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WAYS TO STUDY PHYLOGENETIC METHODS

o Different ways of studying methods of phylogenetic
estimation should complement each other

Mathematical

(proofs of consistency, invariants)
-- very “clean”

Empirical < S Simulations

-- data can be very “dirty” -- data are relatively “clean”
-- true tree unknown -- true tree known
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OUTLINE

o Why are birds interesting for phylogenetics?

o Biological and technical challenges
o The “Usual Suspects”
o Recombination landscape of genomes
o Sequence assemblers

o Comparison of inference methods
o Including distance methods (METAL)



WHY BIRDS? PRIOR INFORMATION!

o Large number of phylogenomic studies

Citation # of Loci Data Type(s) # of Taxa?
Multigene'
Hackett et al. (2008) 19 Introns 169
Harshman et al. (2008) 20 Introns 14 (Palaeognathae)
Haddrath and Baker (2012) 27 Coding exons and introns 23 (Palaeognathae)
Wang et al. (2011) 30 Introns 28 (Telluraves)
Kimball et al. (2013) 31 Introns 77
Smith et al. (2013) 40 Introns 10 (Palaeognathae)
Reddy et al. (2017) 54 Introns 235
Liu et al. (2018) 63 Coding exons 48
Phylogenomic’
McCormack et al. (2013) 1,541 UCEs?® 32 (Neoaves)
Jarvis et al. (2014) 11,839 Whole genomes* 48
Baker et al. (2014) 1,448 Coding exons and UCEs 198
Prum et al. (2015) 259 Coding exons 198
Suh et al. (2015) 2,118 TE insertions® 43
Cloutier et al. (2019) 20,850 Whole genomes® 15 (Palaeognathae)
White and Braun (2019) 4,243 UCEs 23 (Strisores)
Kuhl et al. (2021) —7 3 UTRs® 429
Wang et al. (2022b) —7 Whole genomes 16 (Palaeognathae)
This study 4,307 UCEs 394
Recent phylogenomic'
Wu et al. (2024) 25,460 Whole genomes® 124

Stiller et al. (2024) 63,430 Whole genomes'® 363
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WHY BIRDS?

Ils"i'l’al SUSpects

o Avian phylogeny exhibits
+»* Rapid radiation
* Many short branches

* Discordance among gene trees
(incomplete lineage sorting)

+*»* Rate differences among taxa

* Potential for long branch attraction

+»* Shifts in evolutionary models

* Convergence in GC content



WHAT ARE THE "USUAL SUSPECTS”?

o Long-branch attraction (an oldie but a baddie...)

outgroup

Phylogram with
molecular branch lengths



WHAT ARE THE "USUAL SUSPECTS”?

o Convergence in base composition
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WHAT ARE THE "USUAL SUSPECTS”?

o Heterotachy — mixtures of branch lengths

A

O

O
outgroup

Ll

Mixture of
gene trees with
different
relative rates
(heterotachy)




WHAT ARE THE "USUAL SUSPECTS”?

o Incomplete lineage sorting (ILS)

¢ Deviation from strict multispecies coalescent is possible
A

@)
outgroup

Mixture of
gene trees with
deep coalescence
(DC) trees




WHY BIRDS?

Ils"i'l’al SUSpects

o But the problems don’t include
all the usual suspects...

¢ Limited gene duplication and loss
¢ Conservation of synteny

establish



RATES

(& GC CONTENT)

o Substantial
branch length
variation

o Rapid radiation
(short branches

at base of blue
& pink clade)

o GC-content
variation

From Braun et al. (2019)
chapter in Avian Genomics
- data are from Prum et al.
(2015) Nature
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i “birds of prey”
(owls hawks, eagles, & New World vultures)
—
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4— 49.8% - 54.2% (bee-eater)
shining-blue kingfisher
0.05
substitutions per site — | woodpeckers,

5

é“birds of prey” (falcons & seriemas)

_% 4— 45.6% - 39.0% (parrot)

—_—
=
<4—50% - 51.8% (lark)
Colors used to emphasize taxa: 4+— 50% - 52.4% (sparrow)
black -- evolutionary rate
red -- high GC taxa
blue -- low GC taxa
GC-content is reported for:
inf sites - fast sites

honeyguides, & barbets

Book chapter: https://doi.org/10.1007/978-3-030-16477-5 6



https://doi.org/10.1007/978-3-030-16477-5_6

MODEL SHIFTS
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Berv et al. 2024. Genome and life-history evolution link bird diversification to the end-Cretaceous mass extinction,
Volume: 10, Issue: 31, DOI: (10.1126/sciadv.adp0114)



HETEROTACHY+ -- PPP2CB vs BDNF

 Comparison of two gene trees — PPP2CB (left) vs BDNF (right)

— Heterotachy + base composition variation (+ BDNF long-branch attraction)

—_— Ostrich
*

4 =l

PPP2CB
intron
length = 1,872 nt

0.07
substitutions per site

Ostrich «—40.7%
Tinamou PALAEOGNATHAE o Duck
Duck _E—_Chicken “—34.8%
[ Chicken <«—554% * Turkey
L Turkey +—436% GALLOANSERES — Loon
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75 — ¥ H™ Grebe
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™ Bee-eater «—42.1% Egret «—42.4%
Budgerigar +—42.2% Cormorant
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0.03
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Braun et al. (2019) chapter in “Avian Genomics” : https://doi.org/10.1007/978-3-030-16477-5 6
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CHANGES IN EFFECTIVE POPULATION SIZE

