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Chapter 2. Foundations of Sequence Set Representations

National institutes, such as the U.S.A.’s National Center for Biotechnology Information
(NCBI) [288], the European Molecular Biology Laboratory-European Bioinformatics Insti-
tute (EMBL-EBI) [58], the Swiss Institute of Bioinformatics (SIB) [107], and the DNA
Data Bank of Japan (DDBJ) [167], among others, maintain large databases of biological se-
quences. A selection of the most frequently used databases is shown in Table 2.1. Databases
managed by di�erent institutions that host the same data type typically synchronize with
one another (e.g., the NCBI and DDB SRA and the EBI ENA). For this reason, some
sequence search-oriented databases are maintained as non-redundant collections aggregated
from multiple sources, such as NCBI Nucleotide and NCBI non-redundant [288].

Table 2.1: A selection of biological sequence databases maintained by (in-
ter)national institutes. Sizes are reported in teracharacters (Tc), where a character may
be from a nucleotide or amino acid alphabet.

Name Institute(s) Type Size (Tc) Date

Protein Data Bank (PDB) [34] RCSB Protein structure 0.000037 06.2022
UniProtKB [76] EMBL-EBI, SIB Amino acid 0.00018 06.2022

Non-redundant (nr) [288] NCBI Amino acid 0.186 06.2022
Nucleotide (nt) [288] NCBI Chromosome + Assembled 0.757 06.2022

RefSeq [243] NCBI Chromosome + Assembled 2.97 05.2022
Amino acid 0.089

GenBank [70] NCBI Chromosome 1.17 02.2022
Assembled 15.9

Sequence Read Archive [168] DBJJ DNA read 17,470 03.2022
European Nucleotide Archive (ENA) [129] EMBL-EBI DNA read 35,000 02.2022

Sequence read archive (SRA) [160] NCBI DNA read 66,577 06.2022
Open access DNA read 32,226

2.6.4 Emerging Challenges for Sequence Database Design

Online search services have typically utilized less compressed representations, opting instead
for easy distribution and relatively fast query [149]. However, the growing importance of
wide data integration when performing genetic analysis, in particular, the integration of
the vast amount of genetic variation present only as DNA sequencing reads, has greatly
boosted the demand for new database and analysis tools that can scale to these data sizes
and work around their inherent limitations [96, 213, 258, 324].
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TTTCACTCTTTGATAGCAGCATGCTTAGTACTAAGCTAAGTCTCCAAGATTGTCGAGTCAGTCGCTTCATTTCTTCCTACCTGATACTAGTATGACTTGATCCTCCCG
CTGCACGTAAAACCACAAAAGATACACTACTTAATTACCAGTAGAAATATACAATCAATGCAGTCATAGAATCGGAGGACAATACTTTGCCAAGCAGGGTTT

# sample k-mer matches 
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MetaGraph Online

8

metagraph.ethz.ch/search

http://metagraph.ethz.ch/search
https://metagraph.ethz.ch/search
https://metagraph.ethz.ch/search


TTTCACTCTTTGATAGCAGCATGCTTAGTACTAAGCTAAGTCTCCAAGATTGTCGAGTCAGTCGCTTCATTTCTTCCTACCTGATACTAGTATGACTTGATCCTCCCG
CTGCACGTAAAACCACAAAAGATACACTACTTAATTACCAGTAGAAATATACAATCAATGCAGTCATAGAATCGGAGGACAATACTTTGCCAAGCAGGGTTT

# sample k-mer matches 

1 SRR3885701 180

2 SRR3885702 180

3 SRR3885703 180

4 SRR3885706 180

ku
al

a_
lu

m
pu

r

of
fa

ha
no

i

m
in

ne
ap

ol
is

bo
go

ta

rio
_d

e_
ja

ne
iro

to
ky

o

do
ha

sa
nt

ia
go

be
rli

n

lo
nd

on

ilo
rin

se
nd

ai

lis
bo

n

zu
ric

h

fa
irb

an
ks

si
ng

ap
or

e

ne
w

_y
or

k_
ci

ty

ky
iv

so
fia

ho
ng

_k
on

g

de
nv

er

se
ou

l

ta
ip

ei

os
lo

pa
ris

po
rto

sa
o_

pa
ul

o

vi
en

na

ha
m

ilt
on

fu
ku

ok
a

ed
in

bo
ro

ug
h

na
pl

es

city

0

5

10

15

20

25

30

35

40

45

# 
of

 A
M

R
 p

er
 s

am
pl

e

In [1]: from metagraph.client import GraphClient

SRV = “metagraph.ethz.ch”

PORT = 12345

g1 = GraphClient(SRV, PORT, api_path=“/metasub”)

g2 = GraphClient(SRV, PORT, api_path=”/refseq”)

