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Adaptive Radiation of Heliconiini (Family: Nymphalidae)

- 8 Genera 

- 87 Species 

- ~440 sub-species

Photo credit: @mena_sebas
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Photo credit: @mena_sebas

» Trap-lining behaviour

Moura et al., 2021. Functional Ecology.

Allocentric trap-lining in home ranges up to 1 km2

» Mushroom body expansion (Brain)

» Pollen-feeding 



ATACseq
ATACseq ATACseq

ATACseq

RNAseq

RNAseq

RNAseq

RNAseq
RNAseq

0.00

0.25

0.50

0.75

1.00

Hmel Herd Avcr Diul

Species

C
o
u
n
t

Conservation

NotConserved

NotConsPeak(1)

NotConsPeak(2)

NotConsPeak(3)

ConsReag(1)

ConsReag(2)

ConsReag(3)

ConsPeak(1)

ConsPeak(2)

ConsPeak(3)

Stacked Histogram of Conservation Levels by Species



225,859 nuclei of H. melpomene brains 176,804 nuclei of D. iulia brains



» But how do you tackle these problems? »

» How do we make sense of how evolution works? »



» But how do you tackle these problems? »

» Comparing “things”! »

» How do we make sense of how evolution works? »







» … Some definitions … »



X Y Z

X1 Y1 Z1 X2 Y2 Z2 X3 Y3 Z3

LCA LCA LCA

species 1 species 2 species 3
Orthologs, Paralogs, and Evolutionary Genomics | https://www.annualreviews.org /content/journals/10.1146/annurev.genet.39.073003.114725 
Functional and evolutionary implications of gene orthology | https://www.nature.com/articles/nrg3456

https://www.annualreviews.org/content/journals/10.1146/annurev.genet.39.073003.114725


» Homology/Orthology definition »

Homology: it describes descent from a common evolutionary 

origin: two loci (genes) are homologous if they derive from the 

same ancestral locus (gene).

Orthologs, Paralogs, and Evolutionary Genomics | https://www.annualreviews.org /content/journals/10.1146/annurev.genet.39.073003.114725 
Functional and evolutionary implications of gene orthology | https://www.nature.com/articles/nrg3456

...

X Y Z

https://www.annualreviews.org/content/journals/10.1146/annurev.genet.39.073003.114725


» Homology/Orthology definition »

Orthology: it describes a relationship due to a speciation event: 

two loci (genes) are orthologous if they derive from speciation.

X1

X (LCA)

Y2 Z3

Orthologs, Paralogs, and Evolutionary Genomics | https://www.annualreviews.org /content/journals/10.1146/annurev.genet.39.073003.114725 
Functional and evolutionary implications of gene orthology | https://www.nature.com/articles/nrg3456

https://www.annualreviews.org/content/journals/10.1146/annurev.genet.39.073003.114725


X Y Z

X1 Y1 Z1 X2 Y2 Z2 X3 Y3 Z3

LCA LCA LCA

species 1 species 2 species 3
Orthologs, Paralogs, and Evolutionary Genomics | https://www.annualreviews.org /content/journals/10.1146/annurev.genet.39.073003.114725 
Functional and evolutionary implications of gene orthology | https://www.nature.com/articles/nrg3456

https://www.annualreviews.org/content/journals/10.1146/annurev.genet.39.073003.114725


Orthologous Group XX1
X2

X3

Y1

Y2

Y3

Z1

Z2

Z3

Orthologous Group Y

Orthologous Group Z

X Y Z

X1 Y1 Z1 X2 Y2 Z2 X3 Y3 Z3

LCA LCA LCA

species 1 species 2 species 3
Orthologs, Paralogs, and Evolutionary Genomics | https://www.annualreviews.org /content/journals/10.1146/annurev.genet.39.073003.114725 
Functional and evolutionary implications of gene orthology | https://www.nature.com/articles/nrg3456

https://www.annualreviews.org/content/journals/10.1146/annurev.genet.39.073003.114725


