
Workflow

Contigs – Sample 1

Bin set 1

CO
NCO

CT

Bin set 2
MetaBAT2

DAS Tool
(bin refinement)

Dereplicated and 
refined bins

1 per sample

DAS Tool
(bin refinement)



Dereplicated and 
refined bins

1 per sample

Bin QC:
CheckM1, CheckM2

Annotation:
Taxonomic

&
Functional

GTDBTk

Functional

Pool bins that 
pass QC – MAGs

dRep – 
dereplicate MAGs

Output:
one set of bins

representative of
all MAGs in your

samples

Workflow



Taxonomic and 
functional annotation

Instructor: Dr. Emma Bell
(she/her)

December 15th, 2023
Hands-on bioinformatics for microbial meta-omics (ENV 621)



Outline
• Lecture

• Introduction to taxonomic and functional annotation databases
• Pairwise alignment vs. HMMs
• Caveats of assigning function

• Case studies

• Practical
• Evaluate bins
• Taxonomically classify MAGs
• Functionally annotate MAGs
• Create a representative bin set



Annotation

.fna, .fa, .fasta – nucleotide .faa – amino acid

Prodigal:
predict protein-coding genes

https://github.com/hyattpd/Prodigal

https://github.com/hyattpd/Prodigal


GTDB-Tk:
Taxonomic 
annotation



GenBank

Colors indicate borders of: 

GTDB



78.5% of sequenced 
genomes belong to 

four phyla

8.4% of sequenced 
genomes are the 
species E. coli

This is normal:
d__Bacteria;p__Verrucomicrobiota;c__Kiritimatiellia;o__SS1-B-03-39;f__UBA6053;g__UBA6053;s__



Lost in literature – check GTDB for historic name



Functional annotation
Contigs Bins



There are lots of databases to choose from…
• Kyoto Encyclopedia of Genes and Genomes (KEGG) 

https://www.kegg.jp/
• EggNOG http://eggnog5.embl.de/
• UniRef90
• RefSeq, RefSeq viral
• UniProt
• Tigrfam
• Pfam
• Specialised – HydDB (hydrogenase), CAZy (Carbohydrate-Active 

enZYmes), MEROPs (peptidases), 

https://www.kbase.us

https://www.kegg.jp/
http://eggnog5.embl.de/
https://www.kbase.us/


KEGG integrates 
functional annotation 
into biological pathway Denitrification:



https://github.com/AnantharamanLab/METABOLIC

https://github.com/AnantharamanLab/METABOLIC


Method: Pairwise



• Find related or similar sequences by comparing two sequences

Method: Pairwise



Method: Pairwise

• Slow (which large volumes of data)
• Database errors / misannotated sequences – annotations are often given by the submitter
• Homology ≠ same function



Hidden Markov models (HMMs)

• Multiple sequence alignment –
build a consensus and detect 
regions of similarity
• Use structural and mechanistic 

information (catalytic sites)
• Generate profiles using hidden 

Markov models (HMMs)
• More sensitive than pairwise
• Homology ≠ same function



Hidden Markov models (HMMs)

Gomaa et al., Sci. Ad. (2021) 
DOI: 10.1126/sciadv.abf1586



“While all these sequence-based methods have enabled tremendous progress 
in microbial ecology, they have also inadvertently given rise to an era of 
homology creep; one of today's key challenges is the slow pace of functional 
validation, which continues to lag further and further behind the rate of 
sequencing.”

“Homology creep”



• Case study 1: The genes I’m interested in aren’t in a database

• Case study 2: I’m sure the microbes are doing it, but I can’t find 
the genes



Microbiology for Oil Spill Preparedness in Canada’s 
Arctic Marine Environment

Marine Microbial Biodiversity and Hydrocarbon Seep 
Detection

Challenges and Opportunities in Petroleum 
Microbiology: the reservoir microbiome



The genes I’m 
interested in aren’t 

in a database:

hydrocarbon 
degradation 
pathways



HOW IT ENDED



• References sequences
• “Experimentally verified” – amino 

acid sequences from published 
studies with experimental proof 
of the intended function. 

• “Experimental proof” – gene 
cloning or protein purification and 
corresponding enzyme assays, 
or gene knockout studies.



