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The ‘bigger picture’ of a genome project

Assembly Annotation Analysis
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What is orthology?

How do we delineate orthologs?

And why do we need to?
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By the end of this lecture …
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Orthology – what is it?

Homology

Orthology
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Orthology – what is it?

Homology

“designates a relationship of  common descent 

between any entities, without further 

specification of  the evolutionary scenario”
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Orthology – what is it?

“genes originating from a single ancestral

gene in the last common ancestor of

the compared genomes”

Orthology
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Orthology – what is it?

“paralogs are

genes related via duplication”

Paralogy
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Common Ancestor

ParalogsOrthologs

Homologs

Speciation

Event

Duplication

Event

Orthology – what is it?
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Sequence Homology – what is it?

Homology between protein or DNA sequences is 

typically inferred from their sequence similarity

Sequence homology search tools, e.g. BLAST,

attempt to detect ‘excess’ similarity, i.e. greater 

similarity or identity than expected by chance 

=> statistically significant similarity
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Sequence Homology – what is it?

“the link between similarity and homology

is often misunderstood”

A pair of sequences can have high or low sequence similarity

But this does not translate to strong or weak homology!

Homology is the CONCLUSION, i.e. given the level of similarity 

the sequences are likely (hence associated expectation value) 

to have arisen from a common ancestor



Orthology – what is it?

ParalogsOrthologs
Homologs

'The term homolog was introduced by Richard Owen 

in 1843 to designate “the same organ in different 

animals under every variety of  form and function.”'

'Darwin himself  never used the term homology, but 

less than a year after the publication of  the Origin, 

Huxley, in his review of  Darwin’s work, invoked 

homology as evidence of  evolution.'
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Orthology – what is it?

ParalogsOrthologs
Homologs

… the distinction between orthologs and paralogs

and the terms themselves were introduced by

Walter Fitch in 1970 in a now classic paper:

Fitch WM. Syst. Zool. 19:99–106. 1970.
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Orthology – simple scenario

Single-Copy Orthologs

Last Common Ancestor
(LCA) of all 6 species

Frog gene

Duck gene

Rat gene

Mouse gene

Chimp gene

Human gene

Speciation Events
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Duck gene

Evolution ≠ simple

Last Common Ancestor
(LCA) of all 6 species

Frog gene

Rat gene

Mouse gene

Chimp gene

Human gene

Speciation Events
AND: Gene Loss Events

Single-Copy Orthologs with Losses
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Duck gene

Evolution ≠ simple

Last Common Ancestor
(LCA) of all 6 species

Frog gene

Rat gene

Mouse gene

Chimp gene

Human gene 1
Human gene 2

Speciation Events

AND: Gene Loss Events
AND: Gene Duplication Events

Single-Copy Orthologs with Gains

Human gene 1 & 2 = paralogs
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Duck gene

Evolution ≠ simple

Last Common Ancestor
(LCA) of all 6 species

Frog gene

Rat gene 1
Rat gene 2

Mouse gene 1
Mouse gene 2

Chimp gene

Human gene 1
Human gene 2

Speciation Events

AND: Gene Loss Events
AND: Gene Duplication Events

Single-Copy Orthologs with Gains

Rat gene 1 & 2 = paralogs

Mouse gene 1 & 2 = paralogs



Duck gene

Evolution ≠ simple

Last Common Ancestor
(LCA) of all 6 species

Frog gene

Rat gene 1
Rat gene 2

Mouse gene 1
Mouse gene 2

Chimp gene

Human gene 1
Human gene 2

Speciation Events

AND: Gene Loss Events
AND: Gene Duplication Events

Single-Copy Orthologs with Gains

+ fast sequence divergence
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Duck gene

Evolution ≠ simple

Last Common Ancestor
(LCA) of all 6 species

Frog gene

Rat gene 1
Rat gene 2

Mouse gene 1
Mouse gene 2

Chimp gene

Human gene 1
Human gene 2

Speciation Events

AND: Gene Loss Events
AND: Gene Duplication Events

Paralogs R1+R2  M1+M2  H1+H2

Orthologs F+R1+R2+M1+M2+C+H1+H2
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Homology
Recognizing similarities as

evidence of shared ancestry

Orthology
Orthologues arise by vertical

descent from a single gene 

of the last common ancestor

Hierarchy
Orthology is relative to 

the species radiation

under consideration

Orthologous Groups
All genes descended from a single

gene of the last common ancestor

Orthology – what is it?
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How do we delineate Orthology?

Methods Mol Biol. 2012;855:259-79
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https://www.ncbi.nlm.nih.gov/pubmed/22407712


How do we delineate Orthology?
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How do we delineate Orthology?
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How do we delineate Orthology?

Frog

Duck

Rat

Mouse

Chimp

Human

Frog

Duck

Rat

MouseChimp

Human

Single-Copy Orthologs
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So which approaches are best?
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So which approaches are best?
© R.M.Waterhouse



How does OrthoDB delineate Orthology?
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How does OrthoDB delineate orthology?Implementation 1
Input Data

Gene Sets

Annotations

wFleaBase

https://www.vectorbase.org/
https://www.vectorbase.org/


How does OrthoDB delineate orthology?Implementation 2
Preparation

A) Select longest protein-coding transcript from any genes with alternative transcripts

B) Remove near-identical proteins from each gene set (97% identity)

Gene Set RepresentativesFiltered

Input for

clustering

Saved for

later



How does OrthoDB delineate orthology?Implementation 3
Best-Reciprocal Hits - BRHs

A) All-against-all Smith-Waterman pairwise alignments:  SWIPE – Rognes 2011.

