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Beast Legends — Griffin episode
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A 1980s conundrum in
evolutionary biology
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Talk overview

Part I: Reticulation and the
emerging continuum between
phylogeography and phylogenetics

Part Il: PhyloG2P -
Connecting genomes and

phenotypic traits using
phylogenies

Part lll: Pangenomes: the
future of evolutionary genomics g )



Phylogeographic case studies

from the wilds of Australia
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The first ‘gene tree’, 1979

J. C. AVISE, R. A. LANSMAN AND R. O. SHADE
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Reprinted trom Nature, Vol. 325, No. 6099, pp. 31-36, | January 1987
" © Macmiilan Journals Ltd., 1987

Mitochondrial DNA and human evolution
Rebecca L. Cann*, Mark Stonek'ng & Allan C. Wilson

Deparntment of Bioctiemistry, University of California, Berkeley, California 94720, USA
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Stochastic gene tree variation
during rapid radiations

‘incomplete lineage “deep coalescence”
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Hudson RR.1990. Oxford Surv. Evol. Biol. 7: 1-45




Multilocus models in phylogeography

Population size: 6 = 4Nu Divergence time: t=ut Gene flow: M=m/u

o _—

equilibrium migration model .
MIGRATE: Beerli 2006 Bioinformatics 1solation-migration model

IM: Hey and Nielsen 2004 Genetics

11 \\'//’//'//.
To \\ ’ /‘

pure 1solat10n
(phylogeny)
BEST: Liu and Pearl. 2007. Syst. Biol
BEAST?*: Heled and Drummond. 2010. Mol. Biol. Evol.
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Carpentarian barrier (B) is deepest split
In area cladograms of Australian biota
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Cracraft 1986. Evolution
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Edwards, S. V. (1993) Proc. R. Soc. Lond. B252, 177-185.



Gene flow erodes population monophyly
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Bayesian approach: Advantages for
estimating gene flow

* Parsimony approach e« Bayesian approach

— Assumes complete (migrate-n)

certainty of gene tree — Integrates the two sources of

— Statistical testing of uncertainty
different hypotheses of

« Accommodates uncertainty in
gene flow 1s trees by integrating over all trees

cumbersome e Accommodates the range of Nm

— Confidence limits given these trees

reflect only uncertainty =~ — Hypothesis testing easier
n s




East-west pairs -- grassfinches
(Poephila)

P. acuticauda P. hecki
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Probability of gene trees
in a rooted 3-tip species tree

1 2 3 1 3 2 2 3 1
o)

congruent gene tree incongruent gene tree incongruent gene tree

Pamilo and Nei 1988. Mol. Biol. Evol. 5: 568-583
Liu, et al. 2010. BMC Evolutionary Biology 10:302




30 gene trees from Australian finches

Pa-01 Pa-02 Pa-03 Pa-04 Pa-05 Pa-06 Pa-07 Pa-08 Pa-09 Pa-10 Pa-11 Pa-12 Pa-13 Pa-14

ahc ahc ahc ahc ahc ahec ahc ahc ahc ahc ahc ahc ahc ahc

By Eagugey

Pa-15 Pa-16 Pa-17 Pa-18 Pa-19 Pa-20

ach ach ach ach ach ach

H{J W] Wl LU U P. acuticauda
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Jennings & Edwards (2005) Evolution 59, 2033-2047



Probability of discordance between
gene tree and species tree
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P{discordant} = ge_T
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Species tree of Poephila grassfinches

Species tree and N = 350 000
ancestral 0 estimated / g ©T T

jointly «_ |

Posterior probability of

\\\\\ branch in species tree= 0.88

\ z S §;‘Ne = ~200,000

hecki acuticauda cincta
Black-throated Finch

0.75
MYA

Yah Io.eg MYA

Long-tailed Finch ™ asap=z2"" 3 i s

-

Liu and Pearl. 2007. Syst. Biol. 56, 504-514 =




Maximum (pseudo) likelihood method for species trees

Rooted gene tree triplets (topologies only)
A B c¢cB A ¢ A B C

species tree
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Liu, Li & Edwards. 2010. BMC Evol. Biol.
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Treecreepers (Climacteris)