1039
o Note outliers in graph of 1001 43

' Sedent
timetree branch lengths gi‘ Egg{:;fg:\‘l’:ss))ﬁs eceniaves
divided by coalescent
branch lengths (CBLs)

o Simplest explanation for
elevated time/CBL values
is increased N,

o Generation time shifts or
errors in gene trees could
explain as well

o Houde et al. (2019)
Diversity came to similar
conclusions regarding N,

'y
o

Time/coalescent unit length

o Sparse taxon sample, but 75 50 25 0
accounted for generation Branch median age (Ma)

time and used long indels * Galloanseres » Otidimorphae Strisores

to establish bipartitions in » Palaeognathae » Columbimorphae * Mirandornithes

gene trees e Early Neoaves * Phaethontimorphae * Telluraves
Cursorimorphae  « Aequornithes

Stiller, J., Feng, S., Chowdhury, AA. et al. Complexity of avian evolution revealed by family-level genomes. Nature
629, 851-860 (2024). https://doi.org/10.1038/s41586-024-07323-1



CHALLENGES FOR AVIAN PHYLOGENOMICS

o Very short branches in some parts of the tree

o Shifts in the relative rate of evolution

v’ Potential for long-branch attraction

o Shifts in the model of sequence evolution
v Base composition convergence (especially GC-content)
v' Model shifts are most extreme in coding exons

o Gene tree discordance due to incomplete lineage sorting
v’ Potentially exacerbated by periods of increased N,



BIRD PHYLOGENY DOES NOT

PRESENT A UNIQUE CHALLENGE

® ChaIIenging relationships probably exist in all clades

.. bioRyiv

THE PREPRINT SERVER FOR BIOLOGY

New Results

The danger zone: the joint trap of incomplete lineage sorting and long-
branch attraction in placing Rafflesiaceae

Liming Cai, ©2 Liang Liu, Charles C. Davis
doi: https://doi.org/10.1101/2024.08.07.60668 |

This article is a preprint and has not been certified by peer review [what does this mean?].

I EX =TI E I ES

o But we have a lot of information about bird phylogeny



SOME “UNUSUAL SUSPECTS”...

o Recombination landscape

o Sequence assembly and data quality




CURRENT BEST ESTIMATE OF THE BIRD TREE
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Stiller et al. Nature, Volume 629, pages 851-860, April 2024, https://doi.org/10.1038/s41586-024-07323-1
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CURRENT BEST ESTIMATE OF THE BIRD TREE
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Stiller et al. Nature, April 2024

Mirandornithes

Columbimorphae (doves, mesites, and sandgrouse)

- United in some earlier trees (J1)

Mirandornithes (flamingos and grebes)




EARLIER (REDDY ET AL. 2017) PHYLOGENY

_ o 54-locus tree

J1E—§ o Strong support for clade J1
All,_—"%‘—f% o Recent phylogenies reject clade J1
% Analysis and data matrix Clade J1
Jis: % EB2 KIM JAR
* RAXML, fast bootstrap, GTR+I" model
Columbimorphae Early Bird Il data, fully partitioned 99 99 99
Early Bird Il data, optimal rcluster (PF) 97 97 100
- doves = Early Bird Il data, unpartitioned 98 97 98
- mesites Non-coding data, fully partitioned 95 95 99
- sandgrouse = RAXxML standard bootstrap, GTR+I" model
—— E—— Early Bird Il data, optimal rcluster (PF) 96 97 98
--pIu S-- IQ-TREE ultrafast bootstrap, I+I" rates
——— Early Bird Il data, fully partitioned 100 99 99
. . e Early Bird Il data, optimal rcluster (PF) [0 OS¢ 1 RS 1)
Mirandornithes Early Bird Il data, unpartitioned 100 100 100
- flamingos Non-coding data, fully partitioned 100 100 100
- grebes IQ-TREE ultrafast bootstrap, free rates
Early Bird Il data, fully partitioned 100 100 100
0.06 Non-coding data, fully partitioned 100 100 100
Reddy et al. Syst Biol, Volume 66, Issue 5, September 2017, Pages 857-879, https://doi.org/10.1093/sysbio/syx041 y OXFORD

UNIVERSITY PRESS
The content of this slide may be subject to copyright: please see the slide notes for details.


https://doi.org/10.1093/sysbio/syx041

WHY DOES REDDY SUPPORT J1?

o Few large-scale trees support J1

J"‘l_:_ o Most phylogenomic trees (e.g.,

= _ Prum et al. 2015; Wu et al. 2024)
% have low support at the base
o Stiller et al. 2024 has high support,
but it contradicts J1

=
=
1is:
I1is %'% o Exception - Jarvis et al. (2014)

Columbimorphae
- doves has 100% bootstrap support
o Jarvis has a limited taxon sample

- mesites

- sandgrouse

o But Reddy has many taxa

--plus--

e = a 0 .
Mirandornithes e o Why s support.so strong in
- flamingos Reddy and Jarvis?
- grebes

0.06

Reddy et al. Syst Biol, Volume 66, Issue 5, September 2017, Pages 857-879, https://doi.org/10.1093/sysbio/syx041 y OXFORD

SSSSSSSSSSSSSSS

The content of this slide may be subject to copyright: please see the slide notes for details.
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TAXON SAMPLING MATTERS

o Smaller taxon samples o All loci included
X
tend to supportJ1 4* mean (more sensitive to outliers)
3 -
° Explains Jarvis result 0§ ‘+ median (less sensitive to outliers)
» £
o] .
e But not Reddy! 83 2{| || |edd Stiller
. :5’.: l Do
o Median quartet score g [em | [T eeeeseiiics!liid
. = 1+ LI 0OH
supports Stiller (notJ1) gt | N MW, | 00 oo’
S 000000009000, “
o Produced smaller taxon 8 0dlagn LU LT TP SR
) £ 00 000,00, .
samples by pruning trees
, 1) J1
e Gene trees estimated Sandgmu;e
. G
using >300 taxa e
Cuckoo 55 55 5 ¢
Dove 844 IZIIE!E Illi