B) Is best-scoring hit from species A protein to species B protein reciprocal?

Species A Species B

BRH 

No BRH 

BRH 



How does OrthoDB delineate orthology?Implementation 4
Reason for filtering near-identical proteins

A) Remove cases of very similar scores

B) Improve BRH recall

Species A

Species B

BRH No BRH 



How does OrthoDB delineate orthology?Implementation 5
BRH Triangles

A) Starting with highest-scoring BRHs and moving down the list

B) BRH Triangles at e<1e-3 cut-off & >20aa alignment overlap

Species A

Species B

Species DSpecies C

A

B

D

C

E

F



How does OrthoDB delineate orthology?Implementation 6
BRH Pairs

BRHs connected to triangles, but which don’t form triangles themselves

=> join clusters with e<1e-6 cut-off & >20aa alignment overlap

A

B

D

C

E

F

G



How does OrthoDB delineate orthology?Implementation 7
Alignment Overlap Requirement

>20aa alignment overlap to avoid domain-walking

Species A

Species B

Species C

A

B

C

A

B

C

Species A

Species B

Species C



How does OrthoDB delineate orthology?Implementation 8
Inparalogous Groups

A) Consider within-species homologs in different clusters

B) If the within-species homolog score is better than any within-cluster BRH score,

the inparalogous cluster is merged

A

B

DC
E

F

G

A’

B’

C’

A’

B’
C’

A
B
C

D

E

F

G



How does OrthoDB delineate orthology?Implementation 9
Inparalogues

A) Consider within-species homologs that DID NOT get clustered (singletons)

B) If the within-species homolog score is better than any within-cluster BRH score,

the singleton is added to the cluster as an inparalogue

A

B

D

C

E

F

G

E’



How does OrthoDB delineate orthology?Implementation 10
97% paralogues

A) Add near-identical proteins  that were excluded from the clustering

B) If the representative was clustered add the 97% identical proteins to the cluster

A

B

D

C

E

F

G

A’



Implementation 11
Differential Losses

A) Rules for complex cases

B) Example:  1 differential loss each

OG1 – OG2

Homologous groups

Lost gene B2

Lost gene D1 OG1 genes will now ‘see’ gene 

D2 as their Best Hit & for 

species B it will be the BRH

OG2 genes will now ‘see’ 

gene B1 as their Best Hit 

& for species D it will be 

the BRH



Implementation 12
Differential Losses

A) Rules for complex cases

B) Example:  2 differential losses each

OG1 – OG2

Homologous groups

Lost genes B2 & C2

Lost genes D1 & E1

OG1 genes will now ‘see’ 

genes D2 & E2 as Best Hit & 

for species B & C it will be 

the BRHs

OG2 genes will now ‘see’ 

genes B1 & C1 as Best Hits 

& for species D & E it will be 

the BRHs



Implementation 13
Differential Losses

Real example:

POP3 missing from 

10 vertebrates

POP2 missing from 

4 vertebrates

Prevent cluster merges 

where within-cluster 

connectivity is much 

stronger than between 

cluster connectivity



1) Tracing the Evolutionary Histories of all genes in extant species

2) Building Hypotheses on Gene Function informed by evolution

Orthology – why do we need it?
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Orthology ≠ Function

Orthology & Paralogy

… are concepts defined by evolutionary scenarios …

there is nothing in this definition that refers to gene function!

… nevertheless …

Homology refers to common decent, and so generally:

just as the sequences themselves are inherited

so too can the biological functions of the encoded proteins

© R.M.Waterhouse



Orthology ≠ Function

As orthologs share a common ancestry … they can be 

considered to be “equivalent” genes in different species

Thus, any hypothesis that they share a common function

is a relatively reasonable “best guess” assumption

“a crucial property of  orthologs, which is

both theoretically plausible and empirically

supported, is that they typically perform equivalent 

functions in the respective organisms”
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Orthology, Paralogy ≠ Function

‘As gene duplication is considered an important source of  functional 

innovation, the ‘‘standard model’’ posits that orthologs tend to have a 

conserved function, whereas paralogs tend to diverge in function’

“As in the case of  orthology, the definition of  

paralogy does not refer to biological function, but 

there are major functional connotations. Generally, 

paralogs perform biologically distinct, even if  

mechanistically related, functions.”
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By tracing the Evolutionary Histories of all genes in extant species

We can build Hypotheses on Gene Function informed by evolution

“The validity of  the conjecture on functional 

equivalency of  orthologs is crucial for reliable 

annotation of  newly sequenced genomes and, more 

generally, for the progress of  functional genomics.

The huge majority of  genes in the sequenced

genomes will never be studied experimentally, so for 

most genomes transfer of  functional information 

between orthologs is the only means of  detailed 

functional characterization.”

Orthology ≠ Function … BUT …
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What is orthology?

How do we delineate orthologs?

And why do we need to?
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Orthology: What? How? Why?
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