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Premise: what is this about?

Sanger data versus capture/enrichment data

Deep Coalescence

Paralogy

Reticulation
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analysing target capture datasets
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Phylogenomics in GAP

Multiple low-copy nuclear genes

from sequence capture / target enrichment data

above species level, for phylogenetics

Syst. Biol. 68(4)59%4-606, 2019
@ The Author(s) 2018, Published by Oxford University Press on behalf of the Society of Systematic Biologists. This is an Open Access article distributed under the terms of the Creative
Commuons Attribution License (http: / fereativecommons.org /licenses, by /40 /), which permits unrestricted reuse, distribution, and reproduction in any medium, provided

the original work is properly cited.
DOE101093 fsysbio fsyy (86
Advance Access publication December 10, 2018

A Universal Probe Set for Targeted Sequencing of 353 Nuclear Genes from Any Flowering
Plant Designed Using k-Medoids Clustering

MATTHEW G. JOHNSONT-2*, Lisa POKORNY?, STEVEN DODSWORTH*#, LAURA R. BOTIGUE™?, ROBYN S. COWAN?, ALISON
DevaULT®, WOLF L. EIsSERHARDT®?, NIROSHINI EPrTawALAGE?, FELIX ForesT, JaN T. Kiv®, James H. LEesens-Mack®,
IL1A J. LErTcH®, Ouvier MAURING, DoucLas E. Sormis™ 10, PameLa S. Sortis” 1°, Gane Ka-SHu Wong!h 1213 WiLLiam
J. BAKER?, AND NORMAN J. WICKETTZ- ¥



Assembly
& contig
building

Amount
of raw data

Number
of regions

Behaviour
of loci

Type of
seq data

Ye olde PCR & Sanger data

forward read

-«

>

reverse read

Few Mb trace files
per sample

Usually 1-5 per study
Usually 2 phylogenies:
ribosomal & plastid

Often non-coding spacers
(ITS, trnL-trnF, psbA-trnH)

Enrich/capture & NGS

reference

>100s of Mb raw NGS reads
per sample

100s (angiosperm kit: 353)

Each nuclear gene inherited
+/- independently

Often protein-coding genes
— consider codon positions
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Assembly of reads - - No chimeric contigs!

i |
(HybPiper) — > Paralog Finder!
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. Gene 1
Alignments B
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Why don’t all gene trees agree with each other?

(And with the species tree?)

Conflicts in the data are common

Three main processes:
e Lineage sorting / coalescence
e Gene duplication and loss

e Reticulation

Good early summary:
Maddison 1997, Syst. Biol.




To consider in each case

What happened?

= hypothesised biological process




To consider in each case

What happened?

= hypothesised biological process

- Genel Gene2  Gene3
How does the process present in eng ene ene

the data?
‘ideal case’



To consider in each case

What happened?

= hypothesised biological process

i G 1 G 2 G 3
How does the process present in €ng ene ene

the data?

‘ideal case’

v

Species
How to infer the species tree?

= approaches and software ?



Deep coalescence

Random sampling of alleles into
descendent species lineages




Lineage sorting / coalescence

What is happening? Alleles paraphyletic to those in sister
species
Ancestral allele diversity is = ‘Incomplete Lineage Sorting’

sampled by descendants
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Side note on classification

Does not (necessarily) mean that the species
is badly circumscribed

“This species is non-monophyletic” is not a
meaningful sentence if sexually reproducing

(See: Hennig 1970, Phylogenetic Systematics)

We don’t classify gene copies, but specimens

Genealogy inside species

Species relationships

bl



Lineage sorting / coalescence

Lineage sorting = alleles in species
becoming monophyletic through

genetic drift

Coalescence = extant alleles
merging into ancestors back in time

Coalescent Model = estimating
coalescent times based on effective
population size (Ne), which is
genetic diversity divided by 4 x
mutation rate (L)




Lineage sorting / coalescence

Consequences in phylogenetics:

Incomplete Lineage Sorting =
non-monophyly of alleles in
species is resolved by Genetic
Drift, but...

...short time between speciation
events

4

large effective population size

Deep Coalescence

Deep coalescence unlikely

Deep coalescence likely

AYTime

Pop.
size
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Deep coalescence

How does it present in the
data?

Gene tree incongruence

But if this is the only issue:

Alleles from each species are
relatively closely related




Deep coalescence
How to infer the species tree?

