kingsford '16]
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Presence/absence queries

d1 d2 d3 . . .

 . . .

same query, but converted
to a set of k-mers

same datasets, but seen as k-mer sets
  

example, t = 4
return [1 0 1 0 ... ]
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Abundance queries

. . .

 . . .

same query, but converted
to a set of k-mers

same datasets, but seen as k-mer sets
k-mers are counted (e.g. with KMC)

return query abundance in each di's
example: return [16 0 9 0 ... ]

count value: 165

5 4
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Concretely

# datasets: n = 103 to 107

k = 16 to 64

# k-mers per dataset: 106 to 1010

Abundances 1 to 216 − 1

Elementary query:

given a k-mer, return whether (/how many times) it occurs in di
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Literature for presence/absence query

Holley et al. '16 (BFT)
Muggli et al. '17 (VARI)
Almodaresi et al. '17 (Rainbowfish)
Pandey et al. '18 (Mantis)
Yu et al. '18 (SeqOthello)
Mustapha et al. '18 (Metannot)
Almodaresi et al. '19 (Mantis+MST)
Karasikov et al. '19 (Multi-BRWT)
Muggli et al. '19 (VARI-Merge)
Holley and Melsted '19 (BiFrost)

Solomon and Kingsford '16 (SBT)
Sun et al. '18 (SSBT)
Solomon et al. '18 (AllSome SBT)
Bradley et al. '19 (BIGSI)
Harris and Medvedev '19 (HowDeSBT)
Bingmann et al. '19 (COBS)

dataset 1

ACA
CAT

ATC

dataset 2

GCA
CAT

ATA

k-mer aggregative methods

ATA, CAT, GCA

ACA, ATC, CAT

color aggregative methods

ACA

CAT
ATC

GCA

ATA

See our survey Data structures based on k-mers for querying large collections of
sequencing datasets [Marchet et al., Gen Res 2020, to appear]
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Timeline of methods

2016 2017 2018 2019

BFT VARI

Rainbowfish

 

Mantis

Metannot

Pufferfish

VARI-Merge

Mantis+MST

Multi-BRWT

BLight

BiFrost

SBT  

SSBT

AllSomeSBT
 

 

HowDeSBT

BIGSI

COBS

RAMBO

color-aggregative methods

k-mer-aggregative methods

closely related methods

achievements
~2,600 raw  RNA-seq 100,000 Salmonella strains

>460,000 microbial samples

 

 

87 raw metagenomics samples 

(beef safety)

3,765 E coli strains
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Bloom filters

10100111BF(d1)

ACGTAA

Determines if a k-mer (here, ACGTAA) is present in d1 in constant time.
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SBT

Sequence Bloom Trees [Solomon & Kingsford, ’16]

00110101

00010001

00100101

00111101

00110101

00111101

00111101

BF(d1)

BF(d2)

BF(d3)

BF(d4)

BF(d1∪d2)

BF(d3∪d4)

BF(d1∪d2∪d3∪d4)

Determines if a k-mer is present in d1, . . . , dn in time sublinear in n.
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BIGSI

Bit-sliced Genomic Signature Index [Bradley et al, ’19]

01110101

10010001
10100111

00111101

BF(d1)
BF(d2)
BF(d3)
BF(d4)

Determines if a k-mer is present in d1, . . . , dn by accessing 1 local piece of information.
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State of the art of k-mer based indexing

BIGSI achieves very fast queries! Are we done then?

No

Each method has its own drawbacks, and none records abundances.

Also: they all seem limited to ∼ 104 RNA-seqs, or ∼ 105 bacterial WGS.
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Literature for presence/absence query

dataset 1

ACA
CAT

ATC

dataset 2

GCA
CAT

ATA

k-mer aggregative methods

ATA, CAT, GCA

ACA, ATC, CAT

union of k-mers from all di
+

color matrix

tree/matrix

our workcolor aggregative methods

ACA

CAT
ATC

GCA

ATA

None of these methods handle abundances
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Example of motivation for abundance queries

...

TGATACATCGG

k-mers

              dataset 1: prevalent                  dataset2: rare

query, e.g. a mutation in a strain

ATACA
  TACAT
    ACATC

...
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REINDEER: bird’s eye view

Pre-requisite: count each k-mer in all di ’s

Then:

1. Record the union set of all k-mers
2. Associate each k-mer to a count vector (e.g. ACT to [13 0 4 ...])
3. Store those vectors (the count matrix)

color aggregative method

          d1   d2   d3  ...

13 0

0 12

12 0

11 7

         d1  d2  d3  ...

ACT 

ATA

ATC

CAT

...

count matrix

4

30

0

0

          

ACT 

ATA

ATC

CAT

...
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Building blocks in REINDEER

d1 d2 d3 

1

2

 

 

 

13 0 4

0 12 30

ACT
TTC

AAC
ATC

AAA ...

ACT:1

efficient k-mer set 
representation

specialized hash table
for k-mers

compact count matrix
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Block 1: k-mer set representation

Unitigs

ACTACT
  CTACTT
    TACTTA
      ACTTAC
        CTTACA
  

  CTACTT
    TACTTA
      ACTTAC
        CTTACA
          TTACAG
  

d1

d2

2 x 6 x 5 = 60 bases 

ACTACT
  CTACTT
    TACTTA
      ACTTAC
        CTTACA
          TTACAG
  

k-mer set of d1  d2
⋂

6 x 6 = 36 bases 

unitig set of d1  d2

ACTACTTACAG
  
  

⋂

6 + 5 = 11 bases 

k-mers, k = 6

Simplitigs [Brinda et al. ’20], UST [Rahman & Medvedev ’20]
Spectrum preserving string sets (SPSS) are fascinating techniques to compactly store k-mer sets.

