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Goals for Today's Workshop
1 Understand the principles of graph-based O’.thoDB

orthology delineation using OrthoDB as an example

1 Learn how to browse and query OrthoDB BUSCO

1 Learn how to use BUSCO to assess genomics data

[ Learn how to formulate comparative genomics
questions, develop and apply approaches to
address them (with a focus on using orthology
data), and then critically interpret them, through
case studies from arthropods
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Comparative Genomics Hands -0On:
Concepts and Applications

OrthoDB orthology and BUSCO quality ‘5 Species & gene tree estimation

BUSCO Assessment Results
:E Complete (C) and single-copy (5) . Complete (C) and duplicated (D)
Fragmented (F) B Missing (M)
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| Quick Quiz I

https://forms.gle/
YWgAWDSSKwmIRR1g7

?vt;\issOrthology |




How familiar are you with OrthoDB, the hierarchical catalogue of orthologues? I_|:| Copy

13 responses

@ | have never heard about OrthoDB

@ | have heard about OrthoDB, but never
visited the websita

@ | have visited the OrthoDB website, but
not really used it much

@ | have used OrthoDB data a bit in my

research
@ | have used OrthoDB data a lot in my
research
How familiar are you with BUSCO, the Benchmarking Universal Single-Copy |_|:| Copy

Orthologues?

13 responses

@ | have never heard about BUSCO

@ | have heard about BUSCO, but never
visited the website

@ | have visited the BUSCO website, but
not really used the tool much

® | have used the BUSCO assessment
tools a bit in my research

@ | have used the BUSCO assessmant
toals a lot in my research
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Orthology Delineation

What is orthology?

How do we delineate orthologs?

And why do we need to?
(species/gene trees/copy-number)




Orthology — what is it?

Homology

Orthology




Orthology —what is it?

Homology

“designates a relationship of common descent

between any entities, without further
specification of the evolutionary scenario”

Orthologs, Paralogs, and
Evolutionary Genomics'

Annu. Rev. Genet.

Eugene V. Koonin =
2005. 39:309-38
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Orthology —what is it?

“ogenes originating from a single ancestral
gene in the last common ancestor of
the compared genomes”

Orthology

Orthologs, Paralogs, and
Evolutionary Genomics'

Annu. Rev. Genet,

Eugene V. Koonin s
2005. 39:309-38
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Orthology — what is it?

“paralogs are

genes related via duplication”

Paralogy
Orthologs, Paralogs, and
Evolutionary Genomics'

Annu. Rev. Genet,

Eugene V. Koonin
2005. 39:309-38
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Orthology — what is it?
Homologs

Common Ancestor

Orthologs Paralogs
: Speciation Duplication
- Event Event




Sequence Homology —whatis it?

Homology between protein or DNA sequences 1s typically
inferred from their sequence similarity

If%f-fl‘-" _Jl ﬂ‘J Llwlﬂélll EIR‘"EIEIGI‘I ﬂ]_?‘f & B
Sequence homology search tools, e.g. BLAST,
attempt to detect ‘excess’ similarity
1.e. greater similarity or identity than expected by chance

=> statistically significant similarity
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Sequence Homology —whatis it?

“the link between similarity and homology
is often misunderstood”

An Introduction to Sequence Similarity (“Homology”) Searching

William R. Pearson’
"University of Virginia School of Medicine, Charlottesville, VA

A pair of sequences can have high or low sequence similarity
But this does not translate to strong or weak homology!

Homology 1s the conclusion, i.e. given the level of similarity
the sequences are likely to have arisen from a common ancestor

© Robert M. Waterhouse




Sequence Homology —whatis it?