Black-tailed treecreeper Brown treecreeper

C. melanura




12 gene trees in Australian treecreepers

AL3 ALS AL7 AL14 AL16

Eastern Western




Correspondence between
PCA and geography

e Newman 04
Black-| ® Fitzroy Crossing PY
tailed | © Douglas Hot Springs m”
® Doomadgee o:
® Weipa L 0.0
® Forsayth
Brown| « Longreach .02
® Bourke
® Sedan 04
03
0.2 0.2
e Treecreepers
PCA3 ) 0.0 Y N
PCA 2 Treecreepers
0.2}
-04 + + +
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Edwards, Tonini, Mclnerney, Welch & Beerli. 2022. Biol. J. Linn. Soc.



Insertions-deletions provide
significant phylogeographlc signal

A indel 15, AL30 B ndel 9,AL20

Climacteris melan

O

C indel 6, AL14

O

N
Edwards, Tonini, Mclnerney, Welch & Beerli. 2022. Biol. J. Linn. Soc.



Treecreeper populations are connected but
variable In size (MIGRATE)

Douglas Hot Springs 4=

. 3\
Fitzroy Crossi {'\/

black-tailed
Treecreepers

individuals

1-2 migrants

. Newman Brown
per generation

Treecreeper

Rotzel, Edwards and Beerli, unpubl. data



Using Bayes Factors to evaluate
phylogeographic models

2(mL; — mL,)

-98.60

mL = marginal likelihood

Edwards, Tonini, Mclnerney, Welch & Beerli. 2022. Biol. J. Linn. Soc.




Higher precision estimates of

demographic parameters (0) with more loci

Population H

Population B
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Multilocus estimates of migration rate

L
15

=
)
—
©
e
o
9
—
@©
—
D
S
o
9
O
O
)]

o lo e * ! le | 9|l l‘ lT lT 1‘

2




Phylogeny and divergence times

CM_Ne S

Black-tailed
Treecreepers
Newman Brown
Treecreepers

CM

CP_We

I I I I I
2000000 1500000 1000000 500000 0

Divergence time (years), gen =1 yr., u = 2.2e-09



Model selection using Migrate

-000

1 2-0d 2 Best model! . 0-d
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Challenges estimating
Isolation-migration parameters

OCmCp

Freq Freq Freq
0.0008- 0.020
0.0006- 0.015
0.0004 1 0.010
0.0002- 0.005
0.000
0.000 0.005 0.010 000000 002 004 006 008 0.00 200-0'8' 400.00

2->1
A -> A 2—>1 >



Phylogeny and gene flow with bpp

CM_Ne
Gene flow event:
85 — 249 kyr
Probability of gene flow 0.02 - 0.99
CM

(((CP, T[&phi=0.200000])H,CP_We)X, ((CM,H[&phi=0.100000])T,CM_Ne)Y)R;

I I I I I
2000000 1500000 1000000 500000 0

Divergence time (years), gen =1 yr., u = 2.2e-09



Whole-genome phylogeography of a
widespread Australian honeyeater
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Blue-faced honeyeater
Entomyzon cyanotis

24 samples

« 2 outgroups

« 64X reference genome

« 7-12X population
resequencing

* GATK variant calling

 ANGSD (Korneliussen et
al. 2014. BMC Genomics)

Burley et al. 2022. Molecular Ecology 32, 1248-1270



Effective migration surface

posterior mean
migration rate — log (m)

o o 1
y Average
0 < level of
gene flow
[ ) —1
e

Burley et al. 2022. Molecular Ecology 32, 1248-1270



ABBA-BABA: Genome-wide test of introgression

Num. ABBAs — Num. BABAs

)=
Num SNPs

D> 0: introgression from
Z. chrysops into mosaic
population

» (D assumed approx.
Normal)