Easiest option:

lgnore the problem and use
concatenation

Often works well enough
(Smith & Hahn, 2020)

concatenated data

Species




Bayesian multi-gene

coalescent #=- Beast?2

Bayesian evolutionary analysis by sampling trees

o StarBEAST, www.beast2.org

o Estimates species tree and all

gene trees at the same time = 3 3
.tf'?ﬁ: £t EE
e Ultrametric tree, thus rooted SR
Downsides:
o Computationally intensive, Species
slow

e Problems with missing data /
patchy matrix


http://www.beast2.org/

Short-cut methods Gene 1 Gene 2 Gene 3

e Many options, e.g. ASTRAL
https://github.com/smirarab/ASTRAL

e Infer species tree from gene trees

e Can deal with missing data

e Extremely fast

Downsides:

e Gene tree topologies fixed Species

e Less reliable for deeper
phylogenetics (Smith & Hahn, 2020)

e Branch lengths often meaningless

« Needs outgroup rooting


https://github.com/smirarab/ASTRAL

Gene duplication and loss

Paralogs and orthologs




Gene duplication and loss
What happened?

e Gene duplication or

e« Genome duplication

Both copies of original gene
retained in the descendants

Potentially specialisation of
gene functions

Genes can also, of course,
be |lost

Species A

Ancestor

Species B

. gene
duplication



Gene duplication and loss

Orthologs = descended from Paralogs = descended from
same ancestral sequence different ancestral sequences
after gene duplication after gene duplication

— gene tree interferes
with species tree

Species A

Ancestor

dojoyyio
do|jesed

Species B

. gene
duplication




Example alighment

Note how the same patterns reoccur in several
samples.

Olearia alpicola AGO73 20M 132333.0 NODE 3 length
Olearia alpicola AGO73 20M 132333.1 NODE 2 length
Olearia alpicola AGO73 20M 132333 main NODE 1 le
Olearia cydoniifolia AG092 20M 132392.1 NODE 2 ler
Olearia cydoniifolia AG052 20M 132392 .main NODE 1
Olearia cymbifolia AG174 20M 132335.0 NODE 1 len
Olearia cymbifolia AGL74 20M 132335.1 NODE 2 len
Olearia cymbifolia AG174 20M 132335 main NODE 3
Clearia erubescens AGL00 20M 132331.0 NODE 1 le
Olearia erubescens AGL00 20M 132331.1 NODE 2 le
Olearia erubescens AGL00 20M 132331.main NODE
Olearia megalophylla AG127 20M 13235%9.0 NODE 1
Olearia megalophylla AG127 20M 132359.2 NODE 3
Olearia megalophylla AGL27 20M 132359 .main NODE
Olearia myrsinoides AG135% 20M 132348.1 NODE 1 e
Olearia myrsinoides AG135 20M 132348.2 NODE 2 e
Olearia myrsinoides AG135 20M 132348 main NODE
Clearia nummularifolia AG175 20M 132363.0 NODE 1
Olearia nummularifolia AG17% 20M 132363.1 NODE 3
Olearia nummularifolia AG17S 20M 132363.main NOL
Olearia persoonioides AG142 20M 132385.0 NODE 2
Olearia persoonioides AG142 20M 132385.main NOD
Olearia solandri AG176 20M 132393.0 NODE 1 lengt
Olearia solandri AG176 20M 132393.1 NODE 3 lengt
Olearia solandri AG176 20M 132393 . main NODE 2 le




Gene duplication and loss

How does it present in the
data?

Ideally, species replicated in N
parts of gene tree for N gene
duplication events

Realistically, gene losses and
failure to amplify make gene
trees less complete -

Ortholog group 1

Ortholog group 2

@

Ortholog group 1

Ortholog group 2

——




Gene duplication and loss

How to infer the species tree

Easiest option:

Chuck out genes with paralogs




Gene duplication and loss

How to infer the species tree

Shortcut methods

o Infer species tree directly
from gene trees incl. paralogs
(same problem as before).

e« Minimise Gene Duplications
and Losses, e.g. iGTP.

e Likelihood, e.g. GeneRax.

icTP®

Gene 1 Gene 2 Gene 3

C &

Spemes



Gene duplication and loss

How to infer the species tree
Ortholog group 1

Bioinformatically separate
ortholog groups using gene tree
topologies

(Yang & Smith, 2014)

Ortholog group 2

Ortholog group 1

Problem if gene tree too
incomplete - Ortholog group 2

00—

...but can’t tell, because no sample 2x in gene tree



Approach #1:
Monophyletic
Outgroups (MO)
Move recursively up
from the root and

check at each node if

the two daughter
clades contain

duplicated terminals.