X Y Z

X1 Y1 Z1 X2 Y2 Z2 X3 Y3 Z3

LCA LCA LCA

species 1 species 2 species 3

A

Gene Duplication 

Orthologs, Paralogs, and Evolutionary Genomics | https://www.annualreviews.org /content/journals/10.1146/annurev.genet.39.073003.114725 
Functional and evolutionary implications of gene orthology | https://www.nature.com/articles/nrg3456

https://www.annualreviews.org/content/journals/10.1146/annurev.genet.39.073003.114725


Orthologous Group XX1
X2

X3

Y1

Y2

Y3

Z1

Z2

Z3

Orthologous Group Y

Orthologous Group Z

All Homologous!!!
All Single-copy!!!

X Y Z

X1 Y1 Z1 X2 Y2 Z2 X3 Y3 Z3

LCA LCA LCA

species 1 species 2 species 3

A

Gene Duplication 

Orthologs, Paralogs, and Evolutionary Genomics | https://www.annualreviews.org /content/journals/10.1146/annurev.genet.39.073003.114725 
Functional and evolutionary implications of gene orthology | https://www.nature.com/articles/nrg3456

https://www.annualreviews.org/content/journals/10.1146/annurev.genet.39.073003.114725


» Gene loss »

Orthologs, Paralogs, and Evolutionary Genomics | https://www.annualreviews.org /content/journals/10.1146/annurev.genet.39.073003.114725 
Functional and evolutionary implications of gene orthology | https://www.nature.com/articles/nrg3456

X Y Z

X1

https://www.annualreviews.org/content/journals/10.1146/annurev.genet.39.073003.114725


X1
Xa2

Xb2

Y1

Y2

Y3

Za1

Zb1
Z2

Z3

Orthologous Group X

Orthologous Group X

Orthologous Group X

» Gene loss & duplication »

Orthologs, Paralogs, and Evolutionary Genomics | https://www.annualreviews.org /content/journals/10.1146/annurev.genet.39.073003.114725 
Functional and evolutionary implications of gene orthology | https://www.nature.com/articles/nrg3456

https://www.annualreviews.org/content/journals/10.1146/annurev.genet.39.073003.114725


» Gene loss & duplication »

Xa2

Xb2

Za1

Zb1 ??

??

Orthologs, Paralogs, and Evolutionary Genomics | https://www.annualreviews.org /content/journals/10.1146/annurev.genet.39.073003.114725 
Functional and evolutionary implications of gene orthology | https://www.nature.com/articles/nrg3456

https://www.annualreviews.org/content/journals/10.1146/annurev.genet.39.073003.114725


» Gene loss & duplication »

Xa2

Xb2

Za1

Zb1 Paralogs

Paralogs

Orthologs, Paralogs, and Evolutionary Genomics | https://www.annualreviews.org /content/journals/10.1146/annurev.genet.39.073003.114725 
Functional and evolutionary implications of gene orthology | https://www.nature.com/articles/nrg3456

https://www.annualreviews.org/content/journals/10.1146/annurev.genet.39.073003.114725


Paralogs

Paralogy: it describes a relationship that involve a duplication: 

if a locus (gene) is generated by an event of tandem duplication.

Za1 Zb1

Orthologs, Paralogs, and Evolutionary Genomics | https://www.annualreviews.org /content/journals/10.1146/annurev.genet.39.073003.114725 
Functional and evolutionary implications of gene orthology | https://www.nature.com/articles/nrg3456

https://www.annualreviews.org/content/journals/10.1146/annurev.genet.39.073003.114725


» Homologs ? »

Orthologs, Paralogs, and Evolutionary Genomics | https://www.annualreviews.org /content/journals/10.1146/annurev.genet.39.073003.114725 
Functional and evolutionary implications of gene orthology | https://www.nature.com/articles/nrg3456

https://www.annualreviews.org/content/journals/10.1146/annurev.genet.39.073003.114725


