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Overview
1. Why perform functional classification?

2. Gene-based classification 

2. Species pan-genomes

3. Metagenomic gene content

4. HUMAnN3 (HMP Unified Metabolic Analysis Network 3)

2



SPAAM Summer School: Introduction to Ancient Metagenomics | 2022 | Irina M. Velsko |                       4.0 

3

What do you work on?
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What is meant by function?

5
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Environment 
(Blood vessel,
Gingival tissue)

Microbial biofilm

Function↑
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…what it produces
…what it can break down

Microbial functional analysis can tell you…
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…what it produces
…what it can break down
…how can it kill you
…how can it be killed

Microbial functional analysis can tell you…
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9

…what it produces
…what it can break down
…how can it kill you
…how can it be killed
…how can be used in …
        bioremediation (i.e. breakdown oil, sequester heavy metals)
        medical treatment (i.e. species transplants)
        engineering (i.e. batteries, clean marble statues, produce plastics)
.
.
.
…how it interacts with the world and how that can be harmful or 
beneficial

Microbial functional analysis can tell you…
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Why study microbial function?
(What’s infecting the cows?)
(What’s spoiling the milk?)
(How to cure/prevent it?)

10



SPAAM Summer School: Introduction to Ancient Metagenomics | 2022 | Irina M. Velsko |                       4.0 

Species identification by function (old method)
Biochemical testing
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Species identification by function (old method)

Species 1

Biochemical testing

Probably not 
spoiling food
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Species identification by function (old method)

Species 1 Species 2

Biochemical testing

Curdling (acid)Probably not 
spoiling food
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Species identification by function (old method)

Species 1 Species 2 Species 3

Biochemical testing

Curdling (acid) Curdling (acid), 
inflated jar

Probably not 
spoiling food
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15

Species identification by function (old method)

Species 1 Species 2 Species 3 Species 4

Biochemical testing

Curdling (acid) Rotten egg 
flavor, curdling, 

inflated jar

Curdling (acid), 
inflated jar

Probably not 
spoiling food
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16

Species identification by function (old method)

Species 1 Species 2 Species 3 Species 4 Species 5

Biochemical testing

Curdling (acid) Rotten egg 
flavor, 

inflated jar

Rotten egg 
flavor, curdling, 

inflated jar

Curdling (acid), 
inflated jar

Probably not 
spoiling food
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Where do we get functional 
information in a(n ancient) 

metagenome?

17



SPAAM Summer School: Introduction to Ancient Metagenomics | 2022 | Irina M. Velsko |                       4.0 

18

Species 1

*****

&&&&& *****
Species 2

Species 3

Genes

Genomes contain taxonomic and functional information
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1919
*****

&&&&& *****

Species 1

Species 2

Species 3

Metagenomes are classified against known species genomes
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*****

&&&&& *****

Species 1

Species 2

Species 3

Metagenomes contain taxonomic and functional information
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Species Sa1 Sa2 Sa3

Species 1 34 18 27

Species 2 56 78 15

Species 3 16 55 63

Species 1 Species 2

Species 3

Many metagenome reads cannot be classified
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Not classified

Species 1 Species 2

Species 3

Species Sa1 Sa2 Sa3

Species 1 34 18 27

Species 2 56 78 15

Species 3 16 55 63

Many metagenome reads cannot be classified
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Gene 1 Gene 2

Gene 3 Not classified

Gene Sa1 Sa2 Sa3

Gene 1 34 18 27

Gene 2 56 78 15

Gene 3 16 55 63

Function from grouping reads by their gene of origin
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Isolate Total CDS Hypothetical CDS %

Streptococcus gordonii str. Challis 
substr. CH1

2061 290 14

Streptococcus mutans UA159 1859 144 7

Escherichia coli K-12 MG1655 3829 112 3

Yersinia pestis CO92 4098 350 8.5

Mycobacterium tuberculosis H37Rv 3946 473 12

Staphylococcus aureus NCTC 8325 2535 276 11

Tannerella forsythia 92A2 2665 453 17

Desulfobulbus oralis HOT-041 2373 415 17

Most microbial isolates have genes of unknown function
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Gene Sa1 Sa2 Sa3

Gene 1 34 18 27

Gene 2 56 78 15

Gene 3 16 55 63

Single-species Metagenome

How can a gene table be used?
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Single-species Metagenome

Pan genome

Gene Sa1 Sa2 Sa3

Gene 1 34 18 27

Gene 2 56 78 15

Gene 3 16 55 63

How can a gene table be used?
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Gene present
Gene absent