———— Olearia phicgopappa subsp_continentalis_ AG143 2M_ 132204
Olearia_heterocarpa_AG110_2M_13226

Olearia_ lepldcphylla___Am23__2M___132226
Olearia_canescens_subsp_canescens AG086 2M 132239
Olearia_rotundifolia_ AG154 2M 132232

Olearia_frostii AG104_2M 132222

Olearia_ramulosa_AG151_2M_ 132212
g Olearia_exiguifolia_AG101_2M_ 132237
Olearia_paucidentata_AG141_2M_132249
Olearia_cordata_AG090_2M_132228

Olearia_picridifolia_AG144_2M_132261
Olearia_burgessii_AG084 2M 132258
L——— Trichanthodium_skirrophorum LL156 2M 132216
r Olearia_elaeophila_ AG096_2M 132244
Ol

earia_microdisca_AG128 2M_132251
Olearia_eremaea AGO098 2M 132259
Olearia_ |mbrlcata nG115 2M 132206
— —: Brachyscome_ptychocarpa_AG048_2M_132215
Olearia_teretifolia_AG166_2M_132221
Olearia_axillaris_AG080_2M_132240

Olearia_revoluta_AG152_2M_132254
Olearia_brachyphylla_AG082 2M 132256

Olearia_ballii_AGO081_2M_132255

Olearia_ericoides AG099 2M 132219
'——— Olearia_arguta_var _arguta AGO76 2M 132224
Olearia_laciniifolia AG118 2M 132248
Olearia_lanuginosa_AG120 2M 132253
[ Brachyscome_gilesii_AG027_2M_132227
Brachyscome_bellidioides AG005_2M_132209

Brachyscome_exilis_AG025_2M_132211

| Brach l | AGO010_2M_132266
|f they dO’ remove the | i yswml %r:'cf;?c;;re gra]:i?e'?:esaAGnus 2M_132247

smaller daughter
clade.

Brachyscome rigidula AG052 2M 132225
Brachyscome gracilis AG029 2M 132217
Brachyscome obovata AG041 2M 132263
—————————— Brachyscome papillosa AG043_2M 132260

Brachyscome basaltica AG004 2M 132245

Brachyscome_goniocarpa_AG028 _2M 132210
Brachyscome_smithwhitei_ AG057_2M_132229
Brachyscome_tamworthensis_AG062_2M_132238

Brachyscome_tetrapterocarpa_AGO065_2M_132242
E— Brachyscome_melanocarpa_AG035_2M_132252
—— Olearia_astroloba_AGO79 2M_ 132246
Olearia_gordonii AG107_2M_ 132214
Brachyscome procumbens AG047 2M 132236
Olearia_cydoniifolia_ AG092 2M_132264.1
Olearia_alpicola_ AG073 2M 132205
Olearia_myrsinoides AG135 2M 132220
Olearia_erubescens_AG100_2M_132203.main
Olearia_argophyila_AG075_2M_132241
Olearia_cymbifolia_AG174_2M_132207
M 132264.0

Olearia_nummularifolia_
—— Olearia |

cordata_AG137_2M_132243 ———e
iifolia_ AG092 2M_132264.main
Olearia_nummu .main

Celmisia_discolor AG181_2M 132230
e Olearia_erubescens_AG100_2M_132203.1 e

Olaaria __megalophylla_AG127
 2M_132218
ri_AG176_2M_132265

I m—

M IULLphdHIb smlpbliub LL180 2M 1322:

I Myriocephalus_oldfieldii LL186 2M_132213.main

Olearia_persoonioides_AG142 2M 132257

h via_chubutensis.outgroup
| L Perezia_recurvata.outgroup

— Proustia_cuneifolia.outgroup

Trichocline_spathulata.outgroup
4|—|— Chaptalia_nutans.outgroup . . u g rou p

Mutisia_spinosa.outgroup

Barnadesia_odorata.outgroup



Approach #3:

Maximum Inclusion
(M)

Dissects the unrooted
gene tree into pieces
without duplicated
terminals, starting
with largest clade

Not recommended by
Yang & Smith

————— Olearia _phlogopappa subsp_continentalis_ AG143_2M_132204
___| Olearia_heterocarpa_AG110_2M_132262