» Homologs ? »

X1

Y1

X2

Y2
Ya3

Yb3

Za1

Zb1
Za2

Zb2
Z3

Orthologs, Paralogs, and Evolutionary Genomics | https://www.annualreviews.org /content/journals/10.1146/annurev.genet.39.073003.114725 
Functional and evolutionary implications of gene orthology | https://www.nature.com/articles/nrg3456

https://www.annualreviews.org/content/journals/10.1146/annurev.genet.39.073003.114725


» Orthologs ? »

Orthologs, Paralogs, and Evolutionary Genomics | https://www.annualreviews.org /content/journals/10.1146/annurev.genet.39.073003.114725 
Functional and evolutionary implications of gene orthology | https://www.nature.com/articles/nrg3456

https://www.annualreviews.org/content/journals/10.1146/annurev.genet.39.073003.114725


» Orthologs ? »

X1
X2

Za1

Zb1
Za2

Zb2
Z3

Y1
Y2

Ya3

Yb3

scOG X

OG Y

OG Z

Orthologs, Paralogs, and Evolutionary Genomics | https://www.annualreviews.org /content/journals/10.1146/annurev.genet.39.073003.114725 
Functional and evolutionary implications of gene orthology | https://www.nature.com/articles/nrg3456

https://www.annualreviews.org/content/journals/10.1146/annurev.genet.39.073003.114725


» Paralogs ? »

Orthologs, Paralogs, and Evolutionary Genomics | https://www.annualreviews.org /content/journals/10.1146/annurev.genet.39.073003.114725 
Functional and evolutionary implications of gene orthology | https://www.nature.com/articles/nrg3456

https://www.annualreviews.org/content/journals/10.1146/annurev.genet.39.073003.114725


» Paralogs ? »

Za1

Zb1
Za2

Zb2

Ya3

Yb3

Paralogs

Paralogs

Orthologs, Paralogs, and Evolutionary Genomics | https://www.annualreviews.org /content/journals/10.1146/annurev.genet.39.073003.114725 
Functional and evolutionary implications of gene orthology | https://www.nature.com/articles/nrg3456

https://www.annualreviews.org/content/journals/10.1146/annurev.genet.39.073003.114725


» Paralogs ? »

Za1

Zb1
Za2

Zb2

Ya3

Yb3

Out-Paralogs

In-Paralogs

Orthologs, Paralogs, and Evolutionary Genomics | https://www.annualreviews.org /content/journals/10.1146/annurev.genet.39.073003.114725 
Functional and evolutionary implications of gene orthology | https://www.nature.com/articles/nrg3456

https://www.annualreviews.org/content/journals/10.1146/annurev.genet.39.073003.114725


IN-Paralogy: it describes a relationship that involve a 

duplication occurred within a species

IN-Paralogs
Ya3 Yb3

OUT-Paralogy: it describes a relationship that involve a 

duplication occurred in one of the ancestor

Za1 Zb1 Za2 Zb2

ZLCA

Za Zb

Orthologs, Paralogs, and Evolutionary Genomics | https://www.annualreviews.org /content/journals/10.1146/annurev.genet.39.073003.114725 
Functional and evolutionary implications of gene orthology | https://www.nature.com/articles/nrg3456

https://www.annualreviews.org/content/journals/10.1146/annurev.genet.39.073003.114725


Orthologs, Paralogs, and Evolutionary Genomics | https://www.annualreviews.org /content/journals/10.1146/annurev.genet.39.073003.114725 
Functional and evolutionary implications of gene orthology | https://www.nature.com/articles/nrg3456

» Horizontal Gene Transfer (HGT) »

Xenologs: locus acquired through 

horizontal gene transfer

https://www.annualreviews.org/content/journals/10.1146/annurev.genet.39.073003.114725


» Gene Family Tree »



» Gene Family Trees »