-

o Mean vs median quartet
scores differ

full taxon sampling

reduced taxon sampling

Number of Taxa Removed

Mirarab et al. (2024) PNAS https://doi.org/10.1073/pnas.231950612



https://doi.org/10.1073/pnas.231950612

GENE TREES SUPPORTING J1 ARE CLUSTERED

* Approximately 2% of the genome strongly supports clade J1

 Manhattan plot shows -log(P) that 20-locus (~200 kb) windows have
unusual quadripartition quartet support

Psittaciformes
— >2% Passeriformes
e 1.5-2% Falconiformes
1-1.5% L Cariamiformes
- 1D/ Coraciiformes :
- (0.5-1% IFa’iciformcfas
ucerotiformes 1
(0 -0.5% 0 Trogoniformes 8 .
Leptosomatiformes i
0 Coliiformes i

Strigiformes
Accipitriformes
Sphenisciformes
Procellariiformes
Pelecaniformes
Gaviiformes
Phaethontiformes
Eurypygiformes
Strisores
Gruiformes
Charadriiformes
Opisthocomiformes
Mesitornithiformes
Pterocliformes
Columbiformes
Ofidiformes . .
Cuculiformes 2 i -
Musophagiformes * "I
Phoenicopteriformes 1
Podicipediformes 1
Anseriformes 1
Galliformes
Casuariiformes

i ki 217 i_. -, I : LER "] ! 1.. -. iy s
Apterygiformes ot b ::t-.l'; [ H' gt B ACPR R Lot Fa il Sl g M TR TP = M) Sy | ARl 1 TR AT I 2
A

d

~log;o(P)

Rheiformes
Tinamiformes

Struthioniformes o Chromosomes: 3 2 3

5 6 8 10 12 15 2025

Mirarab et al. (2024) PNAS https://doi.org/10.1073/pnas.231950612
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PPP2CB —REDDY ET AL. OUTLIER LOCUS

* Short region but 75%
support for clade J1

— J1 =“Columbea”

e Result attributed to
limited variation in
base composition

— PPP2CB has a “better”
tree than BDNF

 BUT.. PPP2CB lies in
the outlier region
— Supports J1

Braun et al. (2019) chapter
in “Avian Genomics” book
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*
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Turkey vulture
|| Trogon
Sunbittern
Turaco
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I White-tailed eagle
*1 Bald eagle
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Falcon
8 Hummingbird
Swift
Egret
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Rifleman
- Manakin
Crow
—*E Darwin’s finch
* Zebra finch
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Emperor penguin
Adelie penguin
Crane
Mousebird
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intron Nightjar
length = 1,872 nt Seriema

70

0.07

Killdeer
e s

Cuckoo roller

substitutions per site

Bustard <—52.2% NEOAVES (Passerea)

Hoatzin «—49.9%



MODEL FOR CHROMOSOME 4 EVOLUTION

~ 2% of the bird genome have a
specific gene tree

— Recombination suppressed in
the “outlier region”

— Shifts estimates of the avian
species tree to include clade J1

e (for limited taxon samples)
— ASTRAL and concatenation

Reddy et al. (2017) recovered J1
because one of 54 loci is in the
outlier region

Hypothesized rearrangement hemiplasy

> > > > > > R>> S>> > > > > >

- > > > F > > ¢ > > > > > > —> —>|Ancestral

> > > PP ECECHTCE > > > > > eoaves

—»—)—»—}—}«4—4—4—4—(—(-4—4——»—;# A

> o> F> I >> > “« « <« 0.92
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> > P > P> G — — — > > ST o P -

—-> 3 > > & > <« & «— o) | K «

- > > > —> > —> <« «— < <« — <} JL

Other Otidi- Columbi- Mirandor-

Neoaves morphae morphae nithes
Mirarab et al. (2024) PNAS



IMPACT OF CHROMOSOME 4 EVOLUTION

Ancient (>60 mya) chromosomal
rearrangement was polymorphic for
a few million years

— Detected by absence of ILS in the
region

— For birds, recombination will limit
recombination free segments to
a mean length of 5(!) to 5000 bp

Persistence in population could
reflect neutral evolution

— Alternatively, could be balancing
selection (weak evidence)

Hypothesized rearrangement hemiplasy

e R e e e e G e e e R S e
—>—>—>—>—>—>;—-—>——>—>—>—>—>—>—>—>—)
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x> > + > > |le—o]| |da <« "
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Other Otidi- Columbi- Mirandor-
Neoaves morphae morphae nithes

Mirarab et al. (2024) PNAS



RECOMBINATION

e Estimates of recombination-
free region lengths are ~5 kb
for large chromosomes

— Are the estimates realistic?

* Protein with changes at three
functionally important amino
acids

— Encoded by gene on chr 1
(largest chromosome)

* Changes would have to occur
twice given the species tree

Houghtaling et al. in preparation

(a) PROTEIN

e A

%o

/

[ ] I, 5 \\
(b) GENE Pty
L ~1.25 Kbp . _ .?E
~80 bp
() PHYLOGENY
Galliformes families
Phasianidae

Pheasants and partridges
TIS (T-40, I-55, S-91)

Odontophoridae &

New World quail
SVT (S-40, V-55, T-91)

Megapodiidae
Megapodes

TIS (T-40, I-55, S-91)

Cracidae
Guans and chachalacas
TIS (T-40, I-55, S-91)

Numididae
Guineafowl

SVT (S-40, V-55, T-91)



 Recombination-free segments
are ~1 kbonchr1

RECOMBINATION

.g 1 °
= 24 . L J
58 3 . o
++ é 4 4 . . [ J .
o 59 . ¢ seg 3 ¢ * * seg7
o 64 . . <o . o
< L L o — 10 100 1000
Topology 1 Topology 2 Topology 1 Topology 3 AAIC,
(b) i —Phasianidae ' —Numididae  : | — Phasianidae |
'] &= Odontophoridae ‘o] = Odontophoridae ‘o] &= Numididae '
Numididae : : Phasianidae Odontophoridae
Topology 1: Topology 2 : Topology 3
Centrocercus
(c) 9‘7. ’ (d) 8f?entrocen::us
FIpanuchus Tympanuchus
90 Lagopus
. Lagopus
Segment 3 Meleagris Segment 7
Tree 99 Phasianus Tree Syrmaticus
(exon 2) Syrmaticus (exons 3 and 4) Chrysolophus
* Chrysolophus Phasianus
— Gallus —
substitutions per site .. | Bambusicola substitutions per site 43 4-6 Gallus
Pavo — Pavo
— Callipepla — Numida
L~ Colinus Odontophorus
95 Odontophorus %
X Callipepla
i Numida
Penelope Penelope
Alectura Alectura