Olearia_lepidophylla_AG123_2M_132226 1

Olearia_canescens_subsp_canescens_AG086_2M_132239
Olearia_rotundifolia_AG154_2M_132232
Olearia_frostii_AG104_2M_132222

Olearia_ramulosa_AG151_2M_132212
Olearia_exiguifolia_ AG101_2M 132237
Olearia_paucidentata_AG141_2M_’ 132249
Olearia_cordata_AG090_2M_132228

Olearia_picridifolia_AG144_2M_132261
Olearia_burgessii_AG084__ 2M_132258
L Trichanthodium_skirrophorum_LL156_2M_132216
Olearia_elaeophila_AG096_2M_132244

ﬁeaﬂa microdisca_AG128_: 2M 132251

Olearia_eremaea_AG098_2M_ 132259
Olearia_imbricata_AG115_2M_132206
— _: Brachyscome_ptychocarpa_AGO048_2M_132215

Olearia_teretifolia_ AG166_2M_132221

Olearia_axillaris_AG080_2M_132240
Olearia_revoluta_AG152_2M_132254
Olearia_brachyphylla_AG082_2M_132256

Olearia_ericoides_AG098_2M_132219
Olearia_arguta_var_arguta_AGO076_2M_132224
Olearia_laciniifolia_AG118_2M_ 132248
Olearia_lanuginosa_ AG120_2M 132253
[ Brachyscome_gilesii_AG027_2M_132227
1 Brachyscome_bellidioides_AG005_2M_132209
——————— Brachyscome_exilis_AG025_2M_132211
___| Brachyscome_ciliaris_var_lanuginosa_AG010_2M_132266
_ l Brachyscome_barkerae_AGO003_2M_132247
Brachyscome_rigidula_AG052_2M 132225
Brachyscome_gracilis_ AG029_2M_132217
Brachyscome_obovata_AG041_2M_132263
|—————— Brachyscome_papillosa_AG043_2M_132260
|| Brachyscome_basaltica_ AG004_2M_132245

Olearia_ballii_AGOB1_2M_132255

Brachyscome_goniocarpa_AG028_2M_132210
Brachyscome_smithwhitei_ AG057_2M_132229
Brachyscome_tamworthensis_AG062_2M_132238

{ Brachyscome_tetrapterocarpa_AGO065_2M_132242

o = &GU?Q 2Mn13mzezlggocarpa AGO035_2M_132252

earia_astrolo a

l_— Olearia_gordonii_AG107_2M_132214

Brachyscome_procumbens_AG047_2M_132236

Olearia_cydoniifolia_ AG092_2M _132264.1

Olearia_alpicola_AG073 2M_132205
Olearia_myrsinoides_AG135_2M_132220 4

Olearia_erubescens_AG100_2M_132203.main
Olearia_argophylla_AG075_2M_132241
Olearia_cymbifolia_ AG174_2M_132207

Olearia_cydoniifolia_AG092_2M_132264.0

Olearia_nummularifolia_AG175_2M_132235.0
Olearia_ledifolia_AG122_2M_132223
Olearia_obcordata_AG137_2M_132243

_‘I_ Olearia_cydoniifolia_AG092_2M_132264.main
Olearia_nummularifolia Aq'1?5 2M_132235.main

Celmisia_discolor AG181_2M
_r Olearia aruheaosns AG100_2M 1322D31
Olearia megalophylia AG127_2M 132231
—————— a_arborescens_AG172_2M_132218

| 1 lus_oldfieldii_LL186_2M_1
1 Myriocephalus scalpellus_LL180"2M 132233.2

Oleaﬂq_solandri AG176_2M_132265
r :rtoeephalus scalpellus_LL180_ 2;&[132233

= Myriocephalus_oldfieldii_LL186_2M_132213.main
rsoonioides AG142 2M 132257

Olearia




When paralogy is not an
issue

Duplication in terminal branch
of phylogeny is irrelevant:

Will present as
indistinguishable from
different alleles

Cannot mislead phylogenetic
analysis




Reticulation

Hybridisation, introgression, allopolyploidy,
chloroplast capture




Reticulation

What happened?

o Allopolyploidy / hybrid speciation

e Introgression / back-crossing / admixture

e Chloroplast (organelle) capture




Allopolyploid speciation
What happened?

