
FUNCTION AND EVOLUTION OF
METABOLIC PATHWAYS A quick introduction



HUMAN PATHOGENES – A GLOBAL CHALLENGE

Verbreitung multi-resistenter Acinetobacter baumannii

EARS Net annual report 2018 (https://www.ecdc.europa.eu)WHO (https://covid19.who.int)



HUMAN PATHOGENS – WHAT MAKES THEM DIFFERENT?



EVOLUTIONARY CHANGES HELP DISENTANGLING
FUNCTIONAL RELATIONSHIPS IN GENERAL



BIOLOGICAL SEQUENCES – THE KEY TO UNDERSTANDING
ORGANISMIC FUNCTION AND EVOLUTION



OUR DATA IS HETEROGENEOUS BOTH WITH RESPECT TO 
DATA TYPE AND DATA ORIGIN
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Sequence data
• Sequence reads (text)
• Sequence reads (counts)
• Genome assembly (text)
• Gene prediction (text)
• Coding sequence (text)
• translated amino acid

sequence (text)

Metadata (public)
• Functional annotations

(Ontologies)
• Taxon assignment (text)
• Interaction partners (text)
• …

Metadata (private)
• Orthology assignments

(text)
• Phylogenetic profiles (Int-n)
• Domain architectures

(graph, text)
• Phylogenies (graph, text)
• Gene expression data



THE CONCEPTUAL IDEA – WORKING WITH GENOMES IS
LIKE WORKING WITH TEXT

There was once a lovely, cute little girl; whoever knew her was loved by all, but still loved by her
grandmother best: she would have given her all the treasures of the world. He once bought him a red
velvet cap. The little girl liked the hat so much that she always wore it only; it was also named Piroska.
The Redheads lived inside the village, and Grandma was out in the woods in a neat little house. One fine
day Piroska's mother says, "Come on, baby girl!" Here's a cake and a bottle of wine, take it to your
grandmother. He is both sick and weak, he will do well. Start fast before the heat sets in. Then go nicely,
properly, don’t run off the road because you will fall and break the bottle, the wine will flow out, and
then what will your grandmother drink! And when you get there, don't stare at the room; your first thing to
do is to have a decently good morning. "Trust me, my mother, everything will be as you say," Piroska
replied to the rebuke, took the basket in her arms and set off. He cut through the field, entered the
woods; so who will face him? He is nothing but a wolf. - Good afternoon, Little Red Riding Hood! ...



WORKING WITH GENOMES IS LIKE WORKING WITH TEXT

HiC_scaffold_1 maker mRNA 1677 5926 . - . ID=augustus-gene-0.1
HiC_scaffold_1 maker exon 1677 1769 . - . ID=augustus-gene-0.1
HiC_scaffold_1 maker exon 1960 2079 . - . ID=augustus-gene-0.1
HiC_scaffold_1 maker exon 2168 2232 . - . ID=augustus-gene-0.1
HiC_scaffold_1 maker exon 2436 2503 . - . ID=augustus-gene-0.1
HiC_scaffold_1 maker exon 3300 3436 . - . ID=augustus-gene-0.1
HiC_scaffold_1 maker CDS 5909 5926 . - 0 ID=augustus-gene-0.1
HiC_scaffold_1 maker CDS 3300 3436 . - 0 ID=augustus-gene-0.1
HiC_scaffold_1 maker CDS 2436 2503 . - 1 ID=augustus-gene-0.1
HiC_scaffold_1 maker CDS 2228 2232 . - 2 ID=augustus-gene-0.1
HiC_scaffold_1 maker 3'_UTR 2168 2227 . - . ID=augustus-gene-0.1

>maker-HiC_sc_1_gene-0.1
MCWNLKDGLRDSLVSAAPYGGPIA
LLREPHRRSPSSRPQLEIYSASGV
GIASFPWKSGPVVHLGWTVSDELL
CIQEDGSVLIYDLFGSFKRHFSMG
QEVVQSQVLEAKVFHSPYGTGVAI
VTGSSRFTLATNIDDLKLRRLPEV
PGLQGKPSCWVVLTQDRQTKVLLS
NGSELFILDSTSCTAVCPPGLGPQ
AGSVVHMSVSFSYKYLAL.....

Genome Annotation Protein Sequence

Gene Structure

Domain Architecture

Taxonomic
assignment



GETTING THE TEXT – RECONSTRUCTING GENOMES FROM
SEQUENCE READS



ANNOTATING GENOMES – HOW COMPREHENSIVE CAN YOU BE?