X1 Y1 Y2X2 Yb3Ya3

In-paralogs

Z3Za1 Za2 Zb1 Zb2

scOG X OG Y OG Z

Out-paralogs

Gene duplication

Speciation



» Units of orthology »

Orthologs, Paralogs, and Evolutionary Genomics | https://www.annualreviews.org /content/journals/10.1146/annurev.genet.39.073003.114725 
Functional and evolutionary implications of gene orthology | https://www.nature.com/articles/nrg3456

https://www.annualreviews.org/content/journals/10.1146/annurev.genet.39.073003.114725


» Real examples »

Orthologs, Paralogs, and Evolutionary Genomics | https://www.annualreviews.org /content/journals/10.1146/annurev.genet.39.073003.114725 
Functional and evolutionary implications of gene orthology | https://www.nature.com/articles/nrg3456

Transferrin family

https://www.annualreviews.org/content/journals/10.1146/annurev.genet.39.073003.114725


» Real examples »

Gustatory receptors 

8,320 tips 

16,638 nodes



Gustatory receptors 

8,320 tips 

16,638 nodes

Heliconiini 
(tribe)

Heliconinae 
(subfamily)

» Real examples »



» Why this is relevant ? »



» Species Tree Estimation »
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Phylogenetic tree building in the genomic age | https://www.nature.com/articles/s41576-020-0233-0

https://www.nature.com/articles/s41586-024-07323-1
https://www.nature.com/articles/s41576-020-0233-0


» Gene family reconstruction | expansions/contractions »



» Gene family reconstruction | expansions/contractions »



» Selecting pressures: Positive/Purifying/Convergence »



» Selecting pressures: Positive/Purifying/Convergence »
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» Selecting pressures: Positive/Purifying/Convergence »
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» Selecting pressures: Positive/Purifying/Convergence »
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» Loss / Gain of function »

Multiple axes of visual system diversity in Ithomiini, an ecologically diverse tribe of mimetic butterflies | https://journals.biologists.com/jeb/article/226/24 /jeb246423 /336534

https://journals.biologists.com/jeb/article/226/24/jeb246423/336534


» Loss of function »

Multiple axes of visual system diversity in Ithomiini, an ecologically diverse tribe of mimetic butterflies | https://journals.biologists.com/jeb/article/226/24 /jeb246423 /336534

https://journals.biologists.com/jeb/article/226/24/jeb246423/336534


Multiple axes of visual system diversity in Ithomiini, an ecologically diverse tribe of mimetic butterflies | https://journals.biologists.com/jeb/article/226/24 /jeb246423 /336534

» Loss of function »

https://journals.biologists.com/jeb/article/226/24/jeb246423/336534


Purification and characterization of cocoonase from the silkworm Bombyx mori | https://academic.oup.com/bbb/article/78/2/202/5939598

» (Putative) Gain of function »

Cocoonase: a protease secreted during the emergence of silk moths

https://academic.oup.com/bbb/article/78/2/202/5939598


Gene Duplication and Gene Expression Changes Play a Role in the Evolution of Candidate Pollen Feeding Genes in Heliconius Butterflies | https://academic.oup.com/gbe/article/8/8/2581/2198349

» (Putative) Gain of function »
Photo credit: @mena_sebas

https://academic.oup.com/gbe/article/8/8/2581/2198349


Evolutionary dynamics of genome size and content during the adaptive radiation of Heliconiini butterflies | https://www.nature.com/articles/s41467-023-41412-5

» (Putative) Gain of function »

https://www.nature.com/articles/s41467-023-41412-5


Evolutionary dynamics of genome size and content during the adaptive radiation of Heliconiini butterflies | https://www.nature.com/articles/s41467-023-41412-5

» (Putative) Gain of function »

https://www.nature.com/articles/s41467-023-41412-5


» Single cell RNA data integration »

https://genome.cshlp.org /content/33 /1/96

https://elifesciences.org /articles/66747

https://genome.cshlp.org/content/33/1/96


» Questions ? »