Pan genome

Modified from Velsko, et al. 2019 GBE
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Isolates

Gene present
Gene absent

Streptococcus oralis

S. pneuoniae

S. mitis

S. parasanguinis

Pan genome

Modified from Velsko, et al. 2019 GBE
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Genes

Isolates

Gene present
Gene absent

Modified from Velsko, et al. 2019 GBE

Streptococcus oralis

S. pneuoniae

S. mitis

S. parasanguinis

Pan genome
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Tools for pan genome analysis

30https://link.springer.com/chapter/10.1007/978-3-030-38281-0_4
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Note for pan genome analysis
● All genomes must be annotated in the same way

● Do not use NCBI annotations (too many different annotation programs)

● Download fasta files and annotate them yourself

● Use whatever program you like best (roary, etc)
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Metagenome

Metabolic 
pathway 
content

Gene content

Single-species

Pan genome

Gene Sa1 Sa2 Sa3

Gene 1 34 18 27

Gene 2 56 78 15

Gene 3 16 55 63

How can a gene table be used?
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(some) Tools for gene content analysis
● AADDER

○ MEGAN tool (never published)
○ DNA alignment
○ Like MALT (high memory, long time)

33
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(some) Tools for gene content analysis
● AADDER

○ MEGAN tool (never published)
○ DNA alignment
○ Like MALT (high memory, long time)

● Paladin (https://doi.org/10.1093/bioinformatics/btx021)
○ Protein alignment
○ (not actively maintained)

34

https://doi.org/10.1093/bioinformatics/btx021
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(some) Tools for gene content analysis
● AADDER

○ MEGAN tool (never published)
○ DNA alignment
○ Like MALT (high memory, long time)

● Paladin (https://doi.org/10.1093/bioinformatics/btx021)
○ Protein alignment
○ (not actively maintained)

● HUMAnN3 (https://doi.org/10.7554/eLife.65088)
○ DNA and protein alignment
○ BioBakery (MetaPhlAn, LefSe, MaAsLin2, etc)

35

https://doi.org/10.1093/bioinformatics/btx021
https://doi.org/10.7554/eLife.65088
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(some) Tools for gene content analysis

36

● AADDER
○ MEGAN tool (never published)
○ DNA alignment
○ Like MALT (high memory, long time)

● Paladin (https://doi.org/10.1093/bioinformatics/btx021)
○ Protein alignment
○ (not actively maintained)

● HUMAnN3 (https://doi.org/10.7554/eLife.65088)
○ DNA and protein alignment
○ BioBakery (MetaPhlAn, LefSe, MaAsLin2, etc)

https://doi.org/10.1093/bioinformatics/btx021
https://doi.org/10.7554/eLife.65088
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Metagenome gene content with HUMAnN3

37Modified from Franzosa, et al. 2018 Nat. Methods
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Metagenome sample

38Modified from Franzosa, et al. 2018 Nat. Methods
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Align all reads to marker gene database

39Modified from Franzosa, et al. 2018 Nat. Methods



SPAAM Summer School: Introduction to Ancient Metagenomics | 2022 | Irina M. Velsko |                       4.0 

Align all reads to species pan genomes

40Modified from Franzosa, et al. 2018 Nat. Methods



SPAAM Summer School: Introduction to Ancient Metagenomics | 2022 | Irina M. Velsko |                       4.0 

Translate only unaligned reads and align to 
protein database 

41

DNA

XL

Protein

Modified from Franzosa, et al. 2018 Nat. Methods
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Translate only unaligned reads and align to 
protein database 

42

DNA

XL

Protein

Unmapped

Modified from Franzosa, et al. 2018 Nat. Methods
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Normalization

43Modified from Franzosa, et al. 2018 Nat. Methods
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Determine pathways from gene content

44Modified from Franzosa, et al. 2018 Nat. Methods
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What’s a metabolic pathway ?
(and why do we want it if we have gene counts?)