WHAT IS SPECIAL/DIFFERENT IN OUR RESEARCH
OBJECT?

G1 G2 G3 G4



INTEGRATE OUR RESEARCH OBJECT INTO THE PUBLICLY
AVAILABLE DATA

Organisms in NCBI RefSeq
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HiC_scaffold_1 maker 3'_UTR 2168 2227 . - . ID=augustus-gene-0.1

Gene Structure

Protein-Domain Architecture

3-D Structure
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GROUPS

* in fact, we should replace ‚genome‘ with ‚gene set‘
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FROM ORTHOLOGOUS GROUPS TO PHYLOGENETIC
PROFILES
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FROM PHYLOGENETIC PROFILES TO EVOLUTION OF
FUNCTION
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WHAT IS OUR SIGNAL?
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Shared presence or absence of
genes by members of a 
systematic group
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NOISE IS A 
PROBLEM WHEN

YOUR SIGNAL IS A 
CHANGE!



ERROR SOURCE 1 – FALSE NEGATIVES
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GC rich inverted repeats:
• Illumina fails (DNA & RNA seq)
• Non-random sequencing error in 

PacBio
• Assembly polishing fails
• Uncorrected indels mimic frame 

shift mutations
• Wrong inference of gene loss

2. Assembly statistics
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DHFR

3. Secondary structure prediction

Dihydrofolate Reductase
Key enzyme in folate metabolism.
Essential for de novo glycine and
purine synthesis. Mutation is
complemented by human DHFR.

U. hispanica

U. pustulata

1. Micro-synteny analysis
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ERROR SOURCE 2 – FALSE POSITIVES

Perisa et al. Contaminated gene sets inform about ecology and evolution of nematodes (in prep)

Brivio et al. (2018) Insects, 11 Sep 2018, 9(3)
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OBSERVED DIFFERENCES – EVOLUTIONARY SIGNAL OR 
ARTEFACT? EXAMPLE 3: WRONG CONCLUSIONS
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FEATURE ARCHITECTURES CAPTURE SIGNALS OF
FUNCTIONAL DIVERGENCE
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Koestler et al. (2010) BMC Bioinf 11:417; https://www.github.com/BIONF/FAS



EXAMPLE APPLICATION 1 – THE EVOLUTION OF
EUKARYOTIC RIBOSOME BIOGENESIS

Summarized on family level

Eukaryota Bacteria Archaea



THE INTERPRETATION OF PHYLOGENETIC PROFILES –
FUNCTIONAL CONSERVATION VS EVOLUTIONARY CHANGE

24
from Birikmen et al. (2021) Front. Microbiol.

Eukaryotes

Archaea



EXAMPLE 2 – WHAT CHARACTERIZES
PATHOGENIC ACINETOBACTER?
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Genome Annotation Protein Sequence

HiC_scaffold_1 maker mRNA 1677 5926 . - . ID=augustus-gene-0.1
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HiC_scaffold_1 maker CDS 3300 3436 . - 0 ID=augustus-gene-0.1
HiC_scaffold_1 maker CDS 2436 2503 . - 1 ID=augustus-gene-0.1
HiC_scaffold_1 maker CDS 2228 2232 . - 2 ID=augustus-gene-0.1
HiC_scaffold_1 maker 3'_UTR 2168 2227 . - . ID=augustus-gene-0.1

Gene Structure

Protein-Domain Architecture

3-D Structure

>maker-HiC_sc_1_gene-0.1
MCWNLKDGLRDSLVSAAPYGGPIA
LLREPHRRSPSSRPQLEIYSASGV
GIASFPWKSGPVVHLGWTVSDELL
CIQEDGSVLIYDLFGSFKRHFSMG
QEVVQSQVLEAKVFHSPYGTGVAI
VTGSSRFTLATNIDDLKLRRLPEV
PGLQGKPSCWVVLTQDRQTKVLLS
NGSELFILDSTSCTAVCPPGLGPQ
AGSVVHMSVSFSYKYLAL.....

