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Genome annotation involves identifying genes, their structures, and functions in a 
genome.

WHAT IS GENOME ANNOTATION?

• Structural annotation: Identifies coding regions 
and regulatory elements (Prodigal).

• Functional annotation: Assigns functions to 
genes based on homology and pathways.

• Comparative annotation: Analyzes evolutionary 
relationships and gene orthology.



LESSON 1: NEVER TRUST AN ANNOTATION

- Functional annotations provide a first hint
but are often wrong

- Often based on the protein with the best
BLAST hit in some database, which may
not be that closely related

- Errors are easily propagated

- To draw strong conclusions, manual 
validation is necessary, by looking at 
(conservation of) gene context, active-site 
motifs, etc.



GENERAL FUNCTIONAL ANNOTATION TOOLS



3

http://pfam.xfam.org/

PFAM CAN BE USED TO RAPIDLY PROVIDE A HIGH-CONFIDENCE 
INITIAL ANNOTATION OF GENE FUNCTIONS

http://www.ebi.ac.uk/Tools/hmmer/

http://pfam.xfam.org/
http://www.ebi.ac.uk/Tools/hmmer/




Historia de los Hidden Markov Models (HMMs)

• Propuestos por Leonard E. Baum y sus colaboradores en 
la década de 1960.

• Inicialmente diseñados para aplicaciones matemáticas y 
teóricas.

• Permiten modelar sistemas complejos donde los estados 
internos no son directamente observables.

• Su capacidad de inferencia probabilística los hizo 
ideales para la biología computacional.

• Introducción en análisis de secuencias biológicas en los 
años 1990.

• Herramientas como HMMER utilizan HMMs para detectar 
familias de proteínas y regiones funcionales en ADN.



Otras aplicaciones:

• Reconocimiento de voz 🎤 (los sonidos que escuchamos 
provienen de estados ocultos en las cuerdas vocales).

• Finanzas 📈 (inferir tendencias del mercado).

• Análisis de ADN 🧬 (detectar genes según patrones en la 
secuencia).

Historia de los Hidden Markov Models (HMMs)



En bioinformática: se usan para analizar secuencias de ADN.

• Estados ocultos: Ej. regiones codificantes (exones) y no codificantes (intrones).
• Observaciones: Bases nucleotídicas (A, T, C, G).
• Probabilidades de transición: Ej. paso de intrón a exón.
• Probabilidades de emisión: Probabilidad de observar una base en un estado 
específico.

Modelos estadísticos que describen sistemas con estados ocultos.



Imagine you are a detective living in Santiago trying to infer the weather in a La 
Serena, but you can only see how people dress.

Hidden States: Weather (Sunny 🌞, Rainy 🌧)

Observa?ons: Clothing (T-shirt 👕, Coat 🧥, Umbrella ☂)



Clasificación de Proteínas con HMMs: protein quinasas

Estado Dominio Quinasa: 
P(Ser) = 0.25, P(Thr) = 0.20, P(Lys) = 0.15, P(Asp) = 0.15, P(Otros) = 0.25

HMMs pueden ser entrenados con una base de datos de proteínas ya 
clasificadas y luego uHlizados para analizar nuevas proteínas.



HIDDEN MARKOV MODELS (HMMs)

One of the computaGonal algorithms used for predicGng protein structure and funcGon, 
idenGfies significant protein sequence similariGes allowing the detecGon of homologs and 
consequently the transfer of informaGon.



THE COG (CLUSTERS OF ORTHOLOGOUS GROUPS) DATABASE

- The protein database of Clusters of Orthologous Groups 
(COGs) is an a@empt to phylogeneAcally classify the 
complete complement of proteins (both predicted and 
characterized) encoded by complete genomes. 

- Each COG is a group of three or more proteins, i.e., they 
are direct evoluAonary counterparts.

Proteínas ortólogas son aquellas que comparten una función y 
secuencia similar porque han evolucionado de un gen ancestral 
común mediante especiación
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THE COG DATABASE CAN BE USED TO CLASSIFY LARGE SETS OF GENES 
INTO FUNCTIONAL CATEGORIES

https://www.ncbi.nlm.nih.gov/research/cog

http://www.ncbi.nlm.nih.gov/research/cog


- KEGG is a collection of biological information 
compiled from published material curated database.

- Includes information on genes, proteins, metabolic 
pathways, molecular interactions, and biochemical 
reactions associated with specific organisms

- Provides a relationship (map) for how these 
components are organized in a cellular structure or 
reaction pathway. 

KEGG: KYOTO ENCYCLOPEDIA OF GENES AND GENOMES





Very good for common (primary metabolic) pathways, often incomplete for specialized
primary and secondary metabolism

https://www.genome.jp/kegg/

KEGG: A BROAD OVERVIEW OF KNOWN METABOLIC PATHWAYS

http://www.genome.jp/kegg/


http://eggnog5.embl.de 
http://eggnog-mapper.embl.de/

EGGNOG: ASSIGNMENT OF PFAM, COG, KEEG AND GO ANNOTATIONS

http://eggnog5.embl.de/
http://eggnog-mapper.embl.de/


https://github.com/tseemann/prokka

PROKKA: AUTOMATED PIPELINE FOR GENOMES ANNOTATION



SPECIFIC FUNCTIONAL ANNOTATION TOOLS



THE CAZY DATABASE CLASSIFIES CARBOHYDRATE-ACTING ENZYMES, 
DBCAN PROVIDES LIBRARIES OF HMMs TO DETECT THEM

http://www.cazy.org 
https://bcb.unl.edu/dbCAN2

http://www.cazy.org/
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THE dBCAN DATABASE (USING HMMs): EXAMPLE USE CASE

Carrion et al., 2019 (SCIENCE)



IDENTIFYING ANTIMICROBIAL RESISTANCE

h;ps://github.com/pha4ge/hAMRonizaAon



COG PFAM KEGG TAXONOMY

BUT … WHY … SO MANY ANNOTATIONS????????