“the link between similarity and homology
1s often misunderstood”

“strong homology" X

PubliQed®

Advanced Createalert Create RSS User Guide
‘ Save | Email Send to Sort by:  Most recent s |J,_: ‘ Display options -!:l-'

LS By S 1,423 results ge | 1 of2s > D

O_..-i“II.“lIIl._ﬂ--..O

2023

1976

It 1s still worth pointing this out 1n 2023!
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Orthology — simple scenario

Last Common
Ancestor
(LCA) of all 6 species

Frog gene
—'* Duck gene
* ‘ Rat gene
Mouse gene
¥
Chimp gene
* Speciation Events —*

Human gene

© Robert M. Waterhouse

Single-Copy Orthologs
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Evolution Z simple

Last Common
Ancestor
(LCA) of all 6 species

Frog gene
—*' @)
* ‘ Rat gene
* Mouse gene
Chimp gene
* Speciation Events —*
AND: Gene Loss Events

Human gene

Single-Copy Orthologs with Losses




Evolution Z simple
Last Common Human gene 1 & 2 = paralogs

Ancestor
(LCA) of all 6 species

_‘* o
* ‘ Rat gene
Mouse gene
¥
Chimp gene
* Speciation Events *

AND: Gene Loss Events Human gene 1
AND Gene Duplication Events Human gene 2

Single-Copy Orthologs w1th Gains

Frog gene
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Evolution Z simple

ast Common Rat gene 1 & 2 = paralogs
(Lca)of all 6 species  Mouse gene 1 & 2 = paralogs
Frog gene
—*' o
* Rat gene 1
—_— Rat gene 2
Mouse gene 1
' Mouse gene 2

Chimp gene
* Speciation Events *

. DANGD GeI|)1e I[oss EveEts Human gene 1
N ene Duplication Events L Humangene 2

Single-Copy Orthologs w1th\icé;ams
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Evolution Z simple

Last Common .
Ancestor + fast sequence divergence
(LCA) of all 6 species
Frog gene
Rat gene 1

Rat gene ?

¥ -

Mouse gene 1
Mouse ge%e 2

Chimp gene

* Speciation Events
’ DéNGD: GeI;\e I[pss ]EveEtS Human gene 1
ND: Gene Duplication Events ___ Humangene 2

Single-Copy Orthologs with\i\(é;ains
O
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Evolution & simple

Last C
FAncestor Paralogs R1+R2 M1+M2 H1+H2
(LCA) of all 6 species
Frog gene
Rat gene 1

¥ -

Rat gene ?

Mouse gene 1
Mouse ge%e 2

Chimp gene

* Speciation Events
’ DéNGD: GeI;\e I[pss ]EveEtS Human gene 1
ND: Gene Duplication Events ___ Humangene 2

Orthologs F+R1+R2+M1+M2+C+H1+H2
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Orthology —what is it?

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

= = Speciation

o Gene Duplication

& Gene Losa/Pseudogenization
LCA Last Common Ancestor

LCA1AB ;|
i >

7N

L

LCAZ A-B-C-D

3

S - ..LCA3 c-D P

. . =1 :
\ ' L .
Orthologous Groups L \%’ /

LCAT: A1 B1,B2
LCAZ: A1, B1, B2, C2, C3, D1, D2, D3

LCA3: C2, D2 - group 1
C3, D3 - group 2
D1 - singleton

< OrthoDB: the hierarchical catalog of eukaryotic

%z orthologs in 2011

Species A
Al

Species B
B1
B2

Species C

c2
c3

| | D1

Species D

D3

=% Robert M. Waterhouse'?, Evgeny M. Zdobnov'*®, Fradrik Tegenfeldt'=, Jia Li"* and

Z= Eygenia V. Kriventseva'®*




Orthology Delineation

What is orthology?

How do we delineate orthologs?

And why do we need to?
(species/gene trees/copy-number)
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Orthology Delineation

= UNIVERSITE

OrthoDB .:: Gen @

Text ¥ | e.g. hsp70, sex-lethal, "cytochrome c", kinase -serine » Advanced Submit
The hierarchical catalog of orthologs
mapping genomics to functional data
Eukaryotes Prokaryotes Viruses Genes
1,952 18,158 7,962 100M

EZlab BUSCQO LEMMI miRmap NewickUtils © 2023 EM Zdobnov lab - Disclaimer - UniGe / SIB

-
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How do we delineate Orthology?
tree-based approaches graph-based approaches

Frog

@ Frog

O Duck
—. Rat
—@ Mouse

—@ chimp Chimp Mouse

—. Human Human

Duck

Rat

Single-Copy Orthologs
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Graph -based best -recijprocal -hits