ABBA-BABA tests reveal signals of past
introgression

(Dsuite, Malinsky et al. 2021. Mol. Ecol. Res.)

albipennis griseigularis cyanotis
KP 'E PNG CY EC outgroup

Burley et al. 2022. Molecular Ecology 32, 1248-1270



Phylogeographic shadows of

Lake Carpentarla
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Cell

REVIEWS

Phylogenetics is the New Genetics
(for Most of Biodiversity)

Stacey D. Smith,****® Matthew W. Pennel,” Casey W. Dunn,? and Scott V. Edwards®"®
Smith, et al. 2020. TREE 35: P415-525

« Recent ornithological applications of the
PhyloG2P approach:

— Beak size in birds
* Yusuf et al. 2020. Genome Res. 2020. 30: 553-565

— Loss of flight in birds

— Sackton et al. 2019. Science 364: 74-78.

— Egg architecture and genomic adaptations to
dry habitats

- Gustavo Bravo, Harvard, in prep. Gustavo Bravo, in prep.

Antbirds, Thamnophilidae




Using phylogenies to connect

genotype to phenotype
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in evolutionary genomics

Common forward genetics approach Proposed forward phylogenomic

comparative approach

Create or locate segregating
population in a model system

Validate function with
experimental approaches

<

-

Associate phenotype of
interest with genetic variation

Test functional hypotheses
with comparative methods

Dt

-

Fine map the locus and
validate function

Associate genomic variation
with phenotypic transitions

-

N

Test role of identified loci in
macroevolutionary change

Identify clade with transitions
in phenotype of interest

Smith, et al. 2020. TREE 35:




Genomic signatures of trait associations

Deletion or inactivation of Acceleration of clade-wide
conserved noncoding elements conserved noncoding elements
Genome-wide Single locus
A neutral tree accelerated tree
Forward genomics . anoCa%
. ———————anodtar —
phenotree — - g:rfzﬁlr:?cg loci {gﬁre;%/d — chr(,:Di(e:Myd G
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v v R g ey
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Marcovitz et al. 2016

Target lineages Accelerated
Mol Biol Evol, 33: 1358—-1369

in red lineages in red



Acceleration suggests change, loss or relaxation of
function in the neutral theory of molecular evolution

Motoo Kimura
(1924-1994)

Fumcttoredlyl dessiimppomtant pkectsied or
perte hes owillhHveaachagheghsnbstitution
sabe tthemiumctitmalkyintportkint ones
important ones




Non-coding ‘Dark matter of the
genome: a regulatory network?

Karyotype of an Emu




Evolutionary change:
genes or gene regulation?

Evolution at Two Levels in
Humans and Chimpanzees

"1 1 Their macromolecules are so alike that regulatory

Mary-Claire King and A. C. Wilson

SCIENCE

11 April 1975, Volume 188, Number 4184




CNEESs: evolutionarily conserved
non-coding enhancer regions

CNEEs = conserved non-exonic elements

Scale 5kb
| 131105000! 131110000! 131115000!

LCNS 2333533333335 ]

RefSeqGenes
4_
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View of a segment of human chromosome 10 using UCSC Genome Browser

Janes et al. (2011) Genome Biol. Evol. 3:102—-113




The growing PhyloAcc software family connects
genomic and trait variation via phylogenies

PhyloAcc binary trait

\ PhyloAcc-C

cheMy
chrPic
gavGan
croPor
allSin
allMis
strCam
anoDid
notPer
eudEle
tinGut
cryCin
rhePen
oAcc-
-droNov
casCas
continuous trait

binary trait

llllll
aaaaaa
eeeee

11 et 141 11

R oy

Hu et al. 2019. Mol. Biol. Evol. 36: 1086
Yan et al. 2023. bioRxiv. https://doi.org/10.1101/2022.12.23.521765