COUNT/ABUNDANCE 
TABLE

METADATA





SECONDARY METABOLISM



ANTISMASH: A WEB SERVER FOR THE DETECTION AND ANALYSIS  OF 
BIOSYNTHETIC GENE CLUSTERS

Web server and a stand-alone soKware 
to idenGfy, annotate, and compare gene 
clusters that encode the biosynthesis of 
secondary metabolites in bacterial and 
fungal genomes (Medema et al. 2011)



BIOSYNTHETIC GENE CLUSTERS (BGCs) COMPRISE SEVERAL TYPES OF 
GENE FUNCTIONS

A BGC can be defined as a physically clustered group of two or more genes in a parGcular genome 
that together encode a biosyntheGc pathway for the producGon of a specialized metabolite 

(including its chemical variants).



THE “CENTRAL DOGMA”OF SPECILIZED METABOLISM

Biosynthetic 
gene cluster 

sequence Natural product 
structure

Natural product 
funcAon



RIBOSOMAL PEPTIDE 
SYNTHESIS

NON-RIBOSOMAL PEPTIDE 
SYNTHESIS

NON-RIBOSOMAL PEPTIDE 
SYNTHETASE

PEPTIDE

PepAde sequence 
depends on template

Peptide sequence depends on 
machinery





ANTISMASH: GENOME

http://antismash.secondarymetabolites.org 
http://antismash-db.secondarymetabolites.org

Medema et al. (2011) Nucl. Acids Res. 39: W339-W346. 
Blin, Medema et al. (2013) Nucl. Acids Res. 41: W204-W212. 
Weber et al. (2015) Nucl. Acids Res. 43: W237-W243.
Blin et al. (2017) Nucl. Acids Res. 45: W36-W41.
Blin et al. (2019) Nucl. Acids Res. 47: W81-W87.
Blin et al. (2021) Nucl. Acids Res. 49: W29-W35.

http://antismash.secondarymetabolites.org/
http://antismash-db.secondarymetabolites.org/










ANTISMASH: METAGENOME



Aryl polyenes Bacteriocins

Lassopep1des

LantipeptidesTerpenes
t1pks

NRPSs Siderophores

t3pks

Resorcinol

111

hserlactones

Caulobacteraceae, 
Sphingomonadaceae and 

Xanthomonadaceae

BacteroidetesStenotrophomonas spp.

Bacillus, Chi3nophaga
and Pseudomonas 

spp.
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Gammaproteobacteria

Pyoverdines
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Chitinophagaceae

Pseudomonas spp.

Pseudomonas and 
Stenotrophomonas spp.

Proteobacteria

Betaproteobacteria

Rhizobiales

AcBnobacteria 
and Bacteroidetes

Betaproteobacteria
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Sphingomonadaceae Chi3nophaga spp.
Chitinophaga spp.

Burkholderiales

BacteroidetesRhizobiaceae
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Enriched functions: secondary metabolism
(network based on HMM domains of BGCs)

Carrion et al., 2019 (SCIENCE)



MIBiG PROVIDES AN ONLINE REPOSITORY OF BGCs WITH KNOWN
FUNCTION

http://mibig.secondarymetabolites.org

http://mibig.secondarymetabolites.org/


A RICH WEB INTERFACE ALLOWS EFFECTIVELY EXPLORING BIG-SCAPE OUTPUTS

http://bigscape-corason.secondarymetabolites.org 
https://git.wageningenur.nl/medema-group/BiG-SCAPE

http://bigscape-corason.secondarymetabolites.org/


GCF of 
unknown  
func1on

Glycopep1de  
GCF

MIBiG
reference BGC

MIBiG reference BGC
+ curated set 

(Glycopeptide)

X BGCs

MIBiG REFERENCE DATA ALLOWS RAPID ANNOTATION PROPAGATION 
AND NETWORK ANALYSIS

https://mibig.secondarymetabolites.org



AN EXTENSIVE SOFTWARE ECOSYSTEM FACILITATES COMPUTATIONAL  
GENOMIC ANALYSIS OF LARGE-SCALE BIOSYNTHETIC DIVERSITY

https://antismash.secondarymetabolites.org 
https://mibig.secondarymetabolites.org 

http://bigscape-corason.secondarymetabolites.org
Navarro-Muñoz, Selem-Mojica, Mullowney et al. (2020) Nature Chemical Biology 16(1):60-68.

http://bigscape-corason.secondarymetabolites.org/
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WHAT HAVE WE LEARN?

1. Annota(on tools (general and specific)
2. Secondary metabolism and more …