Species C




Within -clade duplications

G mMm O QOW>» QW >
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Real-world data can be messy!

msmb TNIG 2 , TRUSZ ‘*Mb, - W_GEM_L
PCAPE , ECARA, @TAUR, porOT,
RNo®y o

Real example:

POP3 missing from 10 vertebrates

POP2 missing from 4 vertebrates

Two orthologous groups start to
merge into one

mss?aa-. ORANAT DNOVE, STRID, geAPL




How do we delineate Orthology?
tree-based approaches graph-based approaches

Frog

@ Frog

O Duck
—. Rat
—@ Mouse

—@ chimp Chimp Mouse

—. Human Human

Duck

Rat

Single-Copy Orthologs
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Orthology Delineation

What is orthology?

How do we delineate orthologs?

And why do we need to?
(species/gene trees/copy-number)




| Quick Quiz I

https://forms.gle/
1nAyRyriwTNtuwvie

fvmssOrthology |
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Which description best describes your understanding of orthology? Orthologues are LD Copy
genes in different species ...

12 responses

@ ... that evolved from an ancestral gene
without duplications or losses

@ .. that perform the same specific
biclogical function

@ ... that evolved from a single gene in the
last common ancestor

@ ... that have the highest significant
sequence homology

@ .. that produce a gene tree that matches
the species phylogeny

Which description best describes your understanding of how OrthoDB delineates |_|:| Copy
orthology?

12 responses

@ Gene trees are reconciled with the

known species tres to define speciations
/!

y and duplications
/ 16.79% @ Best-reciprocal-hits determine how
y genes are progressively added to form
orthologous groups
@ The full all-against-all best-reciprocal-hit
graph is progressively spiit to define
groups of orthologues
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Orthology — why do we need it?

1) Tracing the Evolutionary Histories of all genes in extant species
2) Building Hypotheses on Gene Function informed by evolution

Number of genes: 2°000 4'000 6'000 8'000 10'000 12000  14'000 16'000 18000
Drosophila melanogaster || .‘..
‘if‘ Diptera (37)
Bombyx mori - D L 1)

* Lepidoptera (5)

Tribolium castaneum Pp>®
*- Coleoptera (4)

Apis mellifera ..
i % Hymenoptera (25) - :
-
Pediculus humanus ..

& Other Insecta (8)

Widespread Limited Diptera  Lepidoptera Coleoptera Hymenoptera Other Insecta D Homology Annotations
Majority [ /= [ | - | = = . )
Minorty = = = = = =3 [ NoHomoogy without @@with




Orthology # Function -+~ BUT ---

By tracing the Evolutionary Histories of all genes in extant species
We can build Hypotheses on Gene Function informed by evolution

“validity of the conjecture on functional equivalency of orthologs 1s
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 1s
the only means of detailed functional characterization.”

Annu. Rev. Genet.
2005. 39:309-38
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Evolutionary histories:. classes

N COLEOPTERA

No homology &
Self-only homology B
Arthropod homology [
Orthology ®
Lineage-restricted

B [ 15 species
’ W | 3sets

Widespread

Clade-specific
& variable -
count
orthologues

HEMIPTERA
PSOCODEA
BLATTODEA

HYMENOPTERA
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Species Tree Estimation

A - M. occidentalis
- Acari: Parasitiformes ,
@ g — . scapularis
sl - Araneae s mimosarum
Acari: Acariforme :
* SRS T. urticae

- D. melanogaster
.............. T. castaneum

---------------- P. humanus
~ Crustacea pulex

- L. gigantea
C. teleta
................................ D. rerio
R, T R i DA H. sapiens

Phylogenomics with single -copy orthologues
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Gene Family Tree Building

All lonotropic
Receptors
OrthoGroups
in three species:
conserved and
dynamic IR OGs

Matthews et al
2018, Nature
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Ancestral Copy -Number Reconstruction