PhyloG2P: connecting genomes to phenotypes
using PhyloAcc

—— background
Outgroup -~ conserved
— accelerated for noncoding element i
—Tlarget 4
- | Target 3 1 — a; a; 0
............. r ,_non—Tal’get4 Z — 0 1 - ﬁ B
4 L Ly
_—non-Target 3 0 0 1
—Target 2 3 .
—Target 1 a = probability of gain of
non-Target 2 conserved state
non-Target 1
= probability of loss of
conserved state
r: = i, if Zs = 1, conserved
Foribranich s; .= =1, if Zs =0, background
Fe= irg, if Zs = 2, accelerated

https://phyloacc.github.io/ Hu, Z., et al. 2019. Mol. Biol. Evol. 36: 1086



Two Bayes Factor tests discriminate competing hypotheses

BF1 = £XM) o BF2 = 2 MY
P(Y|Mo) P(Y|M2)
RN E A EEEEEANEEAEEEEEAEAEEEEEEEAESEEEEEEEEEEEEEEEEEEES s M2
o Outgroup e Qutgroup e
:. -Target 4 Target 4 ‘: e
E | —Target 3 I—Targel 3 E —Tc:arrgel 43
E 7‘_’—non-‘l'argotd 7" —non-Target 4 E "g arget
| L ioirarcars | ‘Lnon-Targeta 1 | non-Target 4
|| Target 2 Target 2 non-Target 3
: ~Target 1 Target 1 ' 'WTarget .
© MO ———non-Target 2 non-Target2 et
"" ] non-Target 1 non-Target 1, 7 PonTege
i MussssssEssEEsEEEEEEEEEEEsEEsEEEEEEEssEssEEsEEEEEEEsEEEs e’ non-Target 1
utgroup ——Qutgroup -Outgroup
—Target 4 —Target 4 —Target 4
1 Target 3 —Target 3 r—TargetS
‘ | non-Target 4 "':‘ ( non-Target 4 'L——non—TargeM
. —non-Target 3 non-Target 3 1 “—~non-Target 3
S— [Targelz | {—-Target 2 l Target 2
Target 1 LTarget 1 -Target 1
~————non-Target 2 ——non-Target 2 ——non-Target 2
M1 ! ~non-Target 1 L non-Target 1 _1—00"'-73'99' 1

—— background
- conserved
— gccelerated

Hu, Z., et al. 2019. Mol. Biol. Evol. 36: 1086



Bayes Factor 2: target lineage model

VvS. unrestricted model

ldentifying CNEEs evolving on
echolocating mammal lineages

https://github.com/phyloacc/phyloacc-workflows

1 I | T T
n [Np! 1NN 1N 2NN

Fav(;MOl F%M1
|
I |
l Favors M1
oL R e

I Favors M2
!
l l e
I
l = =

N : —— ot
‘ =, v :
I . ‘ "“,‘uv-
l —

-400 = | EE

I e ‘

Bayes Factor 1: no acceleration vs. acceleration
targeted lineages

Result for echolocating lineages: Accelerated Not accelerated

Thomas et al. 2024. Integrative and Comparative Biology



PhyloAcc-GT: Detecting accelerations
with gene tree variation

PhyloAcc PhyloAcc-GT
Single acceleration Two independent - Three independent

8 accelerations accelerations
c 1.00- 1.00 1.004
20.75- 0.75+ 0.75+
h - - -
o 0.50 0.50 0.50
= 0.25= 0.25= 0.25=
Q. 0.00- 0.00- 0.00-

| | | | | | | | | | | | | |

Q Qfo @Q /\93 \00 Q Qf) 60 /\6 \QQ Q Qfa @0 /\6

Ratio of non—accelerated to accelerated loci

Yan et al. 2023. Mol Biol Evol. 40(9):msad195.