Houghtaling et al. in preparation




TECHNICAL ISSUES

* Sequence alighment

— Including the extraction of orthologous data

* Sequence assembly



TECHNICAL ISSUES

 There are many (potentially) problematic steps
in phylogenomic pipelines

CTGAGCTCG ACTGCACACCG ACTGCACACCG
0 TCECONEG CTGACACGAACGACTAG. . . ACCGAAGTAAATATATAAT ACTGCCCCCG ACTGC-CCCCE
W CTGAGCATCG AGTACACGAACGA. . . ACCAAGAAGTAATATACATATA AATGCCCCC AATGC-CCCC-
CTGCACACGG ~CTGCACACGG
CTGACACG R ATGACACGAACAAG. . . TACGAAGTGTACCGAGATATATACA )
ATGAGCT!
S am p | es ATGAGCTC ACAAACGATCGACATAATT. . . ACCGAAGTAARACGTAT g e n e 1 g e n e 1
Reads : . .
d h Putative genomes . ;
\ \ CAGGCACGCACGAA CAGGCACGCACGAA
AGCCACGCCATA AGC-CACGC~-CATA
ATGGCACGCCTA ATGGCACGC-C-TA

Sample : OF'[hO|Og gene mining (using AGCTACCACGGAT AGCTAC-CACGGAT
preparation KBS WGA, annotation, HMMs, etc.) gene 1,000 \M/' gene 1,000

o —

Contamination Sequencing error Misassembly Mis-annotation, hidden paralogy, Alignment error
fragmentation mis-alignment, fragmentation

Zhang et al. TAPER: Pinpointing errors in multiple sequence alignments despite varying rates of evolution
Methods Ecol Evol, Volume: 12, Issue: 11, Pages: 2145-2158, First published: 02 August 2021, DOI: (10.1111/2041-210X.13696)



SEQUENCE ASSEMBLY

 What is the potential for misassembly?

CTGAGCTCG ACTGCACACCG ACTGCACACCG
0 TCECONEG CTGACACGAACGACTAG. . . ACCGAAGTAAATATATAAT ACTGCCCCCG ACTGC-CCCCE
W CTGAGCATCG AGTACACGAACGA. . . ACCAAGAAGTAATATACATATA AATGCCCCC AATGC-CCCC-
CTGCACACGG ~CTGCACACGG
CTGACACG R ATGACACGAACAAG. . . TACGAAGTGTACCGAGATATATACA )
ATGAGCT!
S am p | es ATGAGCTC ACAAACGATCGACATAATT. . . ACCGAAGTAARACGTAT g e n e 1 g e n e 1
Reads : . .
d h Putative genomes . ;
\ \ CAGGCACGCACGAA CAGGCACGCACGAA
AGCCACGCCATA AGC-CACGC~-CATA
ATGGCACGCCTA ATGGCACGC-C-TA

Sample : OF'[hO|Og gene mining (using AGCTACCACGGAT AGCTAC-CACGGAT
preparation KBS WGA, annotation, HMMs, etc.) gene 1,000 \M/' gene 1,000

o —

Contamination Sequencing error Misassembly Mis-annotation, hidden paralogy, Alignment error
fragmentation mis-alignment, fragmentation

Zhang et al. TAPER: Pinpointing errors in multiple sequence alignments despite varying rates of evolution
Methods Ecol Evol, Volume: 12, Issue: 11, Pages: 2145-2158, First published: 02 August 2021, DOI: (10.1111/2041-210X.13696)



A UCE TREE (“ALLFAM”)

. Heliornis
Upupidae (1) (28%)
. and Phoeniculidae (2) Turnix . ~
o Typical patterns of o) =

©)

CUCULIFORMES (1/7)

(five taxa - 293%)
(two taxa - <63%)

branch length
heterogeneity are S

evident... %

...but there are also XZZQZ‘JSQ
additional long
branches evident

PICIFORMES (9/15)
(285%)

Phasianidae (3)
and Odontophoridae (2)

(four taxa - 293%)
(one taxon - 71%)

e
T

TINAMIFORMES (1/5)

(290%)
o Taxa with red names Aiishors
had poor sequence b
recovery A
Urocynchramus
o The red arrows also i

indicate poor
sequence recovery

Peltops
(63%)

0.02
substitutions per site

Pholdornis
(40%)

HIGHLIGHTED TAXA

Good sequence recovery
Poor sequence recovery Eupetes

(61%) *
. . _ (72%) y Hypocolius
Braun et al' (2024) bIORXIV Red arrows indicate taxa with poor (47%)
https://doi.org/10.1101/2024.02.28.582627 sequence recovery but short branches
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A UCE TREE (“ALLFAM”)

o Both circled taxa

were from historical

samples

o Moho nobilis*
(Hawai‘i ‘'0‘0)

o Hypocolius
ampelinus (Grey
hypocolius)

o Sister group:

* Hylocitrea
bonensis (yellow-

flanked whistler)
- Short branch

*extinct

Braun et al. (2024) bioRxiv
https://doi.org/10.1101/2024.02.28.582627

) Heliornis
Upupidae (1) (28%)
and Phoeniculidae (2) Turnix .
(288%) 93%)  T——

-
-
/ CUCULIFORMES (1/7)

(five taxa - 293%)
(two taxa - <63%)

PICIFORMES (9/15)
(285%) \

Phasianidae (3)
and Odontophoridae (2)

(four taxa - 293%)
(one taxon - 71%)

Strigops
(19%)

Xenicus
(44%) g .....
T
.