=
M
=

. Superbus
waltoni
confusus
. Soroeensis
consobrinus

. difficillimus
haemorrhoidalis
. opulentus

. skorikovi

. turneri

B. picipes

B. impatiens

B. ignitus

B. terrestris

[128] B. polaris

[144] B. cullumanus
{141] B. sibiricus

[T46] B. breviceps

{143] B. pyrosoma

Bumblebee Odorant Receptors : two major gene loss events

L 124 ‘ Md

=y
M|
)

HEEEE
M Q| =] |
WO LD mmm

144
144
144
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Dynamically evolving families

Many of the most biologically interesting genes and gene
families show highly dynamic evolutionary histories

REPRODUCTION

© Robert M. Waterhouse




Goals for Today's Workshop
1 Understand the principles of graph-based O’.thoDB

orthology delineation using OrthoDB as an example

1 Learn how to browse and query OrthoDB BUSCO

1 Learn how to use BUSCO to assess genomics data

[ Learn how to formulate comparative genomics
questions, develop and apply approaches to
address them (with a focus on using orthology
data), and then critically interpret them, through
case studies from arthropods

© Robert M. Waterhouse




Assessing genomics dala quality: BUSCO
What is BUSCO?

How does BUSCO work?

Why do we need BUSCO?
(BUSCO in action)
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Genomics for Everyone!
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Rapidly increasing numbers of genomes

Taxa with: B Chromosome-Level Genomes | Other Genomes @ No Genomes

63.16% 47.24% 12.35% 226%  0.28% 58.62% 47.77% 24.79% 3.95%  0.65% 84.62% 64.08% 48.32% 14.17% 2.36%

2’840 of 17of T50f  207of  6820f  13B4of 550f  157Tof  44Tof  116Bof  44S3of
245 %25 8241 18B'964

100% 89.09% 56.51% 16.44% 2.87%

130f  14Tof  6290f  17520f  2972of 12of G0of  37Bof 1488 of
13 185 1113 10857 103426 19 127 3061 65651 91276t 29 157 835 17281 212262 65

class order family genus species class order family genus species class order family genus species class order family genus species



Rapidly increasing numbers of cool genomes
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BioGenome Projects producing new data

CALIFORNIA
- USDA CONSERVATION
55 ﬁ United States Departmant of Agriculture G E N oM Ics -l
Agricultural Research Service PROJECT Eunapea RIFERENCE GENoME ATLAS
Ag100Pest Initiative (Ag100Pest) The California Conservation Genomics Project (CCGP) European Reference Genome Atlas (ERGA)
primary-haploid [ alternate-pseudohaplotype | i primary-haploid | alternate-pseudohaplotype [ i primary-hapluidl alternate—pseudohaplotype.
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How can we gauge the quality of these resources?

1) Does the assembly size match the expected genome size?
2) How fragmented is the assembly?

Assembly contig or scaffold N50 size:
half the assembly is found on contigs/scaffolds of length N50 or greater

N50
A B s s P S S S B B R N EERE

50%

3) How ‘gappy’ is the assembly?

4) Does the assembly contain all the genes it is expected to?
How much of a multi-life-stage transcriptome maps back to the assembly?
How many of the ‘expected’ genes are actually in the assembly?

© Robert M. Waterhouse




BUSCO: evolutionarily expected genes

Widespread genes in extant species from a given taxa
should be present in any newly sequenced species

o> M D
- am ™
% Features in common: Therefore we EXPECT:
< 6 legs 6 legs
§ 2 compound eyes 2 compound eyes
= 1 pair of wings 1 pair of wings
5 Etc. Etc.
-2
(=]
o
@)




BUSCO: evolutionarily expected genes

Widespread genes in extant species from a given taxa
should be present in any newly sequenced species

Number of genes: 2000 4000 6'000 000 10000 12000  14'000  16'000  18'000
Drosophila melanogaster .‘..
*_ Diptera (37)
Bombyx mori o0
* Lepidoptera (5)
Tribolium castaneum ‘ ....
ag Coleoptera (4) | ‘
Apis mellifera 0PSO
i % Hymenoptera (25)
A
3 Pediculus humanus 0II*
2 — Other Insecta (8) | |
) - T T
';5 Widespread\ Limited Diptera  Lepidoptera Coleoptera Hymenoptera Other Insecta D Homology Annotations
= Majori /| [ - | = | . )
5 Minori — [ [ = = O [] NoHomology WIthout.mm
S
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BUSCO: looking for widespread & unique genes
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Drosophila
melanogaster

orthology with
genes from 80
insects
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single-copy
to mostly
multi-copy