However: not an index (can only list, not search) & doesn’t keep abundances
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Block 1: Monotigs: an SPSS preserving counts info

ACTACT
  CTACTT
    TACTTA
      ACTTAC
        CTTACA
  
  CTACTT
    TACTTA
      ACTTAC
        CTTACA
          TTACAG

d1

d2

ACTACT
  CTACTT
    TACTTA
      ACTTAC
        CTTACA
          TTACAG
  

k-mer set of d1  d2
⋂ monotigs (intuition)

ACTACT
  CTACTTACA
          TTACAG
  

  /    represent an integer count in given datasets

k-mers, k=6

In practice (for construction):
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Block 1: Monotigs: a new SPSS preserving count
information

ACTACT
  CTACTT
    TACTTA
      ACTTAC
        CTTACA
  
  CTACTT
    TACTTA
      ACTTAC
        CTTACA
          TTACAG

d1

d2

ACTACT
  CTACTT
    TACTTA
      ACTTAC
        CTTACA
          TTACAG
  

k-mer set of d1  d2
⋂ monotigs (intuition)

ACTACT
  CTACTTACA
          TTACAG
  

  /    represent an integer count in given datasets

k-mers, k=6

To construct:

k-mers are greedily assembled within minimizer partitions
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Block 1: Monotigs in REINDEER

        d1    d2   

1

2

 

 

 

13

0 12

k-mer set from
all datasets

each k-mer accesses its
count through its monotig index  

associate monotig to
count vector

count matrix

...

CTACTTACA:1

ACTACT
 CTACTT
   TACTTA
     ACTTAC
       CTTACA
         TTACAG
 

ACTACT
  CTACTTACA
          TTACAG
  

monotigs

4

here        means [13  4]
                       d1  d2
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Block 2: Specialized k-mer hash table

Minimal perfect hashing (MPHF):
• BBHash [Limasset & Rizk et al, ’17]
• A very compact key → value store
• ..which forgets about the keys
• ≈ 3 bits per key

BLight [Marchet et al, ’20]

• Build unitigs (or monotigs)
• Extract super-k-mers (consecutive k-mers sharing a minimizer)
• Index k-mer within them using a MPHF
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Block 3: Optimizing count matrix space

k-mer 
set
represen-
tation

 

count matrix

...

1

2

3

4

n counts per row

possibibly 
identical rows

 

[ 0      4        6...          ]   

[0       4        6...          ]   

[10     58       2...          ]   

d1    d2    d3 ...   dn

[0       0        7...          ]   
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Block 3: Shrinking the count matrix

k-mer
set
represen-
tation

count matrix

...

1

2

3

4

n counts per row

reduce
row number

 

[ 0      4        6...          ]   

d1    d2    d3 ...   dn

 

[10     58       2...          ]   

[0       0        7...          ]   
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Block 3: Shrinking the count matrix

k-mer
set
represen-
tation

count matrix

...

1

2

3

4

run length encoding

reduce 
row number

 

d1 d2 d3 ...dn

 

individual row compression
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REINDEER

d1 d2 d3 

1

2

 

 

 

13 0 4

0 12 30

ACT
TTC

AAC
ATC

AAA ...

ACT:1

efficient k-mer set 
representation

specialized hash table
for k-mers

compact count matrix
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REINDEER’s GitHub

Input: FASTA/Q files (or unitigs from BCALM2)

Output: 1 line per query sequence, with positional counts per dataset

REINDEER’s index can be serialized on disk (for re-use)
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REINDEER on 2,585 human RNA-seqs

k-mer aggregative

color aggregative
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REINDEER on 2,585 human RNA-seqs

k-mer aggregative

color aggregative
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REINDEER on 2,585 human RNA-seqs

k-mer aggregative

color aggregative

Final index size is ∼ 1% of initial raw data (5TB)

Few seconds per query
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Honest chat about the limitations of REINDEER

Can it index the whole SRA?

Starts to be impractical at around 10,000 RNA-seqs.

Potential directions:

Index chunks of ∼ 5,000 datasets at a time and distribute queries

Design an even more scalable index

Somehow compress or pre-process the input data
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CoViDEER

Index of SARS-CoV-2 data
(∼2,000 amplicons + RNAseqs)
hosted at Institut Pasteur

covid19seqsearch.pasteur.cloud
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CoViDEER, the deletion at NC 045512v2:1605-1607

x axis = datasets, y axis = abundance of query
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Serratus: Petabase-scale alignment to discover novel coronaviruses

No index? Just download and align all of SRA.

More details: or [Edgar et al, bioRxiv, 2020]

Efficient indexing of k-mer presence and abundance in sequencing datasets Rayan Chikhi, VanBUG seminar 2020 40 / 42



Perspectives

Obvious long-term: index everything

Medium-term: have more scalable indexing techniques

Tools I’d like to have today:

efficient compression of collections of unitigs

fast compressed random access to huge integer matrix

fast BWT construction for terabase-scale (redundant) input
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