• Multiple sequence alignment and 
phylogenetic tree



• Multiple sequence alignment and 
phylogenetic tree (37 HMMs)





• LadA in cyanobacterial 
genomes show potential for 
aerobic hydrocarbon 
degradation in global ocean 
surface waters



• Case study 1: The genes I’m interested in aren’t in a database

• Case study 2: I’m sure the microbes are doing it, but I can’t find 
the genes
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I’m sure my microbes are doing it…



N2OR microorganisms are taxonomically diverse

Nos
N2O  → N2 

Tree scale: 0.1

G

B

C

H

A

E

I

D

K

J

Clade II

Clade I

• Clade I: Well-studied Proteobacteria

• Clade II: Phylogenetically diverse
 Twelve bacterial and 

archaeal phyla (to date)

• Clade II H: Firmicutes

Phylogenetic tree of Clade I (typical) 
and Clade II (atypical) NosZ: 
modified from Chee-Sanford et al., 
J. Microbiol. Methods (2020) 172



qNOR

nosBcytc
nosD nosF
nosL

nosY
nosZ

Sec/SPII

Brevibacillaceae (2)
Brevibacillaceae (1)

Neobacillus thermocopriae
Calidifontibacillus erzurumensis

Geobacillus thermodenitrificans

* *

Clade II microorganisms have distinct 
Nos gene clusters

*genes conserved in Clade II 
microorganisms

Nos
N2O  → N2 

Cellular localisation: PSORTb
Transmembrane helices: DeepTMHMM 



Murali et al., (2021)
doi: https://doi.org/10.1101/2021.10.15.464467

Nitric oxide 
reductases evolved 

from oxygen 
reductases

heme-copper oxidoreductase (HCO) superfamily

cNOR = in database (mostly 
Proteobacteria)
qNOR = annotated as cNOR
bNOR = experimentally verified 
(not in database)
eNOR = newly experimentally 
verified in this paper
sNOR, nNOR, gNOR = 
proposed

NOR
NO  → N2O 



Murali et al., (2021)
doi: https://doi.org/10.1101/2021.10.15.464467

• References sequences

Black: conserved proton channels
Red: active site



* **
* Amino acids essential for function

• Multiple sequence alignment and phylogenetic tree
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N2O production 
and consumption 
by Firmicutes 
underestimated
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icutesBacilliCohnellasp003001675
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icutesBacilliCohnellaphaseoli

GCF014107495.1BacteriaFirm
icutesBacilliCohnellasp014107495

GCF000515335.1BacteriaFirm
icutesBacilliCohnellapanacarvi

GCF000971975.1BacteriaFirm
icutesBacilliPaenibacillusCalgorifonticola

GCF014192105.1BacteriaFirm
icutesBacilliPaenibacillusZphyllosphaerae

GCA002383285.1BacteriaFirm
icutesBacilliUBA4045sp002383285

GCA002383695.1BacteriaFirm
icutesBacilliUBA4045sp002383695

GCF004764705.1BacteriaFirm
icutesBacilliR196sp004764705

GCF910593845.1BacteriaFirm
icutesBacilliPaenibacillusGsolanacearum

GCF010078385.1BacteriaFirm
icutesBacilliChengkuizengellasedim
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GCA002441135.1BacteriaFirm
icutesBacilliUBA6259sp002441135

GCF004123195.1BacteriaFirm
icutesBacilliYIM
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GCF004522215.1BacteriaFirm
icutesBacilliYIM

-78166sp004522215
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icutesBacilliAm
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oniphilusoxalaticus
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GCF001274715.1BacteriaFirm
icutesBacilliAneurinibacillusm
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GCA017656255.1BacteriaFirm
icutesBacilliJACDO
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GCF011059135.1BacteriaFirm
icutesBacilliCFH-S0501sp011059135

GCF013096935.1BacteriaFirm
icutesBacilliBrevibacillussp003388715
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GCF900102685.1BacteriaFirm
icutesBacilliM

elghirim
ycestherm

ohalophilus

GCF900182565.1BacteriaFirm
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icutesBacilliPlanifilum

fulgidum
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GCF000021925.1BacteriaFirmicutesBDesulfitobacteriiaDesulfitobacteriumhafniense
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Treescale: 1

NapA
NarGH
NirK
NirS

bNOR
qNOR
sNOR
cNOR
NosZ
MAG

(this study)

• Complete denitrification 
(clade II) in diverse 
environments

• Cultivation needed to 
demonstrate the relevance 
of different nitric-oxide 
reductase
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• Pairwise alignment vs. HMMs
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• Practical
• Evaluate bins
• Taxonomically classify MAGs
• Functionally annotate MAGs
• Create a representative bin set