» Methods »



» Phylogeny on Homologous loci (Tree-based) »

Phylogenetic tree building in the genomic age | https://www.nature.com/articles/s41576-020-0233-0

X1

Y1

X2

Y2

Yb3

Ya3

ATGCTTAGGTCAGCTAGATAGTGGCTAA---TACCTAGCAGTTGAGTAA

ATGCTTAGGTCAGC---ATAGTGGCTAA---TACCTAGCAGTTGAGTAA

ATGCTTAGGTCAGCTAGATAGTGGCTAA---TACCTAGCAGTTGAGTAA

ATGCTTAGGTCAGC---ATAGTGGCTAG---TACCTAGCAGTTGAGTAA

ATGCTTAGGTCAGCTAGATAGTGGCTAA---TACCTAGCAGTTGAGTAA

ATGCTTAGGTCAGC---ATAGTGGCTAA---TACCTAGCAGTTGAGTAA

X1

Y1

X2

Y2

Yb3

Ya3

ATGCTTAGGTCAGCTAGATAGTGGCTAATACCTAGCAGTTGAGTAA

ATGCTTAGGTCAGCATAGTGGCTAATACCTAGCAGTTGAGTAA

ATGCTTAGGTCAGCTAGATAGTGGCTAATACCTAGCAGTTGAGTAA

ATGCTTAGGTCAGCATAGTGGCTAGTACCTAGCAGTTGAGTAA

ATGCTTAGGTCAGCTAGATAGTGGCTAATACCTAGCAGTTGAGTAA

ATGCTTAGGTCAGCATAGTGGCTAATACCTAGCAGTTGAGTAA

X1 Y1 Y2X2 Yb3Ya3

Substitution model

https://www.nature.com/articles/s41576-020-0233-0


» Homology based-methods »

BLAST (Basic Local Alignment Search Tool) is a widely used 

algorithm for comparing biological sequences.



BLAST identifies regions of local similarity between sequences by 

breaking the query and database sequences into smaller segments 

(called words) and then aligning these segments.

It does not identify ORTHOLOGY per se!!!

» Homology based-methods »

 It is a sequence similarity search tool, and while it can help identify genes with similar 

sequences, it does not directly determine orthology



You can implement a reciprocal Best Hits (RBH) to identify two genes which are 

each other’s best hits across species, but this is an approximation and not proof. 

It can fail in cases like gene duplication, loss, or incomplete genomes.

» Homology based-methods »

X1

Y1

X2

Y2

Yb3

Ya3



It’s a probabilistic model used to describe sequences (DNA, RNA, or proteins) based 

on their underlying statistical properties.

» Hidden Markov Models (HMMs) »

https://www.ebi.ac.uk/training /online/courses/pfam-creating-protein-families/what-are-profile-hidden-markov-models-hmms/

https://www.ebi.ac.uk/training/online/courses/pfam-creating-protein-families/what-are-profile-hidden-markov-models-hmms/


» Hidden Markov Models (HMMs) »

https://www.ebi.ac.uk/training /online/courses/pfam-creating-protein-families/what-are-profile-hidden-markov-models-hmms/

https://www.ebi.ac.uk/training/online/courses/pfam-creating-protein-families/what-are-profile-hidden-markov-models-hmms/


BUSCO: Assessing Genome Assembly and Annotation Completeness | https://link.springer.com/protocol/10.1007/978-1-4939-9173-0_14

https://link.springer.com/protocol/10.1007/978-1-4939-9173-0_14


» Methods | Network based (with some integration of the phylogeny) »

X1 Y1X2

Y2

Yb3

Ya3

X1 Y1 Y2X2 Yb3Ya3

Pairwise generated metric

E-value: the number of alignments you would expect to find by chance in a database of a given size. 

Bitscore: a normalized score that represents the quality of the alignment. It’s independent of the database size.