From present
universally
to present
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Duplicability

Orthology Landscape

A maturing understanding of the composition
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BUSCO: looking for widespread & unique genes

Benchmarking Universal
Single-Copy Orthologues

Orthology Landscape

Number of orthologous groups

€ UEST FOR @] UALITY
“BUSCO CALIDAD”

“BUSCO QUALIDADE"

Genome analysis e cioinformatics

BUSCO: assessing genome assembly and annotation
completeness with single-copy orthologs

Fallps A Simae”, Rooadt M. Wilehoas o™ Pansgots eanmds. Evgana V Knventeeva Evgony M Zdaanoy

specific | sparse

http://busco.ezlab.org
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BUSCO: looking for widespread & unique genes

Orthology Landscape

Ortho-Groups with genes
found in the majority of species
as single-copy orthologues

Evolutionary Expectation
for them to be found in any
newly-sequenced genome

Number of orthologous groups

Implemented Assessments
Gene Content Completeness y. .. .
# genome assemblies s = = i
# annotated gene sets
# assembled transcriptomes

Bonus Features
# genes for phylogenomics
# gene predictor training

http://busco.ezlab.org
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BUSCO completeness assessments

Genome 3 3 C,DF M
Assembly
C: Complete

D: Duplicated
/ ¢ F: Fragmented

- - o

© Robert M. Waterhouse




BUSCO completeness assessments

C,D,F,M

C: Complete
D: Duplicated
F: Fragmented
M: Missing

s
A

3 Identify > Predict —_>

tBLASTN Augustus® HMMer

N 4 \
[ Jer{ e ]

*v5 for speed: Augustus replaced
with Metaeuk which also removes
time-consuming tBLASTn step

© Robert M. Waterhouse




ldentify and classify orthologues — HOW?
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Species filtering to select best representatives from each clade
- Avoiding biasing the alignments with closely-related species
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BUSCO completeness assessments

BUSCO sampling space ]
2
For each clade/lineage ... 1. High universality «—f S
+60 O
w
D
E.g. vertebrates, arthropods, or fungi Vertebrata o
Mouse's Orthologs present in +50 3
orthologous groups - <}
_ _ > 90% of the species Q
Filter OrthoGroups to retain those: » Arthropoda , _ Lo &
55 Fly's (considered as universal) @
b  So0% - i/ orthologous groups _g

- >
. resent in 0% gpec1e§ Furigl 7] 50-90% L3 @
- Single-Copy in >90% species Yeast's ] 0-50%

orthologous groups ° > 90% of the species

To obtain lineage datasets of with single-copy genes

2. Low duplicability e———

Benchmarking Universal
Single-Copy Orthologues

0-10 10-20 20-30 30-40 40-50 50-60 60-70 70-80 80-90 90-100
% species with single-copy genes in universal orthologous groups
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Building BUSCO lineage dalasels

ch orthologous group

= N VA3C
s il =
NEBEH = TE
T T = =

1) Multiple protein sequence alignments for ea

M-ELE { NNV H = F AR

2) HMM profiles from alignments 3) Consensus sequences
for searching protein sequences for searching genome assemblies

4) Consensus sequence variants 5) Augustus block profiles
for searching genome assemblies for predicting gene models
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‘ Building BUSCO lineage dalasels I

Filtering of initial BUSCO sets

HMM profiles run against all proteins
from all input species

Score and length cut-offs fine-tuned for each BUSCO
to maximise sensitivity and specificity

Only BUSCO profiles with high sensitivity
and specificity are kept

Testing of BUSCO profiles on non-input species
remove BUSCOs whose Augustus/MetaEuk step fails ‘§,
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ldentify and classify orthologues — HOW?