PhyloAcc-C: Models connecting molecular
rates and continuous traits

longevity in mammals

Platypus
Armadillo
Manatee
Elephant

Cape elephant shrew

Hed eWo
Star—nosed mole
Black flying—fox

Microbat
DaV|ds Myotls bat
Big brown bat
Horse

Patrick Gemmell

ELL Human ﬁ Killer whale

Elephant 3L
White rhino

of

Microbat  Naked mole-rat

s

Sheep \
Mouse

Tibetan antelope “
Shrew ¢ Star-nosed mole . :
4 8 12 16
Adult Body Size
(grams, log—scale)

N

Kill Pgh
leeqéen ant% %pe
Sheep
Cow

Cow

Lifespan
(years, log—scale)
w

at
Pacific walrus
eddell seal
44444 Lesser E?_\}/ptlan jerboa

Mouse
: Prairie vole
- Golden hamster
-~ Chinese hamster

.................. Saquirrel
44444444 Naked mole-rat
44444444 Chlnchllla

= N

444444444444444444444 Squ|rre| moXkey

44444444444444444444 Marmoset
4444444444444444444444 Rhesus
44444444444444444444444 Human

j I|lI"I"""'I|""II|'||'_'_'II“

o

40 80
Maximum Longevity

(years) https://github.com/phyloacc/PhyloAcc-C
Kowalczyk et al. 2020. eLife.



PhyloAcc-C: Rate multipliers for

CNEEs and traits
Molecular rates Phenotypic rates
ro =1 if Z; =0 background f c’if Z, = 0 background

rn <1 if Z; =1 conserved,, — 02 if Z; =1 conserve
6y

r, >1 if Z, = 2 accelerated o? if Z, = 2 acceleral
S

» estimate log (B /B, )
* can reveal both positive and negative

associations of molecular and
phenotypic rates

Gemmell et al. 2024. PLoS Comp. Biol. (



Linking sequence evolution and continuous trait data

Alighment of conserved noncoding
element VCE277691

1171 i ENEER ACEEC N
O-mamcOglt

Gemmell et al. 2024. PLoS Comp. Biol. (4): e1011995.



Informative posterior means for molecular and phenotypic rates:
CNEE VCE277691 as an example

————— prior posterior
< N
~ ] . conserved S ]
- o |
T accelerated ©
o | . o
> > 2
» — - — q—
N © - n
5 5 o
T © - T Q-
! N
< - | o
AN — : ; —
o - J _____ L = == - g i
| I | | I |
0 3 4 -5 0 5

log(B,/B,)

Gemmell et al. 2024. PLoS Comp. Biol. (4): e1011995.



Molecular accelerations are associated with

bigger changes in longevity
(CNEE VCE277691)
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Tarsus length available for all 10,800 species of bird

Screenshot
Elliot Coues Key to North American Birds 1884
Avonet database: Tobias et al. 2022. Ecol. Lett.




Four groups of birds exhibit shifts to shorter tarsus

penguins

bulbuls

X
kingfishers \ Microtarsus
A Brachypodius

Avonet database: Tobias et al. 2022. Ecol. Lett. - swallows
Bayou: Uyeda and Harmon. 2014. Syst. Biol. N
Shakya et al. 2025 BMC Biology. 23:52




A large collection of ~930,000 conserved elements

Four data sets combined

vocal learning

90263
(7.7%)
2, /. 13579
23629 N (1.2%) N\ 90810
(2.0%) (7.7%)
23833

0,
) 11233 46519

(1.0%) (4.0%)

41684

0,
4426 (8.5%)

(0.4%)

42628

0,
11498 (3.6%)

(1.0%)

Sackton et al. 2019. Science

Cahill et al. 2021. Genome Res.

UCSC Genome Browser

Shakya et al. 2025 BMC Biology. 23:52

628831
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PhyloAcc identifies ~14,000 elements accelerated
in short-tarsus lineages

347 elements where the target-lineage model
is better than the unrestricted model

«— 52.7% in ATAC peaks

dd-p----- Pl e e iy - ---------g---

14,422 out of 726,331 elements accelerated in
one or more short-tarsus lineages

8244 elements accelerated in all four focal
short-tarsus linages

52.5% in ATAC peaks
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Accelerated conserved elements near genes involved in

limb bud development, field positioning, AER formation
and axis patterning

Anterior
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Shakya et al. 2025. BMC Biol. Pathway from Zuniga and Zeller, 2020