» Methods | Network based (with some integration of the phylogeny) »

https://academic.oup.com/mbe/article/37/11/3389/5865275



» Methods | Whole-genome alignment based »

https://www.science.org /doi/10.1126/science.abn3107
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https://www.annualreviews.org/content/journals/10.1146/annurev.genet.39.073003.114725


» Questions ? / Break ? »



» Whole Genome alignment »

» Conserved non-coding Elements (CNEs) »

» CNEs enrichment (extra) »



» Whole Genome alignment »

» Conserved non-coding Elements (CNEs) »

» CNEEs enrichment (extra) »



» Whole Genome alignment »



» Whole Genome alignment »

> Deeper Species-tree inference 

> Comparative gene annotation 

> Detection of selection / Conservation 

 - Multi-species map of genomic regions to a corresponding region in each other genome. 

 - Taking into account complex rearrangements and copy number changes. 

Common limitations are ‘reference bias’: 

 - Constrains a multiple alignment to only regions present in reference genome. 

 - Restricting the alignment to be ‘single-copy’, determining miss multiple-orthology relationships. 

Cactus (ProgressiveCactus) is a “reference free” whole genome aligner. 



» Whole Genome alignment »

Armstron et al 2020 Nature 



» Some of the applications (annotation) »

Fiddes et al 2018 Genome Research 

CAT (comparative annotation toolkit)



» Some of the applications (orthology inference) »

Kirilenco et al 2023 Science 



» Phylogeny / Introgression »



» Phylogeny / Introgression »



» Phylogeny / Introgression »



» Structural Rearrangements »



Schrader et al 2021 Nature Comm. 

» Structural Rearrangements »
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» Conserved non-coding Elements (CNEs) »



> A class of non-protein-coding genomic sequences with elevated degree of conservation. 

> CNEs are non-randomly distributed, clustering in the vicinity of genes with regulatory roles. 

> Organised into functional ensembles (regulatory blocks), which coordinate the expression of shared target genes. 

> The disruption of these elements contribute to diseases linked with development, and cancer.

» Conserved non-coding Elements (CNEs) »

Candidate Cis-Regulatory Elements (cCREs)



Xue et al 2023 Science 

Kvon et al 2016 Cell 
Lin et al 2016 Nature 

» Conserved non-coding Elements (CNEs) »



» How to identify these regions »

1.  A Model of DNA sequence evolution 

2. Phylogenetic tree



» How to identify these regions »

Neutral model+

Neutral evolving regions

WGA

+

neutral model
+

Other metrics 

(PhyloP)

 Conservation model

 Non-conserved model
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» Let’s start the exercise »
Some tools you probably going to need: 

 - Cactus 

 - halSummarizeMutations 

 - halAlignmentDepth 

 - wigToBigWig 

 - samtools 

 - …. and more … 

Don’t forget IGV! 



» ATAC-seq (Assay for Transposase-Accessible 

Chromatin using sequencing) »



» ATAC-seq (Assay for Transposase-Accessible 

Chromatin using sequencing) »



» ATAC-seq (Assay for Transposase-Accessible 

Chromatin using sequencing) »

Tagmentation 

The activity Tn5 (hyperactive) Transposase that inserts sequencing adapters into open 

regions of the genome and cleaves



» ATAC-seq (Assay for Transposase-Accessible 

Chromatin using sequencing) »

Purification



» ATAC-seq (Assay for Transposase-Accessible 

Chromatin using sequencing) »

Short-Reads Sequencing



» ATAC-seq (Assay for Transposase-Accessible 

Chromatin using sequencing) »

Van Belleghem et al 2023 Science 



» Let’s continue »



» Notes »
Some UNIX tools you probably going to need: 

- “>” Redirect 

- “|” Pipe 

- “sed” a stream editor 

For the extra task: 

- “seq” unix command to generate a sequence of numbers 

- For loop 



» Test for Acceleration »
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Dione+Agraulis+ 
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» Test for Convergence »



» Test for Convergence »



» Test for Convergence »