Input BUSCO —_— Aligned to their [EE=- Score and length

Assessed
Proteins \
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BUSCO completeness assessments

C,D,F,M

C: Complete
D: Duplicated
F: Fragmented
M: Missing

s
A

consensus block profiles

Genome Identlfy Predict >
Assembly reglons genes
tBLASTN Augustus/Metaeuk HMMer
vanants
@

HMMs
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| Quick Quiz I

https://forms.gle/
Wd7ZZTfUgpoVsPsB9

?vt;\issOrthology |
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Which description best describes your understanding of what BUSCO aims to achieve? I_D Copy

13 responses

@ To assess the sequencing quality of
genomic data including genomes, gene
sets, and transcriptomes

@ To identify and score all highly
conserved genes in a newly sequenced
and annotated genome or transcriptome

) To estimate completeness of genomic
data including genomes, gene sets, and
transcriptomes in terms of expected
gene content




Assessing genomics dala quality: BUSCO
What is BUSCO?

How does BUSCO work?

Why do we need BUSCO?
(BUSCO in action)
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BUSCO research applications

Many genomics studies now using BUSCO - what for?
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Total Number of Genes in Official Gene Set
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Percentage of Arthropod BUSCOs Found

BUSCO in action: insect gene sefs

Large gene sets are
not necessarily complete

A maturing understanding of the composition

'@ sfles of the insect gene repertoire

L 7:15=23

Robert M Waterhouse =%

Small gene sets are

not necessarily incomplete
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» Missing: An. maculatus - fragmented assembly

* Most remarkably complete in terms of genes
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‘ BUSCO uftilities beyond Quality Conftrol |

» Comparative Genomics
» Gene Predictor Training

» Phylogenomic Analyses
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BUSCO in Comparative Genomics

| B c et I D 1l

to incomplete
datasets
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BUSCO in Gene Predictor Training

% match of ab initio gene model to official gene set annotation: B 100% B 98% @ 95% O 90% O <90% O No matches

Augustus
fly

@ gusco

tomato
v
1
80

BUSCO
embryophyia
fly
(©) Busco
diptera
(d) tribolium
BUSCO
endopterygota
I 1 1 1
0 20 40 60

% of all official gene set annotations

BUSCOs, being generally widely- and well-conserved genes, offer ideal predefined sets for
such training procedures, even without the need to first perform RNAseq
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BUSCO in Phylogenomic Analyses

[ Complete, found in all species in single-copy, retained to build the phylogeny | Complete duplicated, unused

[l Complete single-copy, but not found in all species, unused
Euarchontoglires

BUSCO lineages
Genes retained for superalignment Total

*Phodopus

campbelli
*Abrothrix
longipilis

Mus musculus

Jaculus jaculus

*Castor canadensis

Dipodomys ordii

*Marmota
monax

e QOctodon degus

Cavia porcellus

Heterocephalus glaber

0.05 s.5. *Fukomys darlingi

~—— 355,000 AA ——

Eu

Superalignment length: Ma.[

O Phylogenomic analysis runtime
@ Average BUSCO runtime

[l Absent or incomplete, unused

Metazoa Mumber of
input
sequences

‘ 155 978 |

12,987

l *9,743
l ‘218,355
— B
I

—l

9,797

Estimating true
phylogenetic relationships
among organisms is a
prerequisite to almost any
evolutionary study

BUSCOs represent
predefined sets of reliable
markers where assessments

of genomes, annotated gene
sets, and/or transcriptomes
can identify shared subsets
from different types of
genomic data for
phylogenomics studies




‘ BUSCO utilities —BUSCO in action

» Quality Control

» Comparative Genomics
» Gene Predictor Tramning

» Phylogenomic Analyses




Goals for Today's Workshop
1 Understand the principles of graph-based O’.thoDB

orthology delineation using OrthoDB as an example

1 Learn how to browse and query OrthoDB BUSCO

1 Learn how to use BUSCO to assess genomics data

[ Learn how to formulate comparative genomics
questions, develop and apply approaches to
address them (with a focus on using orthology
data), and then critically interpret them, through
case studies from arthropods

© Robert M. Waterhouse