Surface scanning comparative phenotypic data
for avian morphology in the Museum of Comparative Zoology
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sternum
Tundra Swan
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humerus
Northern Screamer
Chauna chavaria— MCZ 340307

tibiotarsus >, femur
Brant Goose Velvet Scoter
Branta bernicla— MCZ 336993 Melanitta fusca— MCZ 348703




Genomic basis of skeletal variation in ducks (Anseriformes)

« correlations with foraging ecology
 loss of flight

Shakya et al. 2025. in revision, Evolution



Femur shape in ducks
correlates with foraging behavior
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PhyloAcc-C identifies CNEEs associated with femoral shape

~877 k CNEEs analyzed

, chee 441358, near the gene for INS (insulin)
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PhyloAcc-C identifies multiple CNEEs

associated with rates of femoral evolution

21 CNEEs occur within 10 kb of a gene of
relevance to femoral development

RGS12 s B3GNTL1 GRIFIN R 57RC

N\ [ INSULIN
DOCK1 I 1115 I 2125 e C/ALIKK T

MYOSIN HEAVY ,., T\\
CHAIN 1B /
[CNPPD1 | | SRRIM3| (SOX5 |

SOX5
SRY-BOX
TRANSCRIPTION
FACTOR 5

SORBIN AND SH3 DOMAIN
| | | CONTAINING 1
2 0 2 4

log (B3/p2)

Shakya et al. 2025. in revision, Evolution




Convergent loss of flight in birds: a complex
trait
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CNEESs and the convergent evolution
of tlightlessness in Palacognathae
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Skeletal modifications for flightlessness
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11 new paleognath genomes
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Coalescent* analyses place tinamous inside flightless radiation,
suggesting convergent loss of flight

A

Five losses

Three losses _ 0
W/ | Okarito brown kiwi

12,676 CNEEs - 4,794,620 bp
5,016 introns - 27,890,802 bp
3,158 UCEs - 8,498,759 bp

Total: 20,850 loci; 41,184,181 bp

One loss,
one gain\

i
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Southern cassowary

Great spotted Kiwi
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>

North Island brown Kiwi

| A_{Greaterrhea . ?
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M ittle bush moa

0.05

M % Ostrich %

Chicken )
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*MP-EST: Liu et al. 2010. BMC Evol. Bic
Sackton et al. 2019. Science 364: 74-78



Mean bootstrap support (%)

Mean bootstrap support (%)
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Gene tree distribution suggests a
near polytomy at base of ratites

Cassowary/
Rheas Emu Kiwis

B Major topology \>/

Cassowary/
Kiwis EMU Rheas

. Minor topology 1 \>/

Cassowary/
Emu Kiwis Rheas

. Minor topology 2 \>/

CNEEs Introns UCEs

Cloutier et al. 2019. Syst. Biol. 10.1093/sysbio/syz019



Anomaly zone: most common gene
tree does not match the species tree

CNEEs

Gene tree count
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CNEESs: evolutionarily conserved
non-coding enhancer regions

CNEEs = conserved non-exonic elements
284,001 long (* > 50 bp) CNEEs in data set
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Convergent loss of function of CNEEs in
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A convergently accelerated CNEE
detected with a novel Bayesian method
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2335 CNEEs (~0.8 %) evolve rapidly in ratites
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Hu, Z., et al. 2019. Mol. Biol. Evol. 36: 1086



Rapid regulatory evolution near
developmental genes
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Assay for Transposase-Accessible Chromatin

ATAC-Seq identifies DNA with open
chromatin, accessible to transcription factors

Stage HH24-25 chickens and rheas

A Tn5

’ |
chromatin AU

chromatin

Buenrostro et al. 2015. Curr Protoc.Biol.
2015; 109: 21.29.1-21.29.9.




Fold enrichment

ATAC-seq: CNEEs in multiple flight-related
tissues are active in early chick development
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Massively parallel reporter assays
screen for enhancers active in vivo
in fore- and hindlimb
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