45



SPAAM Summer School: Introduction to Ancient Metagenomics | 2022 | Irina M. Velsko |                       4.0 

46

Pathways are proteins processing molecules in sequence
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Pathways are proteins processing molecules in sequence
KEGG map00010 Central Carbohydrate Metabolism
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Pathways are proteins processing molecules in sequence
KEGG map00010 Central Carbohydrate Metabolism

D-Glucose

Pyruvate

Start

End

Glycolysis pathway
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Giovannelli, et al. 2017 eLife 
https://doi.org/10.7554/eLife.18990

Pathways describe species activity range

Thermovibrio 
ammonificans

https://doi.org/10.7554/eLife.18990
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Cross, et al. 2018 mBio 
https://doi.org/10.1128/mBio.02061-17

Pathways describe species activity range

Desulfobulbus oralis

https://doi.org/10.1128/mBio.02061-17
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Pathways describe metagenome activity range

Jorth, et al. 2014 mBio 
https://doi.org/10.1128/mBio.01012-14 

Yellow pathways 
upregulated in 
periodontitis-associated 
microbiomes compared to 
health

https://doi.org/10.1128/mBio.01012-14
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Pathways can be broken out into the species that have 
genes in the pathway

Modified from Jorth, et al. 2014 mBio 
https://doi.org/10.1128/mBio.01012-14 

https://doi.org/10.1128/mBio.01012-14
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53Modified from Franzosa, et al. 2018 Nat. Methods
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Gene families vs pathways

54

● Genes: 
○ identify specific genes that are enriched for further investigation of these specific genes 

(independent of the pathways it’s involved in)

● Pathways: 
○ identify a series of genes that act on a metabolite in sequence with a defined end 

product



SPAAM Summer School: Introduction to Ancient Metagenomics | 2022 | Irina M. Velsko |                       4.0 

55Modified from Franzosa, et al. 2018 Nat. Methods

Gene Sa1 Sa2 Sa3

Unmapped 34.9 18.3 27

Gene 1 1.2 4.5 1.0

Gene 1| Species1 0.9 2.1 6.7

Gene 1| Species2 3.3 0.7 4.6

Gene 1| Species3 0.4 0.5 0.2

Gene 1| unclassified 20.3 10.0 15

Gene 2 4.0 0.6 0.8

Gene 2| Species 1 0.9 0.01 0.02
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A0A024DHT2: Lantibiotic ABC transporter permease
A0A024DIJ1: Membrane protein
etc

Gene content stratified output
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Normalize to copies per million (CPM)

57
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● UniProt

● MetaCyc reaction

● KEGG orthologs

● GeneOntology (GO)

● Enzyme commission (EC)

● Pfam

● EGGNog

58

Group genes based on classification system
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● UniProt

● MetaCyc reaction

● KEGG orthologs

● GeneOntology (GO)

● Enzyme commission (EC)

● Pfam

● EGGNog

59

ortholog - homologous genes that have diverged from 
each other as a consequence of speciation

paralog - homologous genes that have diverged from 
each other as a consequence of genetic duplication

Group genes based on classification system
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● UniProt (https://www.uniprot.org)

● MetaCyc reaction (https://metacyc.org)

● KEGG orthologs (https://www.genome.jp/kegg/ko.html)

● GeneOntology (GO)  (http://geneontology.org)

● Enzyme commission (EC) (https://enzyme.expasy.org)

● Pfam (http://pfam.xfam.org)

● EGGNog (http://eggnog5.embl.de/#/app/home)

60

Group genes based on classification system
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Group genes by MetaCyc reaction
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Add names to genes
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pathways table processing

63
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Pathway abundance table

Most reads for genes assigned to this pathway come from Tannerella forsythia
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Let’s look at one approach to analyze 
HUMAnN output
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On your VM

66

$ conda activate phylogenomics-functional
$ rstudio /vol/volume/5c-functional-genomics/WSS_function_HUMAnN3_GFs.Rmd
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Now what?
-how to interpret 
output

67
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Now what?

68

📑
📑
📑
📑
📑
📑
📑
📑
📑
📑
📑
📑
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Removed slides

69
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Species identification by function (new method)

Biochemical testing
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Enzymes

Hydrolysis
b-Galactosidase

Alkaline 
phosphatase

Species identification by function (new method)
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Ribose

Arabinose
Mannitol

Trehalose

Sorbitol

Sugars

Lactose

Inulin

Raffinose
Starch

Glycogen

Carbohydrate-active enzymesEnzymes

Hydrolysis
b-Galactosidase

Alkaline 
phosphatase

Species identification by function (new method)
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Ribose

Arabinose
Mannitol

Trehalose

Sorbitol

Sugars

Lactose

Inulin

Raffinose
Starch

Glycogen

Carbohydrate-active enzymesEnzymes

Hydrolysis
b-galactosidase

Alkaline 
phosphatase

++ +

+ (+)+ + + + +(+)

Species identification by function (new method)
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Species identification by function (new method)

Treatment
  -Antibiotic
  -Duration
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Species identification by function (new method)

Faster than sequencing*
but not as precise