TINAMIFORMES (1/5)

(290%)
Atrichornis
‘ (39%)

Urocynchramus

(65%)

Peltops
(63%)

0.02
substitutions per site

Pholdornis

HIGHLIGHTED TAXA (40%)

Good sequence recovery

Poor sequence recovery Eupetes !
(72%)
B
Red arrows indicate taxa with poor
sequence recovery but short branches

Hypocolius
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CONFLICTS BETWEEN ASSEMBLERS

o Re-assemble data using two
different programs
o SPAdes and Trinity

o Original assemblies were
SPAdes (different settings)

o Two historical
o Moho nobilis (extinct)
o Hypocolius ampelinus
o Form aclade in “allfam”
o Three recent
o Dulus dominicus
o Hylocitrea bonensis*
o Ptilogonys caudatus

* Sister to “historical taxa clade”

Min Zhao et al. in preparation

Dulus dominicus prior trim Hylocitrea bonensis prior trim

2000 -

1500~

1000~

500

. FI‘J m ] I S mrl_m

Pliliogonys caudatus prior trim

2000~

500

Nunber of conflicting sites

o

2000~

1500 -

1000 -

500~

1500 -

1000 -

Dulus dominicus

Fresh tissue sample Hylocitrea bonensis

Ptiliogonys caudatus
! M Hypocolius ampelinus
" I I | Toe pad sample
' I l [ (i m ] i ] Moho nobilis
Hypocolius ampelinus prior trim Moho nobilis prior trim
] ==
:
|
|
,,,,, lll lh:.ﬂ’lpﬂ'H i
0.00 0,I25 0.50 0.75 1.60 0.;]0 O4l25 O.:SO O.;’S 1.&0



LONG BRANCHES REFLECT ASSEMBLY

Tree with different
assemblies treated
as taxa

Moho and Hypocolius

have shorter root-to-
tip branches

o Comparable to
Hylocitrea

Different topology
(note red box)

Terminal branches
longer for historical
samples!

Min Zhao et al. in preparation

SPAdes

Trinity

Hylocitrea bonensis

SPAdes

— Trinity

Hypocolius ampelinus

— SPAdes

Moho nobilis

— Trinity

(7

[ SPAdes

L Trinity

Ptiliogonys caudatus

Phainopepla nitens

Bombycilla garrulus

r SPAdes

L Trinity

Dulus dominicus

0.004

Thryothorus ludovicianus
Turdus rufiventris

Regulus satrapa




ALIGNMENTS FROM BRAUN ET AL. 2024 (er1) VS

REALIGNED DATA USING THE SAME ASSEMBLIES (rigHT)

Hypocolius_ampelinus

Moho_nobilis

Ptilogonys_caudatus

Bombycilla_garrulus

Troglodytes_troglodytes

Turdus_albicollis

100
100
97 Hylocitrea_bonensis

— TO0

100

Dulus_dominicus

1 59

100

Regulus_regulus

0.003

Min Zhao et al. in preparation

7 hylocitrea_bonensis_dot12574
hypocoliusiampelinus=466652
- 100
99 moho_nobilis_193377
1100 ptilogonys_caudatus_b16009
100 bombycilla_garrulus_21744
dulus_dominicus_6414
troglodytes_troglodytes_6774
- 88
turdus_albicollis_b2555
100

regulus_regulus_6778

0.003



ASSEMBLY AND ALIGNMENT

e So...what are the relationships for Hypocolius,
Moho, and Hylocitrea?

— Hypocolius and Hylocitrea form a clade (with
Moho sister) with all assemblies (and all taxon
samples) where Hypocolius has a short branch

— Hypocolius + Hylocitrea found
assemblers recoded as N’s

* Long branches are artifactua

* |Interaction between assemb
alignment

if conflicts between

y quality and



PERFORMANCE OF VARIOUS METHODS

o Avian phylogeny has received extensive study

o It is possible to establish a set of “reliable clades” likely
to be in the true bird species tree
o Can be divided into subsets based on their “easy”

- Range from “easy” (typically supported by individual genes) to
“hard” (only recovered in analyses of phylogenomic data)

Easy Medium Hard TOTAL
Families’ 93 — — 93
Superfamilies?® 3/1 14 4 21 /1
Orders'-2 36/1 3 — 39/1
Superorders? 7/5 12 /11 9/8 28/ 24
TOTAL? 139/7 29 /11 13/8 181 /26

Reliable clades that can be scored for “allfam” (left) and Jarvis (right) taxon samples



PERFORMANCE OF VARIOUS METHODS

o The number of reliable clades recovered can provide a
way to evaluate methods
- Imperfect because we don’t have knowledge of the true tree
- Less controlled than simulations...
- ...but still a useful method

Easy Medium Hard TOTAL
Families’ 93 — — 93
Superfamilies?® 3/1 14 4 21 /1
Orders'+2 36/1 3 — 39/1
Superorders? 7/5 12 /11 9/8 28/ 24
TOTAL? 139/7 29 /11 13/8 181 /26

Reliable clades that can be scored for “allfam” (left) and Jarvis (right) taxon samples



THE ALLFAM TREE

. Heliornis
Upupidae (1) ‘r (28%)
and Phoeniculidae (2) Turnix .
Phylogram based on aa o

. CUCULIFORMES (1/7)
M L ana|ySIS Of PICIFORMES (9/15) \ J /'/

(five taxa - 293%)
(285%)

(two taxa - <63%)

Phasianidae (3)
and Odontophoridae (2)

(four taxa - 293%)
(one taxon - 71%)

Strigops

concatenated data s

4307 UCE loci %

2,042,823 aligned sites e
85 21768 info rm ative Sites e QQT‘

TINAMIFORMES (1/5)