In [2]:

Out [2]:

query = “GGCTAACTACGTGCCAGCAGCCGCGGTAATAC”

g1.search(query, align=True)
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Why MetaGraph
‣ MetaGraph is an open source modular framework


- various (succinct) graph representations  (Bowe et al., 2012; Conway et al., 2011)

- different schemes for annotation representation


- also available as an Anaconda package or Docker container
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Scalability of MetaGraph

11

Achieved by: 

‣ Use of succinct data structures and efficient representation schemes

- algorithmic choices that work efficiently with succinct data structures (e.g., batch operations)
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13Datasets: UHGG (Almeida et al., 2020), Tara Oceans (Paoli, 2022), GTEx (Lonsdale et al., 2013), TCGA (Kaiser, 2005), MetaSUB (Danko et al., 2019), SRA-Microbe (Bradley et al., 2019)

Indexing petabase-scale inputs

What about expression?

Can we index k-mer positions as well?
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  TAG

  AGC
  GCT
   CTA
   TAG

ACT

TAG

AGCCTA

GCT
k-mers

‣ Originally employed for de novo assembly

‣ Now, also widely used for indexing raw sequencing data
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Trace Consistent Graph (TCG-) Aligner

18

Sequence alignment on top of Counting DBG with k-mer 
coordinates with the seed-chain-extend approach:

1. Find seeds of size k or less


2. Chaining (inspired by Minimap2 [Li, 2018])

- DP table for pairs (seed, coordinate) sorted by coordinates


- Dynamic Programming + Backtracking


3. Extension algorithm

- generalization of Needleman-Wunsch algorithm


- similar to the MetaGraph aligner [Karasikov, Mustafa et al., 2020]



Alignment accuracy

19

Alignment accuracy for Counting DBG and state-of-the-art aligners on simulated Illumina- and PacBio-type reads (E. coli NC 000913.3 and 
human chr22). The edit distance is measured between the alignment (the returned path in the graph) and the ground truth sequence. In the top left 
subplot, the curves of vg- and TCG-Aligner are superimposed.

Evaluation approach 

1. Index a reference genome


2. Simulate reads from the same 
reference


3. Align reads and measure the 
distance between the alignments 
and their generating references



20

The alignment speed was measured on reads taken from a metagenomic sequencing sample SRR10002688_1.
(*) For aligning single reads, the experiment is independently performed for the 100 first reads and the average 
time and RAM usage are presented. 

Lossless indexing of RefSeq
RefSeq (33M accessions, 1.7 Tbp, 483 GB)
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Defining How MetaGraph’s Alignment Extension Modules Walk a Graph

Each extension module uses a different scoring model for each use case that determines the search space

Why do we need multi-label alignment for

low-coverage joint assembly graphs?

22.11.22Harun Mustafa Doctoral Examination, 13. Dec. 2022 20

← Least restricted/biggest search space                                                          Most restricted/smallest search space →

All walks are valid

Label-free walks

All nodes must share a common label

Label-consistent walks

Must be a subsequence of one of the inputs

Trace-consistent walks (i.e., “BLASTing”)

May change the common label mid-walk

Multi-label walks

Pangenomes High-coverage assemblies Reference genomesLow-coverage assemblies

1,5 2 3 4

6 7 8

Sequence alignment in MetaGraph

21
Slide by Harun Mustafa



Query Sequence Mapping in MetaGraph

22.11.22Harun Mustafa Doctoral Examination, 13. Dec. 2022 19

2. Search graph to extend seeds to alignments

3. Chain to form a Multi-label alignment

1. Find seeds in the graph

Task: Given a query sequence, find a graph walk that best matches the query

“If you only need fast 
exact k-mer matching, 

stop here”

Each alignment step can use one of 
many different modules depending on 
the use case

Mixed label alignment in MetaGraph

22
Slide by Harun Mustafa
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MetaGraph is a tool for indexing, search and assembly of sequences

‣ Allows efficiently representing
- k-mer presence/absence
- k-mer abundances
- k-mer positions

‣ Extremely scalable
- efficient construction algorithms with limited memory

‣ Supports inexact search with alignment
- supports sub-k seeding
- different constraints (sequences / labels / mixed-labels / none)

‣ A number of pre-constructed indexes are available at https://metagraph.ethz.ch

https://metagraph.ethz.ch
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Further contributors 
• Thomas Zhou


• Marek Kokot


• Chris Barber


• Radu Muntean


• Jan Studený


• Sara Javadzadeh-No


• Predrag Krnetic

Mikhail Karasikov Marc Zimmermann Andre Kahles

Harun Mustafa Daniel Danciu Gunnar Rätsch

NRP75 Team

Torsten Hoefler Mario Stanke Matthis Ebel Giovanna Migliorelli
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