Genome duplication
restores fertility of hybrid,
produces hybridogenic
species

Example:
Spearmint (Menta spicata)

= M. longifolia x suaveolens

genome duplication

|




Allopolyploid speciation

How does it present in the
data?

|deally, species or clade
placed with two parental
species across all gene trees

But: gene losses, gene tree
Incongruence




How to infer the species
tree

Easiest option: Remove
hybrids & hybridogenic
lineages from analyses that
assume tree-like structure of

data




Allele phasing

HybPhaser pipeline, separate talk by Lars Nauheimer
https://doi.org/10.1101/2020.10.27.354589




Australian
BioCommons

WEBINAR: Detection of and phasing of hybrid accessions in a target
capture dataset

Thursday, 10 June 2021
12:00 pm — 1:00 pm

Showcasing HybPhaser, a novel bioinformatics workflow for detecting and phase hybrids in target capture

datasets.
Presenter: Dr Lars Nauheimer, Australian Tropical Herbarium
More information here

Register here

https://www.biocommons.org.au/events/hybphaser


https://doi.org/10.1101/2020.10.27.354589

Introgression

Limited gene flow between
species (back-crossing
hybrids)

How does it present in the
data?

Only few genes affected -

Problem:

How to distinguish from
deep coalescence?




Distinguishing deep coalescence and
reticulation

“ABBA BABA” test

Phylogeny of three species and outgroup should
have many (((A,A),B),B)

Do we have more (((A,B),B),A) and (((B,A),B),A)
than expected?

Uses allele frequencies: best for SNP datasets
and multiple individuals per species.

http://evomics.org/learning/population-and-speciation-genomics/2018-populati
on-and-speciation-genomics/abba-baba-statistics/




Distinguishing deep
coalescence and
reticulation

Simulation test using age of
gene tree coalescence versus
age of species tree
coalescence (Joly et al. 2009,
https://doi.org/10.1086/600082 )

But doesn’t always work, see
cases C, D in Joly’s figure

Species Tree

Gene Tree
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http://evomics.org/learning/population-and-speciation-genomics/2018-population-and-speciation-genomics/abba-baba-statistics/
http://evomics.org/learning/population-and-speciation-genomics/2018-population-and-speciation-genomics/abba-baba-statistics/

Phylogenetic network analyses

Analyses modelling species tree
with and without gene flow, e.g.

BPP, https://github.com/bpp

Species Networks applying Quartets
(SNaQ; Solis-Lemus & Ané, 2016)
https://github.com/crsl4/PhyloNetworks.jl

Computationally intensive,
slow and limited to few species

Various methods in PhyloNet:
https://bioinfocs.rice.edu/phylonet


https://doi.org/10.1086/600082

Chloroplast capture

Organelles jump species more
easily than nuclear genes
(Stegemann et al., 2012)

How does it present in the data?

Nuclear data  consistently
support one topology,
chloroplast another

E.g., Cassinia group in Australian
Asteraceae -

100s of
low copy
nuclear
=

[::j =

S53¢p ==
genes ‘



https://github.com/bpp
https://github.com/crsl4/PhyloNetworks.jl
https://bioinfocs.rice.edu/phylonet

What if case isn’t clear?
Consider biological plausibility

Choice of approach depends on assumptions

The more distant, the less likely are hybridisation and
deep coalescence




Summary

Deep coalescence:
e Large pop sizes & rapid speciations

e Phylogenetic methods available

Pa ralogv Ortholog group 1 I—:E

e Ancestral gene/genome duplication I_E:
O
®

g TS
]
.

e Bioinformatic & shortcut methods Ortholog group 2 |

Reticulation

e Hybrid speciation or introgression

e Phylogenetic methods for few-species cases

Ideal cases easy to recognise, but IRL...

And all of them can happen in the same phylogeny!



Background, overview and theory

Altenhoff AM, Dessimoz C, 2012. Inferring Orthology and Paralogy, pp. 259-279 in: Maria Anisimova (ed.),
Evolutionary Genomics: Statistical and Computational Methods, Volume 1,Methods in Molecular Biology, vol.
855, Springer. https://people.inf.ethz.ch/adriaal/orthology-bookchapter.pdf

Barker MS, Arrigo N, Baniaga AE, Li Z, Levin DA, 2016. On the relative abundance of autopolyploids and
allopolyploids. New Phytologist 210: 391-398. https://doi.org/10.1111/nph.13698

Folk RA, Soltis PS, Soltis DE, Guralnick R, 2018. New prospects in the detection and comparative analysis of
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