Genome Annotation Protein Sequence

HiC_scaffold_1 maker mRNA 1677 5926 . - . ID=augustus-gene-0.1
HiC_scaffold_1 maker exon 1677 1769 . - . ID=augustus-gene-0.1
HiC_scaffold_1 maker exon 1960 2079 . - . ID=augustus-gene-0.1
HiC_scaffold_1 maker exon 2168 2232 . - . ID=augustus-gene-0.1
HiC_scaffold_1 maker exon 2436 2503 . - . ID=augustus-gene-0.1
HiC_scaffold_1 maker exon 3300 3436 . - . ID=augustus-gene-0.1
HiC_scaffold_1 maker CDS 5909 5926 . - 0 ID=augustus-gene-0.1
HiC_scaffold_1 maker CDS 3300 3436 . - 0 ID=augustus-gene-0.1
HiC_scaffold_1 maker CDS 2436 2503 . - 1 ID=augustus-gene-0.1
HiC_scaffold_1 maker CDS 2228 2232 . - 2 ID=augustus-gene-0.1
HiC_scaffold_1 maker 3'_UTR 2168 2227 . - . ID=augustus-gene-0.1

Gene Structure

Protein-Domain Architecture

3-D Structure

>maker-HiC_sc_1_gene-0.1
MCWNLKDGLRDSLVSAAPYGGPIA
LLREPHRRSPSSRPQLEIYSASGV
GIASFPWKSGPVVHLGWTVSDELL
CIQEDGSVLIYDLFGSFKRHFSMG
QEVVQSQVLEAKVFHSPYGTGVAI
VTGSSRFTLATNIDDLKLRRLPEV
PGLQGKPSCWVVLTQDRQTKVLLS
NGSELFILDSTSCTAVCPPGLGPQ
AGSVVHMSVSFSYKYLAL.....

Genome Annotation Protein Sequence

HiC_scaffold_1 maker mRNA 1677 5926 . - . ID=augustus-gene-0.1
HiC_scaffold_1 maker exon 1677 1769 . - . ID=augustus-gene-0.1
HiC_scaffold_1 maker exon 1960 2079 . - . ID=augustus-gene-0.1
HiC_scaffold_1 maker exon 2168 2232 . - . ID=augustus-gene-0.1
HiC_scaffold_1 maker exon 2436 2503 . - . ID=augustus-gene-0.1
HiC_scaffold_1 maker exon 3300 3436 . - . ID=augustus-gene-0.1
HiC_scaffold_1 maker CDS 5909 5926 . - 0 ID=augustus-gene-0.1
HiC_scaffold_1 maker CDS 3300 3436 . - 0 ID=augustus-gene-0.1
HiC_scaffold_1 maker CDS 2436 2503 . - 1 ID=augustus-gene-0.1
HiC_scaffold_1 maker CDS 2228 2232 . - 2 ID=augustus-gene-0.1
HiC_scaffold_1 maker 3'_UTR 2168 2227 . - . ID=augustus-gene-0.1

Gene Structure

Protein-Domain Architecture

3-D Structure

>maker-HiC_sc_1_gene-0.1
MCWNLKDGLRDSLVSAAPYGGPIA
LLREPHRRSPSSRPQLEIYSASGV
GIASFPWKSGPVVHLGWTVSDELL
CIQEDGSVLIYDLFGSFKRHFSMG
QEVVQSQVLEAKVFHSPYGTGVAI
VTGSSRFTLATNIDDLKLRRLPEV
PGLQGKPSCWVVLTQDRQTKVLLS
NGSELFILDSTSCTAVCPPGLGPQ
AGSVVHMSVSFSYKYLAL.....

Genome Annotation Protein Sequence

HiC_scaffold_1 maker mRNA 1677 5926 . - . ID=augustus-gene-0.1
HiC_scaffold_1 maker exon 1677 1769 . - . ID=augustus-gene-0.1
HiC_scaffold_1 maker exon 1960 2079 . - . ID=augustus-gene-0.1
HiC_scaffold_1 maker exon 2168 2232 . - . ID=augustus-gene-0.1
HiC_scaffold_1 maker exon 2436 2503 . - . ID=augustus-gene-0.1
HiC_scaffold_1 maker exon 3300 3436 . - . ID=augustus-gene-0.1
HiC_scaffold_1 maker CDS 5909 5926 . - 0 ID=augustus-gene-0.1
HiC_scaffold_1 maker CDS 3300 3436 . - 0 ID=augustus-gene-0.1
HiC_scaffold_1 maker CDS 2436 2503 . - 1 ID=augustus-gene-0.1
HiC_scaffold_1 maker CDS 2228 2232 . - 2 ID=augustus-gene-0.1
HiC_scaffold_1 maker 3'_UTR 2168 2227 . - . ID=augustus-gene-0.1

Gene Structure

Protein-Domain Architecture

3-D Structure

>maker-HiC_sc_1_gene-0.1
MCWNLKDGLRDSLVSAAPYGGPIA
LLREPHRRSPSSRPQLEIYSASGV
GIASFPWKSGPVVHLGWTVSDELL
CIQEDGSVLIYDLFGSFKRHFSMG
QEVVQSQVLEAKVFHSPYGTGVAI
VTGSSRFTLATNIDDLKLRRLPEV
PGLQGKPSCWVVLTQDRQTKVLLS
NGSELFILDSTSCTAVCPPGLGPQ
AGSVVHMSVSFSYKYLAL.....