(290%)
Initial “species tree” s
analyses yielded b A
trees With many Urocynchramus
(65%)

fewer reliable clades
than concatenation v

0.02
substitutions per site

Pholdornis
HIGHLIGHTED TAXA (40%)

Good sequence recovery

(61%)

Poor sequence recovery Eupetes ! *
B t | 2024 b R . _ (72%) Hypocolius
raun et al. ( ) IORXIV Red arrows indicate taxa with poor (47%)
https://doi.org/10.1101/2024.02.28.582627 sequence recovery but short branches
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O O O O

THE ALLFAM TREE

. Heliornis
Upupidae (1) ‘r (28%)
. and Phoeniculidae (2) Turnix .
Decided to try a e w

. CUCULIFORMES (1/7)
b roa d S u Ite Of PICIFORMES (9/15) \ J '/*?/

(five taxa - 293%)
(285%)

(two taxa - <63%)

Phasianidae (3)
and Odontophoridae (2)

(four taxa - 293%)
(one taxon - 71%)

Strigops

species tree analyses
ASTRAL Xonous g ______________________________ Ny
ASTRID

TINAMIFORMES (1/5)

SV D q u a rtets Atrichornis =
. (39%)
METAL (distances) &
-- Dasarathy et al. 2015 A
Urocynchramus

IEEE/ACM TCBB 12: 422-32

-- Allman et al. 2019 SIAM J Pettops
Appl Algebra Geometry, 3: o
107-27.

(65%)

(63%)

substitutions per site

Pholdornis

HIGHLIGHTED TAXA (40%)

Good sequence recovery

(61%)

Poor sequence recovery Eupetes ! *
B t | 2024 b R . _ (72%) Hypocolius
raun et al. ( ) IORXIV Red arrows indicate taxa with poor (47%)
https://doi.org/10.1101/2024.02.28.582627 sequence recovery but short branches
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CLADE

RECOVERY

-- Broken in subsets
by “ease” of recovery

Easy at top

Uncertain at the
bottom

Bold clade have
TE support

-- Only method with
consistently good
performance was ML
concatenation

-- Potentially unfair
due to missing data

Braun et al. (2024) bioRxiv
https://doi.org/10.1101/2024.02.28.582627

Easy

Medium

Hard

Uncertain

(+++)

(++)

)

)

-~
|
==
]
®®
e 2
8 8

# Clade s|s

1  PALAEOGNATHAE

2 Notopalaeognathae

4 NEOGNATHAE

5 Galloanserae

6 Neoaves

7 Mirandornithes (VII)

16 Daedalornithes

33 Passeriformes

34 Eupasseres

3 Novaeratitae

12
19
20
21
24
26
27
28
30
31
32

Strisores (V)
Aequornithes (Il)
Feraequornithes
Procellariimorphae
Telluraves (I)
Cavitaves
Eucavitaves
Picocoraciae
Australaves
Eufalconimorphae
Psittacopasserae

oo}

11
17
18
22
23
25
29

Columbimorphae (VI)
Pteroclimesites
Musophagotides
Phaethoquornithes
Phaethontimorphae (lll)
Pelecanimorphae
Pelecanes
Coraciimorphae
Picodynastornithes

10
13
14
15

Otidimorphae (IV)
Vanescaves

Sedentaves

Letornithes

Afroaves
Accipitriformes+Strigiformes
Coraciimorphae+Australaves

weighted ASTRAL
weighted ASTRID

SVD quartets

METAL (NJ)

ML distances
Trace distances

logdet inf sites

>
7
I @
|

Medium

Hard

(b)

Non-monophyletic

Tree Orders Families
ML concatenation
IQ-TREE 0 0
ExaML 0 0
MSC methods
weighted ASTRAL 1 6
weighted ASTRID 0 4
SVD quartets 3 1
METAL (NJ)
p-distances 4 4
ML distances 5 4
Trace distances 5 4
logdet i.r. 4 4
logdet-inv 4 4
logdet inf sites 0 3
W METAL (NJ)
©sZo
RS @
Qidhhe o8 8
T -<<2g88s s
SSovosQ 5o =
EE2L3F5BOC ==
8 8 ‘%, 'S; [a) » o 8 (0] [3)
35 8181513121812131
Clade S|IZ|z|z|0|al=[F(L ke)

—

Tyranni (suboscines)

+
+ ) .
+ Passeri (oscines)

Eurylaimides
Tyrannides
Furnariida
Tyrannida
Malaconotoidea
Corvoidea
Sylviida
Sylvioidea
Muscicapida
Bombycilloidea
Muscicapoidea
Certhioidea
Passerida
Emberizoidea

(++)

0]10|4(3|2]|5|5[5|5|5]|5

Corvides
Orioloidea
Passerides
Aegithaloidea

(+)

Locustelloidea
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(b) Non-monophyletic

. Tree Orders Families
u L METAL (NJ) ML concatenation
CLADE (a) E3933% v IQ-TREE 0 0
1 N SN O w
%'@ Z’ 28, 8¢ £ MSC methods
fooboo58uz2E weighted ASTRAL 0 1
RECOVE RY SEZS5S8S20%% 5 weighted ASTRID 0 0
o o0 0,2 T o v o
2lele|> 5728|222 SVD quartets (sub) 3 0
# Clade 2| 2|2|0|n|a|S|=|8 kel SVD tet 3 0
1 PALAEOGNATHAE quartets (ex)
2 Notopalaeognathae METAL (NJ)
. . . 4 NEOGNATHAE p-distances 0 0
-- Eliminating taxa 7T o Salloanserae ML distances 0 0
H i < (73 u?r(;?\\:i?rnithes vy D EEENEES g 0
Wlth |arge amounts 16 Daedalornithes :ggg:: Ii.r:.\/ 8 8
P H 33 Passeriformes 3
of MISSING data did 34 Eupasseres logdet inf sites 0 0
improve all methods . W METAL (NJ)
3 Novaeratitae & SN
12 Strisores (V) n = 5 @ &
19 Aequornithes (Il) Sdhh e @ g 2
20 Feraequornithes FE << % geg L2
__ : : £ 21 Procellariimorphae 22883c 85 = £ S
Is the issue simply £ 24 Toirvee 8855082588838
® < 26 Cavitaves SHEEANEHEEEE
the amount of data =7 37 Eucavitaves Clade =|2(2|2]5|2|2|E[818)3

Tyranni (suboscines)

28 Picocoraciae Passeri (oscines)

30 Australaves
31 Eufalconimorphae

32 Psittacopasserae Eurylai_mides
-- NJ analyses had 111]o|5[4|3[3|3]|3]3]3 Tyrannides
f —— has VD) Furnariida
olumbimorphae .
worst performance o e
p 9 Pterochmesnfes Malaconotoidea
11 Musophagotides Corvoidea
° _ 17 Phaethoquornithes g ~ Sylviida
& + 18 Phaethqntlmorphae (1 S % sylvioidea
22 Pelecanimorphae = Muscicapida
23 PeIeCﬁneS Bombycilloidea
25 Coraciimorphae Muscicapoidea
29 Picodynastornithes Certhioidea
114(2(5|4|5[|4|3|5|4]|3 Passerida
10 Oftidimorphae (IV) Emberizoidea
c 13 Vanescaves 0jojojojoj0|j0f0fO]|O]|O
g ~ 14 Seden'taves Corvides
g - 15 Letornithes © . Orioloidea
S - Afroaves & L Ppasserides
- Accipitriformes+Strigiformes Aegithaloidea
Braun et al. (2024) bioRxiv - Coraciimorphae+Australaves ofo[1]ofofo]o]o]of0]o0

https://doi.org/10.1101/2024.02.28.582627 Locustelloidea _
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LONG BRANCH ATTRACTION IN "LANDBIRDS”?

(THE GREEN CLADE)

and gﬁggﬁgﬁlga)e (2)
o Note the branch ks

length heterogeneity PICIFORMES (8/15)

(285%)

Heliornis
(28%)

Turnix
(93%)

CUCULIFORMES (1/7)

/ (five taxa - 293%)
(two taxa - <63%)
Phasianidae (3)

and Odontophoridae (2)

(four taxa - 293%)
(one taxon - 71%)

TINAMIFORMES (1/5)
(290%)

Strigops

-- even if we ignore the (19%
artifactual long branches
Xenicus

Atrichornis

‘ (39%)

Peltops
(63%)

Urocynchramus
(65%)

0.02
substitutions per site

Pholdornis
HIGHLIGHTED TAXA (40%)
Good sequence recovery
Poor sequence recovery Eupetes | (61%) *
(72%) H .
. . —_— lypocolius
Braun et al. (2024) bioRxiv Red arrows indicate taxa with poor (47%)

https://doi.org/10.1101/2024.02.28.582627 sequence recovery but short branches
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IS METAL PRONE TO LONG BRANCH ATTRACTION?

(a) NJ of logdet inf sites distances

All long-branch taxa

| BUCEROTIFORMES (2)

0.01 —— | Passeri
1 e = = | em PASSERIFORMES
L Acanthisitti
—_— ] PSITTACIFORMES
5‘ | PICIFORMES
i — | CORACIIFORMES
= t=:|
|| —_— BUCEROTIFORMES (1)
=" | TROGONIFORMES
—m=——"""" | COLIIFORMES
- Ewmmmmws (1)
ACCIPITRIFORMES (2)
| STRIGIFORMES
Raptors+

LEPTOSOMIFORMES
:é_ci\RlAMWORMEs
FALCONIFORMES

(b) ML concatenation

0.01 f

31

— | Passeri
— | Tyranni
Acanthisitti

— | PSITTACIFORMES

30 FALCONIFORMES| Rantors |
CARIAMIFORMES aptors

Saea———————
I CORACIIFORMES

—
BUCEROTIFORMES (1)

PASSERIFORMES

| PICIFORMES

Long-branch taxa |
(Psittacopasserae)

Long-branch taxa Il
(Eucavitaves)

e
—

| BUCEROTIFORMES (2)

TROGONIFORMES

26 LEPTOSOMIFORMES

25

COLIIFORMES
ACCIPITRIFORMES (1)
ACCIPITRIFORMES (2) Raptors Il
STRIGIFORMES

Long-branch taxa Ill

o Long branch taxa clustered in NJ analysis of “landbirds” (Telluraves)

Braun et al. (2024) bioRXxiv https:/doi.org/10.1101/2024.02.28.582627
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E METAL (NJ)
) —
TE<CS
ohoerw 2 "
Cehhg, e 2
s<<Lg ST &
LARGER DATASET HIHT
©c 8 L3F5H O &
285558938383
%_n'a'a>'-6_| S
# Name IR EIEII R = S kel kel Ee)
1 PALAEOGNATHAE
4 NEOGNATHAE
S, —~ 5 Galloanserae
__ 1 &+ 6 Neoaves
UCE data from Jarvis et £ § jeomes oo
33 Passeriformes
al. (2014) 34 Eupasseres

B Fewer loci (3158) but

# non-monophyletic in allfam

12  Strisores (V)
lon ger flanks 19 Aequornithes (Il
20 Feraequornithes
T . 21 Procellariimorphae
B 9.2 million sites E_ 24 Telluraves ()
© 1 26 Cavitaves
= 27 Eucavitaves
B 4.5x the number of o pucavitaves
. . . 30 Australaves
|nf0rmatlve SlteS aS 31 Eufalconimorphae
32 Psittacopasserae

allfam

# non-monophyletic in allfam

-- Pink clades are non- 8 Golumbimorphas (V1)
monophyletic if long- 11 e
branch taxa in landbirds T 1% Rhacthontimorphae (1l
25 Coraciimorphae
are ClUStered 29 Picodynastornithes