Genome Annotation Protein Sequence

HiC_scaffold_1 maker mRNA 1677 5926 . - . ID=augustus-gene-0.1
HiC_scaffold_1 maker exon 1677 1769 . - . ID=augustus-gene-0.1
HiC_scaffold_1 maker exon 1960 2079 . - . ID=augustus-gene-0.1
HiC_scaffold_1 maker exon 2168 2232 . - . ID=augustus-gene-0.1
HiC_scaffold_1 maker exon 2436 2503 . - . ID=augustus-gene-0.1
HiC_scaffold_1 maker exon 3300 3436 . - . ID=augustus-gene-0.1
HiC_scaffold_1 maker CDS 5909 5926 . - 0 ID=augustus-gene-0.1
HiC_scaffold_1 maker CDS 3300 3436 . - 0 ID=augustus-gene-0.1
HiC_scaffold_1 maker CDS 2436 2503 . - 1 ID=augustus-gene-0.1
HiC_scaffold_1 maker CDS 2228 2232 . - 2 ID=augustus-gene-0.1
HiC_scaffold_1 maker 3'_UTR 2168 2227 . - . ID=augustus-gene-0.1

Gene Structure

Protein-Domain Architecture

3-D Structure

>maker-HiC_sc_1_gene-0.1
MCWNLKDGLRDSLVSAAPYGGPIA
LLREPHRRSPSSRPQLEIYSASGV
GIASFPWKSGPVVHLGWTVSDELL
CIQEDGSVLIYDLFGSFKRHFSMG
QEVVQSQVLEAKVFHSPYGTGVAI
VTGSSRFTLATNIDDLKLRRLPEV
PGLQGKPSCWVVLTQDRQTKVLLS
NGSELFILDSTSCTAVCPPGLGPQ
AGSVVHMSVSFSYKYLAL.....

Genome Annotation Protein Sequence



WHAT CHARACTERIZES
PATHOGENIC
ACINETOBACTER?

Function unknown



WHAT CHARACTERIZES PATHOGENIC ACINETOBACTER –
FEW HIGHLIGHTS

Quorum sensing & biofilm formation

Carbohydrate metabolism

D-Glucarate D-Galactarate D-Glucose

Tryptophan metabolism

L-Carnitine

Cs
uA
/B

Q
S/
N
RP
S

QS
N-Acetyl-homoserin-Lacton

(LuxI/LuxR type)
NRPS cluster

AbaR

CsuA/B cluster (5x)
(archaic chaperone-usher pili)

(5-fold increase in D0114 mutant)
Adhesion to abiotic surfaces and cell

morphology but not motility

(1)

Ac-505

SCPU domain protein (12x) (CUP), 
OmpA (1.6x), BAP (?), FilA (2.9x), 

Fimbrial protein (1.5x)
(x-fold decrease in D0114 mutant)

BfmRS cluster
(Aci Core genome)

GacSA
(Aci Core genome)

L-Carnitine

Putrescine biosynthesis



≈ç

≈ç

EXAMPLE 3 – WHAT IS SPECIAL ABOUT SARS-COV-2?

≈ç≈ç

Turonova et al. Science (2020) 370 
(6513): 203-208



EXAMPLE 4 – EVOLUTION AND FUNCTION OF NON-
CODING RNAS

29



MODUL 16: FUNCTION AND EVOLUTION OF METABOLIC PATHWAYS

Course contents: 

• Theory and praxis in the sequence analysis in a functional and 

evolutionary context 

• Functional characterisation and reconstruction of the evolution of 

a metabolic pathway or a protein complex -> link to other 

groups is appreciated

• Functional annotation of protein sequences and functional 

annotation transfer

• Data mining and reconstruction of phylogenetic trees

• Presentation of a paper from the area of applied bioinformatics

• Summary of the research results at the end of the module in a 

protocol/poster and a presentation in the group seminar.



WHERE YOU CAN CONTRIBUTE



THE KYNURENINE PATHWAY – A WAY TO MODULATE
HOST IMMUNE RESPONSE? 



ELECTRONIC DOCUMENTATION USING A DOKUWIKI



THANK YOU...



WORK PACKAGE – AN EXAMPLE



WORK PACKAGE – AN EXAMPLE



WORK PACKAGE – AN EXAMPLE