# non-monophyletic in allfam

10 Otidimorphae (IV)

- Afroaves

- Accipitriformes+Strigiformes
- Coraciimorphae+Australaves

Braun et al. (2024) bioRxiv
https://doi.org/10.1101/2024.02.28.582627

Uncertain
)
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LARGER

DATASET

-- Jarvis et al. (2014)

intronic data

-- 3X more parsimony
informative sites
than Jarvis UCEs

Braun et al. (2024) bioRxiv
https://doi.org/10.1101/2024.02.28.582627

Easy

Medium

Hard

Uncertain

Name

weighted ASTRAL
weighted ASTRID

ML concat
SVD quartets
p-distance

(+++)

LN o s a|n

PALAEOGNATHAE
NEOGNATHAE
Galloanserae
Neoaves
Mirandornithes (VII)
Passeriformes
Eupasseres

# non-monophyletic in allfam

METAL

*

Trace distance

ML distance
logdet i.r.

(NJ)

logdet inf sites

(++)

12
19
20
21
24
26
27
28
30
31
32

Strisores (V)
Aequornithes (ll)
Feraequornithes
Procellariimorphae
Telluraves (1)
Cavitaves
Eucavitaves
Picocoraciae
Australaves
Eufalconimorphae
Psittacopasserae

# non-monophyletic in allfam

4

olo]o
[of1fol4

(*+)

8
9
11
17
18
23
25
29

Columbimorphae (VI)
Pteroclimesites
Musophagotides
Phaethoquornithes
Phaethontimorphae (lll)
Pelecanes
Coraciimorphae
Picodynastornithes

# non-monophyletic in allfam

1(1)11]4

[1]4]2]4

)

10

Otidimorphae (IV)
Afroaves

Accipitriformes+Strigiformes
Coraciimorphae+Australaves

-- METAL has relatively
good performance

-- Best distances are:
B GTR+G
B logdet of inf sites

B Indicated with
asterisks
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LARGER

DATASET

-- Subsampling to
yield datasets
comparable to the
Jarvis UCE dataset
yield results that
resemble the Jarvis
UCE results

Braun et al. (2024) bioRxiv
https://doi.org/10.1101/2024.02.28.582627

(a) Standard

Analyses
A METAL (NJ)
< = £ 3 %k
[P o
=EE o»n o 8
0 wn > o C =
= <C < + o © ‘.(E n
Soo g S o ow
8 e8> < 85 .= £
GEEol o ww
SCooN.2 T og o
do|01>|%|2| © o O
1 PALAEOGNATHAE
4 NEOGNATHAE
- 5 Galloanserae
@ ¥ 6 Neoaves
=7 Mirandornithes (VII)
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(a) NJ of GTR+T distances

==

=

—

Bootstrap support

Trace distances 93

ML distances 90

95
95

89
98

"

87
99

86
98

PASSERIFORMES (5)
PSITTACIFORMES (2)

86 FALCONIFORMES

98 CARIAMIFORMES
86 ACCIPITRIFORMES (3)
98|: STRIGIFORMES

PICIFORMES
CORACIIFORMES
BUCEROTIFORMES
TROGONIFORMES
LEPTOSOMIFORMES
COLIIFORMES
APODIFORMES (2)

97

[

CAPRIMULGIFORMES
PELECANIFORMES (3)
SULIFORMES
SPHENISCIFORMES (2)
PROCELLARIIFORMES
GAVIIFORMES
EURYPYGIFORMES
PHAETHONTIFORMES
OPISTHOCOMIFORMES

r— CHARADRIIFORMES

*
B‘Ags

90

93 [501—
| I

L— GRUIFORMES

OTIDIFORMES
CUCULIFORMES
MUSOPHAGIFORMES
MESITORNITHIFORMES
PTEROCLIFORMES
COLUMBIFORMES
PODICIPEDIFORMES

PHOENICOPTERIFORMES
— GALLIFORMES (2)

L— ANSERIFORMES
r— TINAMIFORMES

L— STRUTHIONIFORMES

(b) ML concatenation (IQ-TREE)

90

62

b
95|

95

PASSERIFORMES (5)
PSITTACIFORMES (2)
FALCONIFORMES

T

52

CARIAMIFORMES
PICIFORMES
CORACIIFORMES
BUCEROTIFORMES
TROGONIFORMES
LEPTOSOMIFORMES
COLIIFORMES
STRIGIFORMES

ACCIPITRIFORMES (3)
EURYPYGIFORMES

[l

PHAETHONTIFORMES
PELECANIFORMES (3)
SULIFORMES
SPHENISCIFORMES (2)

PROCELLARIIFORMES

GAVIIFORMES
CHARADRIIFORMES

99 =
L— GRUIFORMES
APODIFORMES (2)
81 I—E CAPRIMULGIFORMES

B‘Ags

L—— OPISTHOCOMIFORMES
MUSOPHAGIFORMES
OTIDIFORMES

J1s,

CUCULIFORMES
MESITORNITHIFORMES
PTEROCLIFORMES
COLUMBIFORMES

PODICIPEDIFORMES

oL
PHOENICOPTERIFORMES

— GALLIFORMES (2)

L— ANSERIFORMES
r— TINAMIFORMES

L— STRUTHIONIFORMES

o METAL does not recover “J1” (Neoaves root matches Stiller et al. 2024)
o ML concatenation does recover J1

Braun et al. (2024) bioRXxiv https://doi.org/10.1101/2024.02.28.582627
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OPEN QUESTIONS

o What is the best way to deal with variation over time in
the recombination landscape?

o Are there principled ways to address problems caused
by misassembly?

- Including the interaction of incorrect assembly and alignment

o Can the performance of METAL be improved?
- Reduce data requirement (generalized least squares?)
- Improve the selection of distance metrics
- Deal with among-sites rate heterogeneity



